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PREFACE 

 
Realisator genes 
The search is now on for "realisator genes" those genes that are 
the targets of the homeotic gene proteins (or other high-level 
regulators) and which function to form the specified tissue or 
organ primordia.  
Gilbert, Scott F. Developmental Biology Fifth Edition. Sinauer 
Associates, Inc. 1997 p572 

 
My favorite class as an undergraduate was an upper division 

developmental biology course that focused on the molecular and genetic basis 

of development. During that course I was introduced to the homeotic genes in 

Drosophila and quickly became interested in the fundamentally important 

function of transcription factors that are required at a high level for the 

specification of whole body segments or organs. I was particularly influenced 

by the passage above from my developmental biology book about “realisator 

genes” that actually do the work of building the body structures specified by 

high-level regulatory factors such as the homeotic genes. When I first read this 

passage in the late 90’s, the methods for discovering realisator genes were 

relatively cumbersome, far from systematic, and prone to miss genes with 

weak affects on phenotype because they relied mostly on genetic approaches. 

 As a graduate student I have found the chance to join the search for 

realisator genes in Jim Posakony’s lab. During my thesis research I have 

benefited greatly from several genomic advances including the complete 

sequencing of the Drosophila melanogaster genome and the development of 



 

 x 

whole genome microarray platforms. Using these new technologies, I have 

pursued and discovered several new realisator genes that are part of two 

genetic programs activated by the proneural factors in the Drosophila 

peripheral nervous system. 
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ABSTRACT OF DISSERTATION 

 
 

Proneural Genetic Programs Include Genes Required  

for Asymmetric Cell Division in Drosophila  

 
by 
 

  
Nick Lee Reeves 

 
Doctor of Philosophy in Biology 

 
 

University of California, San Diego, 2006 
 
 

Professor James W. Posakony, Chair 
 

 
In 1975 Antonio García-Bellido proposed that selector genes such as 

the homeotic transcription factors do not themselves participate in the 

differentiation of the body segments they specify but instead activate (or 

select) a set of downstream ‘realisator’ genes that encode the proteins that 

carry out cell differentiation (Garcia-Bellido, 1975). Since then numerous 

genetic and molecular studies of development have borne out this view.  

The proneural transcription factors act as selector genes to specify 

neural cell types in the ectoderm. I have taken a systematic genomics 

approach to discover the set of realisator genes activated by the proneural 

transcription factors (proneural genetic program) in the developing peripheral 
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nervous system. This approach has led to the discovery of 30 new genes 

expressed specifically in the sensory organ anlagen (proneural clusters and 

sensory organ precursors). These new genes encode a diverse array of 

implied protein functions many of which are novel and unexpected. By 

analyzing how these new genes are regulated I have discovered a new type of 

regulatory module directly regulated by the proneural factors that drives 

expression throughout the proneural cluster. I have also begun a genetic 

analysis of the proneural genetic program by studying the function of the 

sensory organ precursor gene insensitive. insensitive encodes a conserved 

nuclear protein that is required for asymmetric cell division during peripheral 

nervous system development. Further analysis has demonstrated that 

insensitive contributes to Notch signaling repression in the sensory organ 

lineage by regulating the expression of the lethal (2) giant larvae gene. This 

research has revealed that the proneural transcription factors activate a 

diverse program of gene expression that includes newly discovered genetic 

functions important for both the early specification of the sensory organ 

precursor and later cell fate decisions in the sensory organ lineage. 
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Development transforms a single cell into a complete organism by guiding 

the growth and specification of the numerous cell types that make up tissues 

and organs. Transcriptional regulation of gene expression plays a key role in 

the process of development by specifying the different cell types that make up 

an organism. The deployment of sequence specific DNA binding transcription 

factors in specific cells during development initiates a profile of gene 

expression that establishes certain cell fates. For example, the proneural 

transcription factors are transiently expressed in epidermal cells of the neural 

ectoderm during development and during that time the proneural factors 

activate a program of genes that transforms these epidermal cells into 

neuroblasts. The proneural factors activate specific genes that promote neural 

identity by binding to cis-regulatory DNA modules found in the vicinity of target 

genes. In this dissertation I have begun an analysis of the genetic programs 

activated by the proneural proteins by addressing three questions: 

1) What genes are activated directly or indirectly by the proneural factors 

during peripheral nervous system development in Drosophila? 

2) What are the regulatory linkages that connect the proneural factors to the 

genetic programs?  

3) How do the individual genes of the proneural genetic programs promote 

neural identity? 
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In this introduction I will highlight some of the interesting biological 

insights we have gained from my work on the programs of gene expression 

activated by the proneural proteins. 

 

The proneural proteins are high-level regulators of external sensory 

organ development 

The adult cuticle of Drosophila is studded with thousands of external 

sensory organs that compose the peripheral nervous system (Figure 1C). The 

number and location of external sensory organs is essentially invariant 

between flies and most external organs project a large conspicuous shaft 

structure that is clearly visible under a dissecting microscope making it easy to 

recognize mutants that affect the patterning and development of sensory 

bristles. Genetic studies of the proneural genes began in the early 1900’s 

when Drosophila mutants were discovered that lack subsets of external 

sensory bristles (Stern, 1954). Further genetic studies revealed that the 

proneural mutations affect a complex of genes located close to one another on 

the X chromosome of Drosophila (García-Bellido, 1979; García-Bellido and 

Santamaria, 1978). In the late 1980’s molecular techniques led to the cloning 

and sequencing of two proneural genes, achaete and scute, that encode basic 

helix loop helix (bHLH) transcription factors related to the oncogenic protein 

myc (Villares and Cabrera, 1987). achaete and scute function is strictly 
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required for the development of sensory organ precursor cells and mis-

expression of the scute gene is sufficient to specify de novo sensory organs in 

ectopic locations (Rodriguez et al., 1990; Van Doren et al., 1992). The achaete 

and scute proneural genes are expressed early in adult mechanosensory 

bristle development in clusters of epidermal cells called proneural clusters that 

give rise to sensory organ precursors (Figure 1A). Initially the proneural genes 

are expressed at equivalent levels in all cells of the proneural cluster (gray 

cells in Figure 1A) conferring on these cells the potential to adopt a neural 

fate. Next a single cell (black cell in Figure 1A) within the proneural cluster up-

regulates expression of the proneural genes and commits to the sensory 

organ precursor fate (Cubas et al., 1991; Skeath and Carroll, 1991). The 

neural potential of the other epidermal cells in the proneural clusters is 

quenched by Notch (N) signaling from the sensory organ precursor cell (a 

process termed lateral inhibition), converting these cells back to epidermal 

cells (Hartenstein and Posakony, 1990). Ligand dependent activation of the 

Notch receptor results in cleavage and release of the Notch intercellular 

domain (NIC) which complexes with the transducing transcription factor 

Suppressor of Hairless in the nucleus to activate N target genes (Lecourtois 

and Schweisguth, 1995; Schroeter et al., 1998; Struhl and Adachi, 1998). 

Several important target genes of Notch-mediated lateral inhibition reside in a 

complex of genes called the Enhancer of Split complex [E(spl)-C] and seven  
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of these genes encode bHLH repressor transcription factors (Bailey and 

Posakony, 1995; Castro et al., 2005; Furukawa et al., 1995; Lai et al., 2000a; 

Lai et al., 2000b; Lecourtois and Schweisguth, 1995; Nellesen et al., 1999). 

The E(spl)-C bHLH repressors are required to repress the neural potential of 

the non-sensory organ precursor cells of the proneural cluster (de Celis et al., 

1996). Proneural genes are also used in a similar way to specify neuroblasts 

in the central nervous system demonstrating that these genes are pivotal 

regulators of neural fates in the developing ectoderm (Cabrera et al., 1987; 

Jiménez and Campos-Ortega, 1979; Romani et al., 1987; Skeath and Carroll, 

1992). Even though the proneural genes had been studied for almost a 

century, few of the proneural target genes that are activated during the 

specification of neural cell types have been identified. 

In Chapter One of this dissertation I report on a genomics approach that 

led to the discovery of 9 new genes expressed in proneural clusters and 18 

new genes expressed in sensory organ precursor cells (Reeves and 

Posakony, 2005). So far, all of the new genes we’ve tested require proneural 

function for expression further demonstrating that proneural genes are needed 

at a very high-level during sensory organ specification. Some of the new 

genes we’ve discovered encode additional transcription factors such as the 

zinc finger factor chn or signal transduction components such as the receptor 

tyrosine kinase Ror but most of the newly discovered genes encode a diverse 
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array of unanticipated functions including cytoskeleton modifying proteins (e.g. 

quail and CG32392), metabolic enzymes (e.g. CG6330 and CG9363), and 

proteins with uncharacterized functions (e.g. insv and CG32150). The 

discovery of so many genes that encode several different functions suggests 

that the process of sensory organ precursor selection is more complicated 

than we previously expected. 

 

Widespread function of ancient proneural genes  

Clear homologs of the proneural genes have been found in essentially 

every metazoan we have sequence data for, including the cnidarian Hydra, the 

jellyfish Podocoryne carnea, the coleopteran Tribolium castaneum, the 

nematode Caenorhabditis elegans, and every deuterostome genome (Rebeiz 

et al., 2005). An ancient conservation of proneural function has also been 

dramatically demonstrated by showing that expression of a Hydra proneural 

homolog (Cnash) can produce sensory neural fates in Drosophila and 

separately that a Drosophila proneural gene (atonal) can fully substitute for the 

mouse homolog Atoh1 (Grens et al., 1995; Wang et al., 2002). 

In addition to an ancient neural ectoderm function, the proneural genes 

in Drosophila are also deployed in and required for the differentiation of 

specialized cell types in the developing mesoderm and endoderm (Hartenstein 

et al., 1992). During muscle development the proneural gene lethal of scute is 
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expressed in ‘pro-muscle’ clusters that give rise to muscle progenitor cells 

through a process similar to SOP selection in proneural clusters (Carmena et 

al., 1995). In the endoderm, the proneural gene scute specifies the adult 

midgut precursor fate in a subset of developing midgut cells (Tepass and 

Hartenstein, 1995). These data demonstrate that the proneural genes are not 

only essential regulators of neural development but are deployed at several 

times and in several locations during development to specify precursor cell 

fates in all three germ layers.  

We conceive of two classes of genes that are regulated by the 

proneural proteins during development in the various locations where the 

proneural genes are expressed. A set of “context specific genes” that are 

expressed under proneural control only in a particular setting (such as the 

‘pro-muscle’ clusters in the mesoderm) and a set of “core genes” that are 

common to all proneural expressing cells. Context specific genes promote a 

particular cell fate that is specific to the precursor cells (sensory organ 

precursors, muscle progenitors, and adult midgut precursors) that express 

them. An example of a context specific gene is the proneural target gene 

senseless that encodes a transcription factor specifically expressed in sensory 

organ precursors cells that is required for the development sensory organs 

(Nolo et al., 2000). Core genes are activated in all proneural expressing cells 

and either promote a general precursor potential that can be utilized in any 
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setting or are used to help select a precursor cell from a field of equipotent 

cells such as the proneural clusters or ‘pro-muscle’ clusters. An example of 

core genes that help select precursor cells are the bHLH repressors of the 

E(Spl)-C which are activated by the Notch signaling pathway and proneural 

proteins to repress precursor potential in many of the settings where the 

proneurals are active (de Celis et al., 1996; Martin-Bermudo et al., 1995; 

Tepass and Hartenstein, 1995). Besides the examples above very few if any 

core or context specific proneural target genes were known when I began my 

thesis research.  

In Chapter One and Two, I report on the genetic analysis of the gene 

insensitive (insv) that is specifically expressed in sensory organ precursor 

cells and their progeny. By generating loss of function alleles of insv, I have 

shown that insv function is required for the development of sensory organs 

and demonstrated that insv is a new context specific gene. Additionally, we 

have found two genes, loner (also called schizo) and phyllopod, that are 

expressed in proneural clusters of the peripheral nervous system and muscle 

precursor cells of the mesoderm (Chen et al., 2003; Pi et al., 2001). Both loner 

and phyllopod are direct targets of the proneural proteins in the mesoderm and 

ectoderm and both of these genes promote the development of muscle and 

neural cell types (Artero et al., 2003; Onel et al., 2004; Pi et al., 2004). These 

data suggest that loner and phyllopod are the first discovered representatives 



  

  

10 

of core proneural target genes that promote a general precursor potential. I 

anticipate that several of the other genes discovered in our genomics screen 

will also be core and context specific proneural target genes important for the 

specification of precursors cells in the peripheral nervous system and other 

settings.  

 

The proneural proteins function on both sides of the sensory organ 

precursor decision  

During the specification of adult sensory organs two distinct cell fates 

transiently arise in the proneural cluster, the sensory organ precursor (SOP; 

black cell in Figure 1A) fate and the alternate non-sensory organ precursor 

(non-SOP; gray cells in Figure 1A) fate. These cell fates can be distinguished 

by monitoring the expression of genes that are specifically expressed in SOPs 

such as senseless and non-SOPs such as the E(Spl)-C gene mα (Lai et al., 

2000b; Nolo et al., 2000). Transgene reporter assays have identified cis-

regulatory modules that recapitulate the SOP specific expression of senseless 

and the non-SOP specific expression of mα and both of these enhancer 

modules contain conserved binding sites for the proneurals proteins that are 

required for expression (Castro et al., 2005; Jafar-Nejad et al., 2003). Further 

analysis of the mα enhancer module revealed how the proneural transcription 

factors can be expressed throughout the proneural cluster and still activate 
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expression of genes specifically in either SOP or non-SOP cells. In addition to 

proneural binding sites the mα enhancer module also contains binding sites 

for the Notch pathway transducing transcription factor Suppressor of Hairless 

[Su(H)]. When the Su(H) binding sites are mutated in the mα reporter 

construct, expression of the reporter gene persists but only in SOP cells where 

expression is normally excluded from. The Su(H) input acts as both a 

repressor to inhibit mα expression in the SOP and as an activator with the 

proneural proteins in non-SOP cells that receive a Notch signal (Castro et al., 

2005). Expression of the Su(H) binding site mutant mα reporter in SOP cells 

suggests that proneural regulated enhancer modules can be “tuned” to 

respond only to the high levels of proneural proteins (and possibly other 

inputs) expressed in SOPs. The same type of proneural responsive tuning 

may be the reason that the senseless enhancer module is only expressed in 

SOPs.  

In Chapter One of this dissertation I show that the proneural proteins 

can also be used to drive expression throughout the proneural cluster in both 

SOP and non-SOPs cells. Using a transgene reporter assay I tested enhancer 

modules that contain conserved proneural binding sites from two newly 

discovered proneural cluster genes, edl and Traf1, and found that both of 

these reporter constructs drive expression (that is proneural binding site 

dependent) in both SOP and non-SOP cells. From these data it is clear that 
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the proneural proteins directly activate three programs of gene expression in 

proneural clusters: A set of genes expressed only in SOP cells (e.g. 

senseless) that are “proneural” and promote neural identity, a set of genes 

expressed only in non-SOP cells (e.g. mα and other E(Spl)-C genes) that 

participate in lateral inhibition, and a set of genes expressed in both SOP cells 

and non-SOP cells (e.g. edl and Traf1) that may promote a general precursor 

fate.  

 

The asymmetric sensory organ cell lineage requires genes of the 

proneural genetic program 

The sensory organ precursor initiates an asymmetric cell lineage that 

produces the four differentiated cell types (shaft, socket, sheath, and neuron; 

Figure 1C) of the adult mechanosensory bristle organ (Hartenstein and 

Posakony, 1989). Notch signaling is used again in the asymmetric sensory 

organ lineage to distinguish the binary sister cell fates after each cell division 

(Figure 1B; Hartenstein and Posakony, 1990). The directionality of Notch 

signaling in the sensory organ lineage is established by the asymmetric 

segregation of Notch signaling antagonists, the first example of which was the 

protein Numb (Rhyu et al., 1994). As the sensory organ precursor cell enters 

mitosis Numb segregates to the anterior side of the cell assuring that only the 

anterior daughter cell (B cell) will inherit this cell fate determinant (Figure 1B). 
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After the sensory organ precursor divides Notch signaling occurs between the 

anterior B cell and the posterior A cell but the B cell is refractory to the Notch 

signal because it has inherited the Notch signaling antagonist Numb (Figure 

2). Notch signaling in the A cell activates a set of genes that establishes the A 

cell fate and the B cell fate is specified by the lack of Notch signaling (Frise et 

al., 1996; Guo et al., 1996). The same process of asymmetric Numb 

segregation and Notch signaling is repeated during every cell division in the 

sensory organ lineage to distinguish the differentiated cell fates (Figure 1B). 

More recently it has been shown that Numb exerts its negative influence on 

Notch signaling by acting with α-Adaptin, an essential component of the 

receptor mediated endocytosis complex AP-2, to induce endocytosis of the 

transmembrane protein Sanpodo (Figure 2; Berdnik et al., 2002; Hutterer and 

Knoblich, 2005; Langevin et al., 2005; O'Connor-Giles and Skeath, 2003; 

Roegiers et al., 2005). Sanpodo (Spdo) is only expressed in asymmetric cell 

lineages where it is required for activation of the N receptor in signal receiving 

cells such as the A cell (Dye et al., 1998; Park et al., 1998; Salzberg et al., 

1994; Skeath and Doe, 1998). Spdo is thought to act at the membrane with the 

Notch receptor (possibly as an obligate cofactor in asymmetric lineages) to 

facilitate cleavage of the intercellular domain of Notch resulting in productive N 

signaling. By removing Spdo from the B cell membrane, Numb and α-Adaptin 

ensure that this cell will not respond to N signaling. In addition to Numb, two  
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Figure 2. Pathways of Notch Antagonism in the Sensory Organ Lineage 
In the A cell Notch signaling is activated by the transmembrane protein 
Sanpodo inducing cleavage of the Notch receptor and release of NIC which 
translocates to the nucleus and activates Notch target genes (left side of 
image). Three distinct pathways inhibit Notch signaling in the B cell of the 
sensory organ lineage (right side of image). First Numb and α-Adaptin inhibit 
Notch receptor cleavage by increasing the internalization of Sanpodo in 
clathrin-coated vesicles. Second, the cortical protein Lethal (2) giant larvae 
also promotes the internalization of Sanpodo independently of Numb and α-
Adaptin through an unknown mechanism. Third, the Hairless co-repressor 
complexes with Suppressor of Hairless to repressor Notch target genes in the 
nucleus. 
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other factors, Lethal (2) giant larvae (L(2)gl) and Hairless (H), are also 

required for reliable antagonism of N signaling in the B cell of the sensory 

organ lineage (Figure 2). The cortical protein L(2)gl acts independently of 

Numb to promote the internalization of Spdo and the nuclear co-repressor H 

complexes with Su(H) to repress expression of N target genes in the B cell 

(Barolo et al., 2002; Castro et al., 2005; Justice et al., 2003; Langevin et al., 

2005; Roegiers et al., 2005).  

All three of these genes, numb, l(2)gl, and H, are broadly expressed 

during development and are not activated by the proneural factors as part of 

the proneural genetic programs. In fact, it seemed that proneural function in 

the sensory organ precursor was transient and potentially separable from the 

functions required for asymmetric cell division in the sensory organ lineage. In 

Chapter One, I have instead found that the proneural factors do directly 

regulate the miranda gene that encodes an adapter protein required for 

asymmetric segregation of cell fate determinants in the sensory organ lineage. 

Also in Chapter Two, I show that the proneural genetic program gene 

insensitive is required for asymmetric cell division in the sensory organ 

lineage. Loss of insensitive function allows Notch signaling to occur in the B 

cell transforming it into an A cell similar to loss of numb, l(2)gl, and Hairless. 

Insensitive is a nuclear protein that contributes to Notch signaling repression in 

the sensory organ lineage by regulating l(2)gl expression. These results 
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demonstrate that the proneural transcription factors also regulate genes 

important for asymmetric cell division in sensory organs. 

 By studying the genetic programs activated by the proneural proteins, I 

have discovered that the proneural factors are used both in SOP and non-SOP 

cells to up-regulate many (at least 50) genes required for both the specification 

of the sensory organ precursor fate (and probably other precursor cells in the 

mesoderm and endoderm) and for later cell fate decisions in the sensory 

organ lineage.  
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Chapter One, in full, is a reprint of the following publication. Reeves 

N.L., Posakony J.W. (2005). Genetic programs activated by proneural proteins 

in the developing Drosophila PNS. Developmental Cell 8: 413-425. The 

dissertation author was the primary researcher and author and James W. 

Posakony directed and supervised the research that forms the basis for this 

chapter. 
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Summary 

 

During asymmetric cell division cell fate determinants segregate to one 

side of a precursor cell. Unequal partitioning of determinants ensures that only 

one daughter cell will inherit specific protein functions establishing distinct cell 

fates. We have discovered an additional gene named insensitive (insv) that is 

required for asymmetric cell division in Drosophila sensory organs. Loss of 

insv function in the sensory organ lineage leads to inappropriate Notch (N) 

signaling and the development of extra socket cells. Also, mis-expression of 

insv in cells that receive an N signal converts these cells to the non-responder 

fate demonstrating along with the loss of function phenotype that the normal 

function of insv is to antagonize N signaling. Insv localizes to the nucleus and 

is expressed in all of the precursor cells generated by the sensory organ 

lineage. Like numb and l(2)gl, insv is also required for the proper 

internalization of Spdo. Since Insv is a nuclear protein we tested whether the 

insv phenotype is caused by affects on the expression of Numb or L(2)gl. In 

insv mutant sensory organs Numb is normally expressed and segregates to 

the pIIb cell but cortical L(2)gl expression is significantly reduced. Additionally, 

insv mutant larvae often develop imaginal disc tumors reminiscent of l(2)gl 

mutants. l(2)gl transcript is undetectable in insv imaginal discs and re-

supplying l(2)gl under heat shock control reverses the insv adult bristle 
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phenotype demonstrating that insv regulates the expression of l(2)gl at the 

transcriptional level. insv encodes a new nuclear function that activates the 

expression of l(2)gl during development. 

 

Introduction 

 

During peripheral nervous system (PNS) development in Drosophila the 

sensory organ precursor (SOP) cell initiates an asymmetric cell lineage that 

produces the differentiated cell types of the external sensory bristle organs 

(Fichelson and Gho, 2003; Gho et al., 1999; Hartenstein and Posakony, 

1989). Initially the SOP divides to generate two distinct daughter cell fates, the 

anterior pIIb cell and the posterior pIIa cell. The fate of the pIIa and pIIb cells is 

established by conditional Notch signaling that is biased towards the pIIa cell 

(Hartenstein and Posakony, 1990; Posakony, 1994). In the pIIa cell, ligand 

dependent activation of the Notch receptor results in cleavage and release of 

the Notch intercellular domain (NIC) which complexes with the transducing 

transcription factor Su(H) in the nucleus to activate N target genes (Bailey and 

Posakony, 1995; Furukawa et al., 1995; Jarriault et al., 1995; Lecourtois and 

Schweisguth, 1995). The pIIb daughter cell is a precursor for the internal 

sheath and neuron cell types whereas the pIIa daughter cell is a precursor for 

the external socket and shaft cell types that are visible on the cuticle of the 
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adult fly. Live imaging has shown that the cell divisions of the sensory organ 

lineage happen over a short period of time (~4 hours) necessitating an efficient 

and robust mechanism for distinguishing cell fates (Roegiers et al., 2001b). 

 To meet this temporal challenge the cells of the sensory organ lineage 

asymmetrically segregate cell fate determinants like Numb, α-Adaptin, and 

Neur during mitosis (reviewed in Bardin et al., 2004; Betschinger and 

Knoblich, 2004; Roegiers and Jan, 2004; Wodarz and Huttner, 2003). These 

factors are specifically segregated to the pIIb cell during SOP division and act 

in the pIIb cell to repress N activity and facilitate the transmission of a N signal 

to the pIIa cell ensuring that N signaling is asymmetric. Also, the cortical tumor 

suppressor L(2)gl has also been shown to participate in N signaling 

antagonism in the sensory organ lineage (Justice et al., 2003; Langevin et al., 

2005; Ohshiro et al., 2000; Roegiers et al., 2005). L(2)gl is not asymmetrically 

localized during SOP cell division but instead the activity of L(2)gl seems to be 

differentially regulated in the pIIa and pIIb daughter cells. The asymmetric 

localization and differential activity of Numb, α-Adaptin, Neur, and L(2)gl is 

established by two protein complexes, PAR6/aPKC/Baz and Pins/Gαi/Dlg. In 

the SOP the PAR6/aPKC/Baz complex localizes to the posterior side of the 

SOP opposite the Pins/Gαi/Dlg complex in response to planar polarity 

signaling through the Frizzled receptor (Bellaiche et al., 2001a; Bellaiche et al., 

2001b; Gho and Schweisguth, 1998; Lu et al., 1999; Roegiers et al., 2001a). 
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The correct orientation of these two conserved protein complexes in the SOP 

guides the localization of the asymmetrically segregated cell fate 

determinants. Additionally, aPKC has been shown to phosphorylate L(2)gl 

leading to autoinhibition of L(2)gl activity and dissociation of L(2)gl from the 

cortex (Betschinger et al., 2005; Betschinger et al., 2003). Since aPKC is 

localized to the posterior side of the SOP, phosphorylation induced inhibition of 

L(2)gl by aPKC likely restricts L(2)gl function to the anterior side of the SOP 

(Mayer et al., 2005). In dividing neuroblasts, active cortically localized L(2)gl 

binds to and negatively regulates non-muscle myosin II, or Zipper, promoting 

the basal targeting of the cell fate determinant Miranda (Albertson and Doe, 

2003; Ohshiro et al., 2000; Peng et al., 2000; Strand et al., 1994). A similar 

mechanism may be at work in SOPs where l(2)gl has been shown to be 

partially required for anterior targeting of Numb, Neur, and Pon (Langevin et 

al., 2005; Mayer et al., 2005).  

 Even though the mechanisms that asymmetrically localize and regulate 

cell fate determinants are well characterized, it has been unclear exactly how 

these determinants effect N signaling antagonism in the sensory organ 

lineage. Recent studies suggest that an important target of Numb, α-Adaptin, 

and L(2)gl in the sensory organ lineage is the transmembrane protein Spdo 

(Hutterer and Knoblich, 2005; Langevin et al., 2005; O'Connor-Giles and 

Skeath, 2003; Roegiers et al., 2005). spdo was originally identified in genetic 
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screens for regulators of asymmetric cell division (Salzberg et al., 1994). spdo 

function is required to specify Notch-dependent fates (like the pIIa cell fate) in 

asymmetric cell lineages and spdo acts genetically downstream of numb (Dye 

et al., 1998; Skeath and Doe, 1998). These genetic observations showed that 

spdo plays an important role in promoting N signaling during the asymmetric 

cell divisions of the sensory organ lineage. Cloning and characterization of 

spdo showed that this gene encodes a new transmembrane protein that is 

dynamically localized in asymmetric cell lineages (O'Connor-Giles and Skeath, 

2003). Normally Spdo is internalized in the pIIb cell but in numb, α-adaptin, 

and l(2)gl mutant sensory organs Spdo remains on the membrane in the pIIb 

cell causing its fate to be compromised (Hutterer and Knoblich, 2005; 

Langevin et al., 2005; O'Connor-Giles and Skeath, 2003; Roegiers et al., 

2005). Thus Spdo internalization by Numb, α-Adaptin, and L(2)gl is critical 

step in the establishment of N independent fates in the sensory organ lineage.  

 Besides being required for the asymmetric cell division of neuroblasts 

and SOPs, l(2)gl also establishes the apical-basal polarity of epithelial cells 

along with the other two cortical tumor suppressor genes dlg1 and scrib 

(Bilder, 2004). Loss of l(2)gl results in the overproliferation of epithelial cells 

and causes imaginal discs to develop into malignant neoplastic tumors (Gateff, 

1978). L(2)gl protein is expressed broadly during embryonic development and 

is later restricted to epithelial cells in the larval brain, imaginal discs, and 
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female ovaries (Klambt and Schmidt, 1986). Although little is known about how 

the expression of l(2)gl is regulated, a recent study has shown that the 

signaling molecule Disheveled is required for the cortical expression of L(2)gl 

in the follicle epithelium (Dollar et al., 2005). This role for Disheveled in the 

subcellular localization of L(2)gl demonstrates an additional link between 

Frizzled receptor signaling and cell polarity proteins like L(2)gl. It appears that 

the localization and activity of L(2)gl is regulated by several pathways during 

development.  

In this study we show that the expression of l(2)gl is regulated by the 

nuclear protein Insensitive in the sensory organ lineage and imaginal disc 

epithelium. We discovered insv in a genomics screen for genes specifically 

expressed in proneural clusters of the wing imaginal disc (Reeves 2005). Loss 

of insv causes cell fate transformations in sensory organs that result in the 

over-production of socket cells at the expense of neuron and sheath cells. This 

transformation phenotype requires functional Notch receptor and mis-

expression of insv switches the fate of Notch responder cells showing that the 

normal function of insv is to antagonize N signaling during sensory organ 

development. Consistent with its role in asymmetric cell fate decisions, Insv is 

expressed at high levels in the nuclei of the precursor cells of the sensory 

organ lineage. Since the phenotype of insv in sensory organs is similar to the 

phenotypes of numb and l(2)gl, we assayed whether insv regulates Numb or 
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L(2)gl expression. In insv mutant SOPs undergoing mitosis, Numb is 

expressed normally and localized to an anterior crescent. However, cortical 

L(2)gl expression is significantly reduced in insv mutant sensory organs. 

Additionally, increased amounts of membrane localized Spdo is seen in insv 

mutant sensory organs suggesting that increased Spdo activity may cause the 

cell fate transformations in insv mutants. Like l(2)gl mutants, insv larvae grow 

larger than normal and contain neoplastic tumors derived from imaginal disc 

tissue. Using RT-PCR we show that expression of l(2)gl is undetectable in insv 

imaginal disc tissue. Also, mis-expression of l(2)gl in insv mutant clones 

reverts the cell fate transformations seen in adult insv sensory organs. 

Together these data demonstrate that insv affects asymmetric cell division and 

causes neoplastic tumors by regulating the expression of the cortical tumor 

suppressor gene l(2)gl. 

 

Results 

 
Insensitive function is required for peripheral nervous system 

development 

We discovered insv in a genomics screen that identified several new 

genes expressed in proneural clusters of the wing imaginal disc (Reeves and 

Posakony, 2005). insv stood out as an interesting candidate for further genetic 

analysis because it encodes a protein containing an uncharacterized domain 
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(domain of unknown function 1172 - DUF1172) that is conserved between 

arthropods and mammals . In addition to insv the Drosophila genome also 

contains two other DUF1172 encoding genes, Blastoderm specific gene 25A 

(Bsg25A) and CG9883 (Figure 1B). insv transcript is supplied at high levels 

maternally (Figure 1C) and is zygotically expressed in sensory organ 

precursors of the larval and adult peripheral nervous system whereas Bsg25A 

is only expressed during the blastoderm stage of embryonic development and 

CG9883 expression is only seen in the gut of late stage embryos suggesting 

that these three DUF1172 encoding genes have distinct functions in 

development (Reeves and Posakony, 2005; Singer and Lengyel, 1997 and 

unpublished observations). Unlike Drosophila, a tblastn search of the 

honeybee and wasp genomes revealed only one DUF1172 domain encoding 

gene in each genome that must cover all of the functions in these arthropods 

(Figure 1B; Benson et al., 2004; Gish and States, 1993). Most of the predicted 

DUF1172 domain containing proteins are small (~40 kD) and only similar 

within their C-terminal DUF1172 domains but a vertebrate specific class of 

DUF1172 domain encoding genes, exemplified by NAC1, also contain an N-

terminal BTB-POZ protein-protein interaction domain (Figure 1B; Cha et al., 

1997). 

 To test if insv function is required for sensory organ development we 

generated two imprecise excision alleles (insv23B and insv23I) of insv by 
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mobilizing the KG07404 P-element located in the intergenic region between 

insv and CG9883 (Figure 1A; Roseman et al., 1995). We have shown 

previously that shaft structures are missing and extra socket structures 

develop in somatic insv clones on the adult notum (Figure 1I; Reeves and 

Posakony, 2005). To investigate whether insv function is also required for the 

development of the larval peripheral nervous system (PNS) we generated 

double maternal and zygotic (MZ) insv mutant embryos by crossing zygotic 

insv mutant escapers. No insv transcript is expressed in MZ insv mutant 

embryos demonstrating that the alleles we’ve generated are null for insv gene 

function (Figure 1D). In MZ insv embryos stained with monoclonal antibody 

(mAb) 22C10 we see loss and displacement of several sensory neurons, 

especially the neurons associated with the lateral clusters of 5 chordotonal 

organs in the abdominal segments (lch5; see brackets in Figure 1F and G). 

mAb 22C10 staining of embryos homozygous for a precise excision of the 

KG07404 element reveals the normal stereotyped patterning of lateral sensory 

organs showing that the defects observed in MZ insv embryos do not result 

from a second site mutation on the starting KG07404 chromosome (Figure 

1E). Additionally we generated both a wildtype and GFP-tagged rescue 

construct of the insensitive genomic region to demonstrate functional rescue of 

the insv phenotype (Figure 1A). When the insv rescue construct transgene 

(insvRC) is introduced into MZ insv embryos the PNS defects are reverted and 
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the normal number of lch5 neurons develop (see bracket in Figure 1H). Also, a 

significant number of shaft structures are recovered in insv adult notum clones 

on flies carrying the insvRC transgene (Figure 1J and Table 1). The rescue 

seen in adult clones is sensitive to the dosage of insvRC and the GFP-tagged 

rescue construct (GFPinsvRC) is expressed in a pattern similar to endogenous 

Insv (although at lower levels) in the developing adult PNS demonstrating that 

the rescue transgenes behave like the endogenous insv gene (Table 1; Figure 

2J and J'). The loss of neurons and over-production of socket cells seen in 

insv mutants suggests that insv affects PNS development by causing cell fate 

transformations in the sensory organ lineage.  

 

Insensitive localizes to the nucleus and is dynamically expressed in the 

bristle organ lineage 

We generated antibodies against full length Insv to determine the 

subcellular localization and expression pattern of this protein in the developing 

PNS. In wildtype embryos and wing imaginal discs we find that Insv protein is 

expressed in a pattern that reflects insv transcript accumulation in SOPs, cells 

of the ventral nerve cord, and regions of the cephalic ectoderm (Figure 2A and 

C; Reeves and Posakony, 2005). Also, large amounts of maternally encoded 

Insv protein accumulates throughout the embryo during the earliest 

developmental stages up until germ band extension (data not shown). The 
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anti-Insensitive polyclonal serum does not react with MZ insv embryos 

showing that this reagent is specific to epitopes encoded by insensitive (Figure 

2B). Double labeling of stage 11 embryos and wing imaginal discs with an 

antibody to the SOP specific nuclear protein Senseless reveals that Insv also 

localizes to the SOP nucleus (Figure 2A' and C'). Expression of Insv initiates 

slightly later than Senseless in wing imaginal discs SOPs showing that Insv is 

a late marker of the SOP cell fate (see arrow in Figure 2C').  

 To investigate the expression pattern of Insv in the mechanosensory 

bristle organ lineage we labeled microchaete positions in the pupal notum at 

several developmental stages. In Cut positive mitotic SOP cells Insv is 

diffusely expressed and does not asymmetrically segregate like Numb in an 

anterior crescent (Figure 2D to D'''; a weak anterior crescent of Cut was often 

seen). Insv expression persists in the nuclei of both the anterior pIIb (marked 

by Pros and Cut) and the posterior pIIa (marked by Cut) daughter cells (Figure 

2E to E'''). After the pIIb cell divides Insv expression is maintained in the Pros 

low pIIIb cell but is quickly lost in the small Pros high pIIIb sibling cell (Figure 

2F to G''). Insv is also initially expressed in the Cut positive socket and shaft 

cell nuclei just after the pIIa cell divides but is quickly down-regulated (Figure 

2G to H'''). Insv is not expressed in the large Pros high sheath cell or the ELAV 

positive neuron cell suggesting that Insv expression is terminated in the pIIIb 

cell just prior to division (Figure 2H to H'''). In addition to high-level expression 
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of Insv in the sensory organ lineage, we also detect lower level expression in 

most or all of the notum epidermal cells. Broad low-level Insv expression is 

most prominent before the sensory lineage is initiated (~12HR APF) and after 

the differentiated cell types are produced (~24HR APF; Figure 2I and I').  

The dynamic expression of insensitive in the microchaete lineage 

correlates with the transition from precursor cell fates to differentiated cell 

fates. High-level Insv expression is seen in all of the precursor cells (SOP, 

pIIa, pIIb, and pIIIb) but is only maintained for a short while in some of the 

differentiated cell types. This pattern of Insv expression is consistent with a 

role in specifying the alternate fates during the asymmetric sensory organ 

lineage.  

 

The insv PNS phenotypes result from cell fate transformations in the 

sensory organ lineage 

Both the expression pattern of Insv and the adult insv phenotype 

suggested that insv function is required for asymmetric cell fate decisions in 

sensory organ lineages. We used markers specific to the differentiated cell 

types of sensory organs to determine if cell fate transformations in sensory 

organ lineages underlie the insv PNS phenotypes. In MZ insv23B embryos 

carrying the ASE-DsRed.T4-NLS (ASE-RFP) socket cell reporter, extra RFP 

positive sockets cells develop in the ventral external sensory organs (vp4 and 
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vp4a; arrows in Figure 3B) and several Pros positive sheath cells and ELAV 

positive neurons are missing from many sensory organs (compare brackets in 

Figure 3A and B). In the pupal notum, we used the MARCM system to mark 

sensory organ positions in insv clones with mCD8-GFP (Figure 3D'''; Roegiers 

et al., 2001a). As a genotype control we assayed pupal nota from sibling flies 

that lack the GAL80 FRT40A chromosome and therefore express mCD8-GFP 

in all sensory organs (Figure 3C'''). In these control nota four mCD8-GFP cells 

are visible in each sensory organ position at 24-30HR APF and all four cell 

types, small Pros positive sheath cells, small ELAV positive neurons, large 

RFP positive socket cells, and large shaft cells that are only mCD8-GFP 

positive, develop (Figure 3C to C'''). In insv23B mutant sensory organ positions 

four mCD8-GFP cells are seen but all four cells are large and most of the 

sensory organ cells express the ASE-RFP socket cell marker (arrow in Figure 

3D' and D''') while the other few cells are shaft cells that only express mCD8-

GFP (arrowhead in Figure 3D'''). We think that the insv transformation 

phenotype in the larval PNS is not as severe as the adult phenotype because 

Bsg25A (which is broadly expressed in the blastoderm embryo) function 

partially covers for the loss of insv during embryonic development. 

 These results demonstrate that loss of insv transforms the internal 

sheath and neuron cell types produced by the pIIb precursor cell into external 

socket and shaft cell types that are produced by the pIIa precursor cell. This 
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cell fate transformation phenotype is characteristic of mutants in the numb, 

l(2)gl, and H genes that normally function to repress N signaling in the sensory 

organ lineage (Bang et al., 1991; Ohshiro et al., 2000; Uemura et al., 1989). 

 

insv antagonizes N signaling 

Our analysis of the insv mutant phenotype suggests that insv functions 

to antagonize N signaling in the sensory organ lineage. To determine whether 

insv is sufficient to antagonize N signaling on its own, we have used the 

GAL4/UAS system to over-express insv in sensory organs and mis-express 

insv in other cells that receive an N signal. 

 A responder line of flies carrying two copies of UAS-insv (2X UAS-insv) 

was crossed to neurP72-GAL4 which drives expression in SOPs and the 

sensory organ lineage (Jhaveri et al., 2000). In contrast to the insv loss of 

function phenotype, over-expression of insv in SOPs and the sensory organ 

lineage does not affect the fates of the external shaft and socket cells (Figure 

4B). To determine whether insv can antagonize N signaling in other 

developmental settings we have crossed 2X UAS-insv to the mα-GAL4 driver 

that drives expression in the non-SOP cells of the proneural clusters and wing 

margin cells (Castro et al., 2005). Mis-expression of insv in non-SOP cells of 

the proneural clusters causes extra bristles to develop in the dorsocentral 

region and scutellum of the adult notum (Figure 4C). Also, mis-expression of 



 

 

75 

insv in wing margin cells leads to the development of small notches at the 

distal end of adult wings (Figure 4E). To determine the cellular basis of the 

phenotypes produced by mis-expression of insv in non-SOP cells and wing 

margin cells, we stained wing imaginal discs with antibodies to Cut to label the 

developing wing margin cells and Senseless to label SOPs (Figure 4F to I'). 

The expression of Cut is reduced or eliminated in the wing margin cells that 

mis-express high-levels of insv (arrow in Figure 4G and G'). Also, in the 

proneural clusters that give rise to the scutellar bristles (SCs) mis-expression 

of insv in the non-SOP cells specifies an extra Senseless positive SOP (arrow 

in Figure 4I and I'). These results show that mis-expression of insv in wing 

margin cells and non-SOPs cells that normally respond to N signaling can 

cause these cells to adopt the alternate N non-responder fate, epidermal or 

SOP respectively.  

We next asked whether N signaling is required to produce the insv adult 

phenotype. We created a y Nts1 Ubx-FLP chromosome to eliminate N signaling 

in insv adult clones and monitor the effect on cell fate. When hemizygous flies 

bearing this Nts1 Ubx-FLP chromosome are shifted to the restrictive 

temperature (32°C) during the asymmetric cell divisions of the microchaete 

lineage many bristles are lost (balding; asterisk in Figure 4J) and sockets cells 

are transformed into shafts (arrow in Figure 4J) demonstrating a loss of N 

function under these conditions (Hartenstein and Posakony, 1990; Justice et 
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al., 2003). In insv adult clones generated on flies carrying the Nts1 Ubx-FLP 

chromosome that were also shifted to the restrictive temperature during 

microchaete development, we see both balding (asterisk in Figure 4K) and 

transformation of the extra socket cells produced in insv mutant organs to 

extra shaft cells (arrow in Figure 4K). This epistasis test between N and insv 

shows that N signaling is required to produce the multiple socket phenotype in 

insv adult clones and that insv function is upstream of N during the asymmetric 

cell divisions of the sensory organ lineage. 

 

insv is required for proper Spdo internalization and L(2)gl expression in 

the sensory organ lineage 

The alternate fates in sensory organ lineages are specified by the 

unequal segregation and/or differential activity of intrinsic factors like Numb 

and L(2)gl that antagonize N signaling in the pIIb daughter cell (Frise et al., 

1996; Justice et al., 2003; Rhyu et al., 1994). Recent studies have shown that 

one of the functions of Numb and L(2)gl in the pIIb cell is to promote the 

internalization of the transmembrane protein Sanpodo (Hutterer and Knoblich, 

2005; Langevin et al., 2005; Roegiers et al., 2005). We assayed the 

expression of Numb, L(2)gl, and Spdo in insv mutant sensory organs to 

determine if loss of insv affects one or more of these previously characterized 

modulators of N signaling. MARCM clones were generated in pupal nota and 
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mutant sensory organs were marked with either PONGFP to monitor anterior 

targeting of cell fates determinants or mCD8-GFP to outline the cell 

membranes of the pIIa and pIIb precursor cells. In mitotic SOP cells from 

control flies lacking the GAL80 FRT40A chromosome, PONGFP and Numb 

accumulate in an anterior crescent and Spdo is diffusely expressed throughout 

the cytoplasm (Figure 5A to A'''; n = 9/9). Mitotic insv23B SOP cells also 

segregate PONGFP and Numb normally but Spdo remains associated with the 

cell membrane (Figure 5B; n = 10/10). For a short time after the SOP cell 

divides greater amounts of Numb is evident in the anterior pIIb cell of control 

and insv23B sensory organs reflecting the inherited asymmetry between these 

cells (Figure 5C and D). At this early 2 cell stage large vesicles of internalized 

Spdo that are also positive for Dl are seen in control pIIb cells and relatively 

low amounts of Spdo is associated with the cell membrane (Figure C' to C'''). 

However, in most insv23B mutant sensory organs at the early 2 cell stage 

higher levels of Spdo accumulate at the cell membrane in the region where the 

pIIa and pIIb cells abut (arrowhead in Figure 5D' and D''; n = 12/16). Large 

Spdo positive vesicles are also seen in insv23B mutant pIIb cells and these 

vesicles are positive for Dl showing that bulk endocytosis is still occurring in 

these mutants and suggesting that the deficiency in Spdo internalization may 

be localized to only part of the cell (Figure 5 D'''). 
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 L(2)gl is normally localized to puncta in the cytoplasm and at the cortex 

of epidermal cells and sensory organ cells of the pupal notum (Figure 5F to 

F''). In insv23B mutant clones we find that L(2)gl expression is significantly 

reduced in sensory organs and neighboring mutant epidermal cells also 

contained within the clone (Figure 5H to H''). In Figure 5H' epidermal cells to 

the right in the image lie within a field of mutant sensory organs and lack L(2)gl 

whereas the epidermal cells to the left apparently lie outside the clone and still 

express cortical L(2)gl. Similar results are also seen in clones of the protein 

null l(2)gl4 allele demonstrating that the nuclear signal seen with this L(2)gl 

antibody is non-specific cross reactivity (Figure 5J to J'' and personal 

communication with J. Betschinger). These results show that Insv expression 

in sensory organs at high levels (Figure 5E) and epidermal cells at lower levels 

(Figure 2I) is required for the normal cortical expression of L(2)gl. Also, insv 

appears to antagonize N signaling in the pIIb cell of the sensory organ lineage 

by promoting the internalization of Spdo (likely through regulation of L(2)gl 

expression). 

 Since L(2)gl expression was affected by loss of insv we next tested 

whether loss of l(2)gl might reciprocally affect expression of Insv. In insv23B 

MARCM clones no expression of Insv is detected at the 2 cell stage (Figure 

5G) but in l(2)gl4 mutant sensory organs Insv is expressed at normal levels in 

the nuclei of pIIa and pIIb cells similar to control sensory organs (compare 
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Figure 5E to Figure 5I). In the sensory organ lineage insv functions upstream 

of l(2)gl to regulate asymmetric cell divisions.  

 

insv regulates l(2)gl expression 

In addition to the effects that loss of insv has on PNS development we 

have also noticed that almost all insv mutant 3rd instar larvae grow to 

abnormally large sizes and die prior to pupation (Figure 6A and Table 2). This 

insv phenotype is reminiscent of the lethal giant larvae phenotype the l(2)gl 

gene was named after. Also, wing, haltere, and leg imaginal discs from insv 

mutant larvae are fused together and become amorphous neoplasms that fail 

to differentiate like l(2)gl4W3 imaginal discs (compare Figure 6D and E to Figure 

6C; Bilder et al., 2000; Gateff, 1978). We have also discovered that the insv 

alleles we have generated and a deficiency of the insv region (Df(2L)C144) 

interact genetically with l(2)gl (Figure 6A and Table 2; Littleton et al., 1993). 

Larvae doubly heterozygous for insv or Df(2L)C144 and l(2)gl seldom survive 

beyond the 3rd instar larval stage and die as giant larvae (Figure 6A and Table 

2). Imaginal discs dissected from these double heterozygote giant larvae are 

disorganized and overgrown like zygotic insv and l(2)gl mutant imaginal discs. 

These genetic tests show that the null insv23B and insv23I alleles are functionally 

equivalent to hypomorphic l(2)gl alleles and strongly suggest that insv and 

l(2)gl are in the same pathway. We do not detect a similar genetic interaction 
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between insv and mutants in the numb or α–adaptin genes that also repress N 

signaling showing that the insv genetic interaction with l(2)gl is specific. It 

appears that expression of functional l(2)gl must exceed a critical threshold to 

permit proper differentiation of imaginal discs and progression to adulthood. 

Sensory bristles on the few zygotic insv mutant and insv, l(2)gl double 

heterozygote escapers appear normal suggesting that these flies retain 

enough l(2)gl function to pass through the critical period at the end of larval life 

and complete development normally. 

The similarity in phenotype and genetic interactions between insv and 

l(2)gl prompted us to assay whether expression of l(2)gl is affected in insv 

mutants. Imaginal discs from insv23B, insv23I, l(2)gl4W3, and w1118 larvae were 

isolated and total RNA was extracted for RT-PCR. l(2)gl transcript is 

expressed at comparable levels in both w1118 control discs and tumorous 

l(2)gl4W3 discs (Figure 6F). In contrast, l(2)gl transcript is below detectable 

levels in total RNA from insv23B and insv23I imaginal discs (Figure 6F). These 

RT-PCR results suggest that the nuclear Insv protein regulates l(2)gl 

transcription and that loss of insv causes imaginal discs tumors by reducing 

the levels of l(2)gl. 

Given that loss of insv affects the expression of l(2)gl in imaginal discs 

we tested whether expression of l(2)gl in insv adult clones is sufficient to revert 

the cell fate transformations we observe. Using HS-GAL4, we drove 
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expression of UAS-l(2)gl during the development of the microchaete lineage in 

flies bearing insv23B clones (Figure 6H). The mutant sensory organs in these 

flies develop normal socket and shaft structures demonstrating that expression 

of l(2)gl is sufficient to rescue the insv cell fate transformation phenotype. 

From these results we conclude that insv regulates the transcription of l(2)gl 

during development. 

 

Discussion 

 

Asymmetric cell division in the sensory organ lineage produces distinct 

cell fates by differentially segregating intrinsic cell fate determinants in mother 

cells that regulate extrinsic N signaling between daughter cells (reviewed in 

Posakony, 1994). numb, α-adaptin, Hairless, and lethal (2) giant larvae are all 

required to establish asymmetric N signaling in the sensory organ lineage and 

loss of function mutations in these genes lead to inappropriate N pathway 

activity in cells that normally do not receive a N signal producing daughter 

cells with the same cell fate (Barolo et al., 2002; Berdnik et al., 2002; Frise et 

al., 1996; Justice et al., 2003; Ohshiro et al., 2000; Rhyu et al., 1994). The 

most obvious cell fate conversion caused by symmetric N signaling in the 

sensory organ lineage is the development of sensory bristles with two or more 

socket cells on the adult fly notum instead of a single socket and shaft pair. In 
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this study we have shown that the nuclear protein Insv is also required for 

asymmetric cell divisions in sensory organ lineages. Loss of insv function in 

both the developing embryonic and adult PNS leads to the specification of 

extra socket cells at the expense of neurons and sheath cells. This cell fate 

transformation requires functional N signaling and arises from insv mutant 

SOPs that produce two pIIa daughter cells that in turn divide and produce 

extra socket cells. Like insv, loss of l(2)gl causes cell fate transformations in 

the sensory organ lineage and loss of both insv and l(2)gl are disrupts the 

internalization of Spdo leading to increased N pathway activity. L(2)gl 

expression is significantly reduced in insv mutant sensory organs and the insv 

phenotype can be reverted by expressing l(2)gl in insv mutant clones. Thus, 

we have shown that the nuclear function of Insv is to activate the expression of 

l(2)gl during development. 

 

DUF1172 domain containing proteins localize to the nucleus  

We originally discovered the DUF1172 domain encoding gene insv 

because expression of this gene is elevated in wing imaginal disc SOP cells 

(Reeves and Posakony, 2005). In this study of insv we show that Insv protein 

localizes to the nucleus in the cells that express it. The nuclear localization of 

DUF1172 containing proteins like Insv appears to be conserved as evidenced 

by the nuclear localization of GFP-tagged NAC1 protein in primary cortical 
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neurons (Korutla et al., 2005). This conservation of subcellular localization 

provides evidence that the DUF1172 domain primarily functions in the nucleus 

where it may participate in transcriptional regulation. It will be interesting to 

investigate whether NAC1 or other vertebrate DUF1172 proteins also regulate 

the vertebrate L(2)gl homologs Llgl1 and Llgl2.  

 

Insv protein expression and insv genetic function are distinct in sensory 

organs  

In the microchaete bristle lineage, Insv is expressed in the nuclei of 

every transient precursor cell (SOP, pIIa, pIIb, and pIIIb). Although the timing 

of Insv expression is consistent with the loss of function phenotype we report 

for insv, we were somewhat surprised to discover that Insv, which acts 

genetically as an antagonist of N signaling, is expressed in the precursor cells 

of the sensory organ lineage that respond to N signaling. Also, over-

expression of insv in the sensory organ lineage does not cause cell fate 

transformations opposite to the loss of insv. Together these observations 

suggest that the expression of Insv is permitted in all of the precursor cells of 

the sensory organ lineage but the genetic function of insv is only required in 

the cell fates that are N independent. Unlike Insv, Numb, the canonical N 

signaling antagonist in asymmetric cell lineages, is segregated asymmetrically 

to the pIIb cell and over-expression of numb in the sensory organ lineage 



 

 

84 

causes oppositely directed cell fate transformations (Frise et al., 1996; Rhyu et 

al., 1994). It appears that Insv acts in a way that is interpreted differently by 

different cells in the sensory organ lineage unlike Numb that acts to repress N 

signaling in all of the cells that express it. We have shown that a major target 

of insv function is the positive regulation of l(2)gl expression. L(2)gl is also 

important for regulating N signaling in the sensory organ lineage and L(2)gl is 

expressed in both the pIIb and pIIa cells like Insv (Justice et al., 2003; 

Roegiers et al., 2005). Although L(2)gl is expressed in both pIIa and pIIb cells 

its function in these two cells is distinct. Without l(2)gl function inappropriate N 

signaling switches the pIIb fate to the pIIa cell fate (Justice et al., 2003; 

Langevin et al., 2005; Ohshiro et al., 2000; Roegiers et al., 2005). We have 

also observed that over-expression of l(2)gl fails to cause oppositely directed 

cell fate transformations showing that L(2)gl expression like Insv expression is 

permitted in the precursors cell fates that are N independent (data not shown). 

Thus the apparent contradiction between the expression of Insv in the sensory 

organ lineage and insv genetic function can possibly be explained by the 

differential activity of the major insv target l(2)gl.  

 

insv and H act independently 

Since Hairless is also a nuclear factor that acts genetically as an 

antagonist of N signaling we tested whether Insv functions in the nucleus with 
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H during sensory organ development. In pIIb cells and shaft cells H functions 

as an adapter to recruit the co-repressors dCTBP and Gro to Su(H) leading to 

repression of N target genes but in pIIa cells and socket cells that respond to 

N signaling, NIC switches Su(H) into an activator (Barolo et al., 2002; Nagel et 

al., 2000). The shaft cell fate is particularly sensitive to loss of H and in 

heterozygotes of the null HE31 allele several shaft cells are converted to socket 

cells resulting in a “double-socket” phenotype (Bang et al., 1991). Also, over-

expression of H in the sensory organ lineage results in the opposite 

conversion of sockets to shafts causing the dominant H “double-shaft” 

phenotype (Bang and Posakony, 1992). We show here that loss of one dose 

of insv dominantly enhances the H “double-socket” phenotype further 

demonstrating that insv acts in the Notch pathway like H (Figure S1A). 

However, insv is not required for the H gain of function “double-shaft” 

phenotype (Figure S1B and C) and N is epistatic to insv placing insv upstream 

of N unlike H that acts with Su(H) downstream of N. Moreover, mis-expression 

of H and Su(H) together in proneural cluster cells at the right developmental 

time results in a synergistic increase in the number of ectopically produced 

sensory bristles but mis-expression of H and insv does not have the same 

phenotypic effect (unpublished observations). Based on these results we think 

that Insv acts independently of H to antagonize N signaling in the nuclei of 

developing sensory organ cells.  
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insv regulates l(2)gl and possibly other genes 

All of the genes known to antagonize N signaling in the sensory organ 

lineage, numb, α-adaptin, H, and l(2)gl, are also broadly expressed during 

development (Bang and Posakony, 1992; Gonzalez-Gaitan and Jackle, 1997; 

Klambt and Schmidt, 1986; Uemura et al., 1989). Since these genes are not 

expressed in dynamic patterns during development not much effort has been 

put forth to study how their transcription is regulated. In fact, H and l(2)gl 

function can be rescued by the un-programmed basal level of expression 

provided by HS-H and HS-l(2)gl at 25°C suggesting that spatio-temporal 

control of the expression of these genes is not critical (Bang and Posakony, 

1992; Manfruelli et al., 1996). These data suggest that transcriptional 

regulation of numb, α-adaptin, H, and l(2)gl may only require inputs from non-

specific broadly expressed transcriptional activators. In contrast to this 

proposal, we show that insv specifically regulates the expression of l(2)gl in 

the sensory organ lineage and the epidermal cells of the wing imaginal disc 

and notum. The similarity between the insv phenotypes and l(2)gl phenotypes 

argues that insv is a dedicated positive regulator of l(2)gl expression 

throughout development. Although insv appears to be a critical input into l(2)gl 

regulation as demonstrated by the strong genetic interaction between these 

genes it is probably not the only regulator of l(2)gl expression. In the sensory 
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organ lineage loss of insv does not appear to have as strong of an affect on 

Numb localization and Spdo internalization as does complete loss of l(2)gl 

function (Langevin et al., 2005; Roegiers et al., 2005). Also rare zygotic insv 

mutants complete development and escape any obvious phenotypes whereas 

strong loss of function l(2)gl mutants never make it past the larval stages of 

development. 

 Conversely, insv function likely targets other genes besides l(2)gl. One 

interesting possibility is that insv may also regulate the other two cortical tumor 

suppressor genes scrib and dlg1 (Bilder et al., 2000). l(2)gl, scrib, and dlg1 

function together in a pathway important for apical-basal polarity in epithelial 

cells and asymmetric localization of cell fate determinants in neuroblasts. If 

insv also regulates scrib or dlg1 it might explain why we see such strong 

interactions between l(2)gl and insv.  

We also believe that additional insv targets besides l(2)gl may be 

particularly important for the development of sensory organs and other neural 

cell types for three reasons. First, insv expression is up-regulated in sensory 

organs and the neural ectoderm suggesting an additional requirement for insv 

in these cells. Second, insv enhances the H “double-socket” phenotype more 

than reducing l(2)gl (Figure S1A) and a greater percentage of shafts structures 

are missing in insv adult clones than in l(2)gl adult clones (Table 1). These 

results demonstrate that loss of insv has a greater affect on the specification of 
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sensory organ cell fates than l(2)gl does. Third, mis-expression of insv in non-

SOP cells of the proneural cluster and in wing margin cells converts the fate of 

these cells whereas mis-expression of l(2)gl in the same cells has no affect 

(data not shown). Also, increased membrane localized Spdo appears to 

explain the insv and numb loss of function phenotypes but the same 

mechanism cannot underlie the insv or numb gain of function phenotypes in 

wing margin cells because Spdo is only expressed in asymmetric cell lineages 

(Frise et al., 1996; O'Connor-Giles and Skeath, 2003). This indicates that mis-

expression insv and numb must also affect other targets to induce a gain of 

function phenotype. It seems that insv regulates additional factors besides 

l(2)gl that antagonize N signaling.  

 

Genes required for Asymmetric cell division are part of the SOP 

proneural genetic program 

Expression of the proneural transcription factors pre-figures the 

development of sensory organs in the developing larval and adult PNS. 

Proneural function is required at the very earliest stages of sensory organ 

development for the selection and specification of the sensory organ precursor 

cells (reviewed in Bertrand et al., 2002). Since the proneural genes act early in 

PNS development and are required for the specification of the SOP cell fate it 

has been difficult to determine whether proneural function also contributes to 
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later cell fate decisions in the sensory organ lineage. We have shown 

previously that insv is part of the proneural genetic program activated in SOP 

cells and in this paper we demonstrate that insv is also required for 

asymmetric cell divisions in the sensory organ lineage (Reeves and Posakony, 

2005). These results demonstrate that the program of gene expression 

activated by the proneural transcription factors in SOPs includes genes that 

are important for asymmetric cell division and the establishment of asymmetric 

cell fates in the sensory organ lineage.  

 

Conclusions 

In this work we have shown that insv is required for the development of 

both the larval and adult PNS. The nuclear Insv protein contains a conserved 

DUF1172 domain and is expressed in the precursor cells of the sensory organ 

lineage. Loss of insv function causes increased N signaling resulting in the 

specification of extra socket cell fates at the expense of the other sensory 

organ cell fates. In mitotic SOPs and early pIIa/pIIb cell pairs, loss of insv 

affects the internalization of Spdo and the expression of the cortical protein 

L(2)gl. Also, insv is required for l(2)gl expression in imaginal discs and insv 

mutants die as lethal giant larvae containing undifferentiated tumorous 

imaginal discs like l(2)gl larvae. Expression of l(2)gl rescues the insv adult 

phenotype mutant sensory organs leading us to conclude that l(2)gl is a major 
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target of insv function during development. insv represents a new class of 

nuclear function that regulates the expression of l(2)gl to direct asymmetric cell 

division in the sensory organ lineage. 

 

Experimental Procedures 

 

Fly Stocks 
w1118 was used as a wildtype strain for antibody stains and genetic 

interaction studies. The following fly stocks were obtained for this study: mα-

GAL4 (Castro et al., 2005), HE31 (Schweisguth and Posakony, 1994), ASE-

DsRed.T4-NLS (Barolo et al., 2004), Nts1 (Hartenstein and Posakony, 1990), 

HS-H (Bang and Posakony, 1992), l(2)gl4W3 FRT40A, l(2)gl4 en-lacZ FRT40A, 

yw; Ubx-flp, yw; y+ ck FRT40A, MARCM lines yw; p(tub)-GAL80 FRT40A; 

neur-GAL4 UAS-mCDGFP or UAS-PONGFP (kindly provided by F. Roegiers; 

Hutterer and Knoblich, 2005; Justice et al., 2003; Roegiers et al., 2001a), 

UAS-numb34 (kindly provided by Y. Jan; Wang et al., 1997), adaear2L04 FRT40A 

(kindly provided by J. Knoblich; Berdnik et al., 2002), numb796 (kindly provided 

by F. Schweisguth; Orgogozo et al., 2002), neurP72-GAL4 (kindly provided by 

E. Lai; Jhaveri et al., 2000), UAS-l(2)gl (kindly provided by C. Doe), HS-GAL4, 

Df(2L)C144 dppd-ho ed1, and Cyo Kr-GFP lines were obtained from the 

Bloomington stock center [see Flybase (flybase.org) for further details and 
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references]. insv23B, insv23B FRT40A, insv23I, and insv23I FRT40A were 

described in a previous publication (Reeves and Posakony, 2005).  

 

Plasmid Construction and P element Transformation 

The insvRC rescue construct was generated by PCR amplification of a 

3.8Kb genomic region containing the whole insv locus. The GFPinsvRC 

contains the GFP coding region inserted in frame at the 5' end of the insv 

coding region and was generated by overlap extension (Ho et al., 1989) of 

three PCR products: the insv rescue construct upstream region to the start 

codon, the insv start codon to the end of the rescue construct, and a fragment 

containing the GFP coding region with sequences at both ends that overlaps 

the two insv rescue construct fragments. Both the insvRC and GFPinsvRC 

PCR products were cloned into the pNot-CaSpeR P element transformation 

vector. The UAS-insv and pRSET-insv constructs were generated by 

amplifying the coding region of insv from the BDGP cDNA RE55538 and 

cloning the resulting PCR product into the pUAS-T and pRSET-A vectors. PCR 

primer sequences are available upon request. P-element mediated germline 

transformation was carried out as described (Rubin and Spradling, 1982), 

using w1118 as the recipient strain.  
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Generation of Mutant Clones 

yw Ubx-flp (Hutterer and Knoblich, 2005) or yw HS-flp were used as 

sources of flp transposase to generate adult somatic clones of l(2)gl4 en-lacZ 

FRT40A, insv23B FRT40A, and insv23I FRT40A. Clones were marked using 

either the yw; y+ ck FRT40A strain (adult notum) or the MARCM strain yw; 

p(tub)-GAL80 FRT40A; neur-GAL4 UAS-mCDGFP or UAS-PONGFP (pupal 

notum). insv23B mutant clones were made in an Nts1 background using the y Nts1 

Ubx-flp; y+ ck FRT40A fly line that was generated by recombining y and Ubx-

flp onto the Nts1 X chromosome. For the Nts experiments pupae were aged to 

24-30HR APF at room temperature and then shifted to 32°C for 16 hours. 

Shifting to 32°C significantly increased the number of socket to shaft 

conversions with this Nts chromosome. To mis-express H and l(2)gl in insv23B 

mutant clones, lines were generated that carry insv23B FRT40A and UAS-l(2)gl 

or HS-H on the 3rd chromosome. Also the line yw; y+ ck FRT40A; HS-GAL4 

was made to mis-express UAS-l(2)gl under heat shock control. Mis-expression 

during adult microchaete development was accomplished by heat shocking 

12-17HR APF pupae in a 37°C water bath for 4 hours.  

 

Antibody Generation 

The pRSET-insv construct was transformed into BL-21 E. coli cells and 

large cultures of these cells were grown to log phase in LB broth and induced 
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with 0.1M IPTG for protein expression. 6XHis-Insv protein was purified under 

denaturing conditions in 8M urea on TALON cobalt metal affinity resin 

(Clonetech). 6XHis-Insv was eluted off the affinity resin with heat and SDS and 

further purified by separating the protein elute using large format SDS-PAGE. 

Electro-elution was used to recover purified 6XHis-Insv from the SDS-PAGE 

gel and the final protein sample was concentrated by lyophilization. Purified 

6XHis-Insv protein was sent to Pocono Rabbit Farm and Laboratory Inc. 

where four rabbits were immunized. Antiserum bleeds from all four rabbits was 

tested periodically until specific immuno-reactivity was detected. 

 

GAL4/UAS Mis-expression 

The 2X UAS-insv line was generated by recombining two 3rd 

chromosome insertions of UAS-insv onto the same chromosome. 2X UAS-insv 

was crossed to mα-GAL4 and neurP72GAL4 to drive expression in non-SOP or 

SOP cells respectively. Adult nota were cleared in CMC-10 mounting media 

(Master’s Company, Inc.) supplemented with lactic acid prior to imaging. 

 

Immunohistochemistry and Confocal Imaging 

Embryos were fixed for 30 minutes with 4% paraformaldehyde and 

heptane and devitellinized with methanol. Imaginal discs and pupal nota were 

dissected in PBS and fixed for 30 minutes with 4% paraformaldehyde, 0.3% 
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Triton X-100, and 0.3% deoxycholate (for imaginal discs only) in PBS. All 

tissues were blocked in 1% Western Blocking Reagent (Roche) and primary 

antibodies were applied overnight at 4°C. Primary antibodies used in this study 

include mAb 22C10 hybridoma supernatant diluted 1:100 (Developmental 

Studies Hybridoma Bank, University of Iowa; [DSHB]); mouse anti-Prospero 

(MR1A) hybridoma supernatant diluted 1:4 (DSHB); mouse anti-Cut (2B10) 

hybridoma supernatant diluted 1:100 (DSHB); mouse anti-Dl (C594.9B) 

hybridoma supernatant diluted 1:100 (DHSB); rat anti-ELAV (7E8A10) 

hybridoma supernatant diluted 1:100 (DSHB); rabbit anti-Sanpodo diluted 

1:500 and guinea pig anti-Numb diluted 1:1000 (both kindly provided by J. 

Skeath; O'Connor-Giles and Skeath, 2003); affinity purified rabbit anti-Lethal 

(2) giant larvae diluted 1:100 (kindly provided by J. Betschinger; Betschinger 

et al., 2003); guinea pig anti-Senseless diluted 1:5000 (kindly provided by H. 

Bellen; Nolo et al., 2000); Hoescht 3342 diluted 1:1000 (Molecular Probes); 

Rhodamine Phalloidin diluted 1:100 (Molecular Probes); and rabbit anti-

Insensitive 1:5000 (this study). Primary antibodies were detected with anti-

mouse, rabbit, rat, and guinea pig secondary antibody conjugated to the 488, 

555, 594, and 647 fluorophores diluted 1:500 (Molecular Probes). To detect 

both mouse anti-Pros and mouse anti-Cut at the same time the Zenon 555 

mouse IgG labeling kit (Molecular Probes) was used to directly label the anti-
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Cut antibody that was used at 1:10. Fluorescent images were acquired using a 

Leica SP2 AOBS confocal microscope system. 

 

In Situ Hybridization 

A digoxigenin-labeled antisense insv RNA probe was made from the 

insv cDNA (RE55538) and in situ hybridization was performed as described in 

(Reeves and Posakony, 2005). 

 

Gene Diagrams  

Diagrams of the insv locus were generated using the Export Graphical 

View feature of the GenePalette software tool (Rebeiz and Posakony, 2004). 

 

Multiple Sequence Alignment 

The protein sequence for the insv Domain of Unknown Function 1172 

(DUF1172) was used in tblastn searches to discover open reading frames in 

the Apis mellifera (scaffold accession #AADG05003396; base pairs – 11094 to 

11312) and the Anopheles gambiae (scaffold accession #AAAB01008984; 

base pairs – 8896819 to 8897040) genomes that encode proteins with 

DUF1172 domains. Multiple sequence alignments and the phylogenetic tree 

were generated using the CLUSTALW program at the Biology Workbench 

website (http://workbench.sdsc.edu). 
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RT-PCR 

Primers for RP49 and l(2)gl were designed to amplify short (<400bp) 

fragments of the coding region that span an intron. Ten groups of wing, leg, 

and haltere imaginal discs from w1118, l(2)gl4W3, insv23B , and insv23I late 3rd 

instar larvae were collected and total RNA from these tissues was extracted 

using the RNAeasy mini kit (Qiagen). 500ng of total RNA from each genotype 

was reverse transcribed with the Superscript II enzyme (Invitrogen) and the 

resulting 1st strand cDNA was purified using the PCR purification kit and eluted 

in 50ul of EB buffer (Qiagen). For each 1st strand template a dilution series 

(1ul,0.1ul, and 0.01ul) was PCR amplified for 30 cycles and the products were 

ran out on a 2% agarose gel. 

 

Genetic Interactions 

numb796. adaear2L04,Df(2L)C144, l(2)gl4, l(2)gl4W3, insv23B , and insv23I were 

balanced over the Cyo Kr-GFP balancer and these balanced lines were 

crossed to generate trans-heterozygous combinations. 1st instar larvae from 

each cross that didn’t express Kr-GFP were collected from grape juice 

agarose plates and transferred to fly vials (100 larvae per vial). The fly vials 

were aged at 25°C and the resulting progeny were collected and counted. 

w1118 control larvae and enlarged larvae that failed to pupate were collected 

and fixed in 4% paraformaldehyde in PBS for imaging.  
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Dominant genetic interactions with Hairless were determined by 

crossing l(2)gl4, l(2)gl4W3, insv23B , and insv23I flies to HE31 flies and then scoring 

for double sockets at 20 macrochaete bristles positions on 50 flies (25 males 

and 25 females).  
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Figure 1. insensitive Encodes a Conserved Protein Required for Sensory 
Organ Development 
(A) Schematic diagram of the insensitive genomic region showing the extent of 
the insv23B and insv23I alleles generated by imprecise excision of the P element 
KG07404 and the genomic constructs made to rescue insv function. The 
sequences encoding the Domain of Unknown Function 1172 (DUF1172) in 
insv and CG9883 are depicted as grey boxes. The GFPinsvRC construct 
contains the GFP coding region inserted in frame at the 5' end of the insv 
coding region. (B) A phylogenetic tree generated from a ClustalW multiple 
sequence alignment of the DUF1172 domains from proteins in Drosophila 
melanogaster (Dm), Apis mellifera (Am), Anopheles gambiae (Ag), Mus 
musculus (Mm), and Homo sapiens (Hs). A significant amount of maternal insv 
transcript is seen in early w1118 embryos (C) but not in maternal and zygotic 
(MZ) insv23B mutant embryos (D). Dorsal is towards the top and anterior is left 
in all embryo pictures. (E) In stage 12 to 14 embryos homozygous for a 
precise excision of the KG07404 P element, mAb 22C10 labels peripheral 
sensory neurons arrayed in a segmentally repeating pattern. In MZ insv23B (F) 
and MZ insv23I mutant (G) embryos the pattern of 22C10 positive peripheral 
sensory neurons is disrupted and some of the neurons are missing especially 
in the lch5 region (marked by brackets). (H) MZ insv23B mutant embryos 
carrying two copies of insvRC. The insvRC transgene can rescue the 
embryonic MZ insv mutant phenotype back to a normal 22C10 pattern 
(compare brackets in [F] and [G] to [H]). (J) Adult sensory bristles within insv23B 

somatic mutant clones marked by yellow often lack shaft structures and 
develop multiple socket structures (TS labels the crinkled marked twin spot). 
(K) Significantly more mutant bristles positions develop shaft structures within 
insv23B mutant clones on flies carrying two copies of the insvRC transgene.
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Table 1. Dosage Sensitive Rescue of the insv Adult Phenotype 
 

 
Genotype 

 
N 

% of mutant positions with 
shaft structures 

insv23B 922 22.7 
insv23B; insvRC#1 / + 403 48.6* 
insv23B; insvRC#5 / + 765 43.1* 
insv23B; insvRC#5 709 65.3* 
insv23B; GFPinsvRC#1B / + 483 46.6* 
insv23B; GFPinsvRC#8 / + 455 39.3* 
insv23B; GFPinsvRC#8 273 58.6* 
insv23I 1198 25.5 
insv23I; insvRC#1 / + 407 57.7* 
insv23I; insvRC#5 / + 440 42.7* 
insv23I; insvRC#5 589 68.9* 
insv23 ; GFPinsvRC#1B / + 394 55.1* 
insv23I; GFPinsvRC#8 / + 344 35.2* 
insv23I; GFPinsvRC#8 436 55.5* 
lgl4 692 60 

 N is the number of mutant microchaete positions examined for adult somatic clones of each  
 genotype 
 * significance of differences between insv mutant clones and insv mutant clones plus RC  
 transgenes was determined by Student’s t-test and P < 0.001 for all comparisons 
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Figure 2. Dynamic Expression of the Nuclear Protein Insv in Developing 
Sensory Organs 
(A) In stage 11 embryos Insv protein is highly expressed in sensory organ 
precursor cells of the peripheral nervous system, cells in the ventral nerve 
cord, and regions of the cephalic ectoderm. (A') High magnification image of 
the region boxed in (A) showing that Insv protein (green in [A']) co-localizes 
with Senseless (magenta in [A']) in the nuclei of SOP cells. (B) The anti-Insv 
antibody does not react with MZ insv23B embryos demonstrating the specificity 
of the antiserum. (C) Insv protein is also expressed in the SOP cells of late 3rd 
instar wing imaginal discs. (C') High magnification image of the region boxed 
in (C) showing that Insv (green in [C']) expression co-localizes with but initiates 
later than the nuclear SOP marker Senseless (magenta in [C']; see arrow in 
[C']). (D to D''') Mitotic SOP cells labeled with antibodies to Insv ([D], green in 
[D'''] merge), Cut ([D'], red in [D'''] merge), and Numb ([D''], blue in [D'''] merge) 
show that Insv protein does not segregate asymmetrically like Numb but 
instead localizes similar to the nuclear factor Cut at this stage. (E to H''') 
Sequential stages of sensory bristle development (dotted circles indicate the 
positions of all the Cut positive cells at each stage) labeled with antibodies to 
Insv ([E, F, G, and H]; green in [E''', F'', G'', and H'''] merges), Cut ([E']; red in 
[E''', F'', G'', and H'''] merges), Pros ([E'', F', G', and H']; blue in [E''', F'', G'', and 
H'''] merges), and ELAV ([H'']; yellow in [H'''] merge). (E-E''') During the 2-cell 
stage Insv localizes to the nucleus of both the pIIa and pIIb cells. (F-F'') After 
division of the pIIb cell, Insv is expressed in the pIIIb daughter cell and at lower 
levels in the pIIIb-sib daughter cell. (G to G''') Right after the pIIa cell divides, 
Insv is transiently expressed in both the socket and shaft cell nuclei (SO/SH in 
[G'']) and Insv expression is down regulated in the pIIIb-sib. (H to H''') Insv 
expression persists in the pIIIb cell nucleus (upper sensory organ) until the 
pIIIb cell divides and gives birth to the sheath and neuron cells that no longer 
express Insv (lower sensory organ). Also, Insv expression in the socket and 
shaft cells is down regulated shortly after these cell types are born (SO/SH in 
upper sensory organ). (I and I') At 24HR APF, broad low-level expression of 
Insv (green in [I'] merge) is evident in all epidermal cells and sensory organs 
cells labeled with ASE-RFP (So, socket; red in [I'] merge), Pros (Se, sheath; 
magenta in [I'] merge), and ELAV (Ne, neuron; blue in [I'] merge). Insv protein 
also appears to be expressed in the socket cell cytoplasm at this stage 
because fluorescent signal is seen around the ASE-RFP positive socket cell 
nucleus (arrow in [I] and [I']). (J and J') In 15 to 17HR APF pupal nota, 
GFPinsvRC is expressed at low levels in a dynamic pattern similar to 
endogenous Insv and co-localizes with the nuclear marker Cut (magenta in 
[J']) in developing sensory organs. 
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Figure 3. Loss of insv Function Causes Cell Fate Transformations in the 
Embryonic and Adult PNS 
Stage 12 to 14 ASE-RFP (A) and ASE-RFP; MZ insv23B (B) embryos stained 
with antibodies to Pros and ELAV. Control embryos show a stereotyped and 
segmentally repeating pattern of Pros positive support cells (green), ASE-RFP 
positive socket cells (red), and ELAV positive (blue)/Pros weakly positive 
neurons in the lateral sensory organ field of the abdominal segments. In ASE-
RFP; MZ insv23B mutant embryos the number of Pros positive support cells and 
ELAV positive/Pros weakly positive neurons are reduced especially in the lch5 
region (compare brackets in [A] to [B]) whereas the number of ASE-RFP 
positive socket cells is increased in the ventral external bristle organs (vp4 and 
vp4a; arrows in [B]). In pupal nota neurP72-GAL4 was used as a MARCM clonal 
marker to drive expression of mCD8-GFP in sensory organs cells. At 24-30HR 
APF the four cell types that compose the differentiated mechanosensory organ 
are present and were labeled with Pros ([C and D]; magenta in [C''' and D'''] 
merge) to reveal sheath cells, ASE-RFP ([C' and D']; red in [C''' and D'''] 
merge) to reveal sockets cells, ELAV ([C'' and D'']; blue in [C''' and D'''] merge) 
to reveal neurons, and sensory organ cells positive for mCD8-GFP (green in 
[C''' and D'''] merge) only are shaft cells. (C to C''') Flies lacking the GAL80 
FRT40A chromosome express mCD8-GFP in all of the developing sensory 
organs and were used as a genotype control. In these control sensory organs, 
four mCD8-GFP cells are present and all four cell types develop. (D to D''') In 
insv23B mutant sensory organs four mCD8-GFP positive cells are present but 
only the ASE-RFP marker is expressed in either three (arrowhead in [D' and 
D''']) or four of the cells (arrow [D' and D''']) showing that only the socket or 
shaft cell fate is produced (positions outside the clone are shown as an 
internal control).  
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Figure 4. insv Antagonizes N signaling in the Sensory Organ Lineage 
and When Mis-expressed in Wing Imaginal Discs 
Adult nota from a 2X UAS-insv (A) fly and a fly carrying neurP72-GAL4 driving 
2X UAS-insv (B) in SOPs and the sensory organ lineage develop the normal 
number of macrochaete bristles. (C) Adult notum from a fly carrying mα-GAL4 
driving 2X UAS-insv in non-SOP cells of the proneural cluster develop extra 
macrochaete bristles especially in the scutellar (arrow in [C]) and dorsocentral 
(bracket in [C]) region. (D) An adult wing from a 2X UAS-insv fly develops a 
normal wing margin. (E) An adult wing from a fly carrying mα-GAL4 driving 2X 
UAS-insv in the wing margin develops a small notch in the wing margin at the 
distal tip of the wing (bracket in [E]). Late 3rd instar wing imaginal discs from 
mα-GAL4 larvae (F and F') and larvae carrying mα-GAL4 driving 2X UAS-insv 
(G and G') in the wing margin were labeled with antibodies to Insv (magenta in 
[F' and G'] merges) and Cut ([F and G], green in [F' and G'] merges). Insv 
protein is normally expressed in the two rows of SOPs that flank the wing 
margin cells that express Cut but when mα-GAL4 is used to mis-express insv 
in wing margin cells, Cut expression is repressed in the same wing margin 
cells that express Insv protein (arrows in [G and G']). White pre-pupae wing 
imaginal discs from mα-GAL4 larvae (H to H') and larvae carrying mα-GAL4 
driving 2X UAS-insv (I to I') were labeled with antibodies to Insv (magenta in 
[H' and I'] merges) and Sens ([H and I], green in [H' and I'] merges). The 
anterior dorsocentral and posterior scutellar SOPs have already divided in (H 
and I). Insv protein is normally expressed in notum SOPs that also express 
Senseless but when mα-GAL4 is used to mis-express insv in non-SOP cells of 
the notum proneural clusters extra Senseless positive SOP cells are produced 
in the scutellular proneural cluster (arrows in I and I'; SCs marks the scutellar 
SOPs and DCs marks the dorsocentral SOPs). (J) y Nts1 Ubx-FLP hemizygous 
flies shifted to the restrictive temperature (32°C) during the asymmetric cell 
divisions of the microchaete lineage develop bald regions devoid of external 
sensory structures (asterisk in J) and sensory organs with double shafts 
(arrow in J). (K) Bald regions (asterisk in K) and transformations of the socket 
cell fate to the shaft cell fate (arrow in K) are also seen in yellow marked 
insv23B clones produced on Nts1 hemizygous flies that have been shifted to the 
restrictive temperature during sensory organ development (TS labels the 
crinkled marked twin spot).  
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Figure 5. Loss of insv Disrupts the Internalization of Spdo and the 
Expression of L(2)gl in sensory organs 
Both PONGFP ([A and B], green in [A''' and B'''] merges; used as the MARCM 
clonal marker) and Numb ([A' and B'], blue in [A''' and B'''] merges) form 
anterior crescents in mitotic SOP cells of control nota lacking the GAL80 
FRT40A chromosome (A to A''') and insv23B mutant MARCM clones (B to B'''). 
Spdo is expressed diffusely in control mitotic SOP cells ([A''], red in [A'''] 
merge) but remains cortical in insv23B mutant positions ([B''], red in [B'''] 
merge). Shortly after the SOP cell divides, mechanosensory organ positions 
marked by PONGFP (green in [C'' and D''] merges) in control nota (C to C''') 
and insv23B mutant MARCM clones (D to D''') show higher levels of Numb ([C 
and D], blue in [C'' and D''] merges) in the anterior pIIb cell reflecting the 
asymmetry between pIIa and pIIb. Spdo ([C' and D'], red in [C'' and D''] 
merges) is normally internalized from the membrane in control pIIb cells 
whereas high levels of Spdo accumulates at the cortical region between the 
pIIa and pIIb cells in most insv23B mutant positions (arrowheads in [D' and D'']). 
Large Delta (C''' and D''') and Spdo positive vesicles are seen in both control 
and insv23B mutant pIIb cells (compare arrows in [C'] to [C'''] and [D'] to [D''']). 
Insv protein (magenta in [E, G, and I]) is expressed in pIIa and pIIb (marked by 
mCD8-GFP, green in [E, G. and I]) nuclei of control (E) and l(2)gl4 mutant (I) 
positions but not in insv23B mutant (G) positions. (F to F'') L(2)gl protein ([F', H', 
and J'], magenta in [F'',H'', and J''] merges) accumulates in a punctate pattern 
in the cytoplasm and at the cortex of mCD8-GFP ([F,H,and J], green in [F'', H'', 
and J''] merges) marked control pIIa and pIIb cells. In insv23B mutant (H to H'') 
and l(2)gl4 mutant (J to J'') MARKM clones L(2)gl expression is significantly 
reduced (L(2)gl antibody cross reacts with a nuclear epitope; asterisks in [H'' 
and I''] merges mark cells outside of clones with normal L(2)gl expression as 
an internal control). All images in Figure 5 are single confocal Z sections 
through the center of the sensory organ cells. 
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Figure 6. insv Regulates l(2)gl Expression During Development 
(A) l(2)gl4W3, insv23B, and insv23I mutant larvae and larvae that are heterozygous 
for both insv and a deficiency of the insv genomic region (Df(2L)C144) grow 
larger than w1118 larvae and die prior to pupation (scale bar represents 2mm). 
Crosses between insv mutants and l(2)gl mutants produce double 
heterozygote larvae that mostly die as lethal giant larvae, demonstrating a 
synthetically lethal genetic interaction between insv and l(2)gl (also see Table 
2). (B to E) Loss of insv results in the development of imaginal disc derived 
neoplastic tumors like loss of l(2)gl. Staining groups of wing, haltere, and leg 
imaginal discs with Hoescht 3342 to label DNA (green in [B to E]) and 
rhodamine conjugated phalloidin to label filamentous actin (magenta in [B to 
E]) reveals the normal convoluted bilayer morphology of w1118 imaginal discs 
(B) whereas groups of imaginal discs from l(2)gl4W3 (C), insv23B (D), and insv23I 
(E) mutant larvae are overgrown and fused (scale bar represents 80µm). (F) 
RT-PCR of 500ng of total RNA from clusters of wing, haltere, and leg imaginal 
discs taken from w1118, l(2)gl4W3, insv23B, and insv23I larvae was performed with 
primers to Ribosomal Protein 49 (RP49 as a ubiquitously expressed standard) 
and l(2)gl. l(2)gl is expressed at similar levels in imaginal discs from w1118 
larvae and overgrown imaginal discs from l(2)gl4W3 (a strong hypomorphic 
allele of l(2)gl) larvae but expression is undetectable in overgrown imaginal 
discs from insv23B and insv23I larvae. The starting first strand cDNA template 
from all genotypes was diluted 10-fold twice (2nd and 3rd lanes under open 
triangles) to show the range of expression. (G) insv23B mutant clone on a fly 
over-expressing GAL4 under heat shock control (HS-GAL4; 37°C for 4 hours). 
The yellow marked insv mutant sensory organs on these control flies still 
develop extra sockets and lack shafts (see arrow in [G]). (H) When UAS-l(2)gl 
is over-expressed under HS-GAL4 control in insv23B mutant sensory organs the 
bristles develop normally and produce one yellow marked shaft and socket 
pair (see arrow in [H]; TS labels the crinkled marked twin spot in [G and H]) 
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Table 2. Summary of Genetic Interactions 
 

 
Genotype 

 
N 

% Survival 
to adult 

Lethal giant 
larvae 

Overgrown 
imaginal discs 

w1118 200 95 no no 
insv23B / + 200 92 no no 
insv23I / + 200 92 no no 
l(2)gl4W3 / + 200 97 no no 
l(2)gl4 / + 200 98 no no 
Df(2L)C144 / + 200 95 no no 
insv23B 200 1 yes yes 
insv23B / Df(2L)C144 200 3.5 yes yes 
insv23I 200 0.5 yes yes 
insv23I / Df(2L)C144 100 0 yes yes 
insv23B / insv23I 200 10 yes yes 
l(2)gl4W3 200 0 yes yes 
insv23B / l(2)gl4W3 200 11.5 yes yes 
insv23I / l(2)gl4W3 100 3 yes yes 
Df(2L)C144 / l(2)gl4W3 100 0 yes yes 
insv23B / l(2)gl4 200 5 yes yes 
insv23I / l(2)gl4 100 3 yes yes 
Df(2L)C144 / l(2)gl4 100 0 yes yes 
insv23B / numb796 200 97.5 no no 
insv23I / numb796 200 95.5 no no 
insv23B / adaear2L04 200 94.5 no no 
insv23I / adaear2L04 200 96.5 no no 
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Supplemental Figure S1. insv and l(2)gl Interact Genetically With H but 
insv is Not Required for the HS-H Phenotype 
(A) Loss of one dose of Hairless function causes sporadic transformation of 
shaft cells to socket cells in macrochaete bristle positions. Macrochaete bristle 
positions on adult HE31/+, insv23B/HE31, insv23I/HE31, l(2)gl4W3/HE31, and l(2)gl4/HE31 

flies were scored for shaft to socket transformations (double socket positions). 
The bar graph shows that loss of one dose of either insv or l(2)gl dominantly 
enhances the double socket phenotype of HE31 heterozygotes (error bars 
represent standard deviation from mean; single asterisk denotes a t-test p 
value < 1*10-10; double asterisks denotes a t-test p value < 1*10-20). (B) Mis-
expression of HS-H during the asymmetric cell divisions of the microchaete 
lineage causes rare socket to shaft transformations. (C) HS-H still causes cell 
fate transformations in yellow marked insv23B adult clones demonstrating that 
insv is not required for the HS-H gain of function phenotype (TS labels the 
crinkled marked twin spot). 
 

Chapter Two, in full, consists of the following manuscript that is in 

preparation for publication. Reeves, N. L., and Posakony, J. W. The nuclear 

protein Insensitive controls asymmetric cell division by regulating lethal (2) 

giant larvae expression. The dissertation author was the primary researcher 

and author and James W. Posakony directed and supervised the research that 

forms the basis for this chapter. 
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Analysis of the KCNQ potassium channel gene in the Drosophila PNS  

Although much is known about the developmental pathways that give 

rise to the mechanosensory bristle organs of Drosophila, relatively little is 

understood about the genes required for the proper function of this sensory 

apparatus. We have taken a candidate gene approach to identify genes 

expressed in the differentiated cells of the mechanosensory bristle. One such 

candidate is the lone Drosophila ortholog of the vertebrate KCNQ potassium 

channel family (McCormack, 2003). Several inherited forms of congenital and 

progressive deafness in humans result from mutations in KCNQ channel 

genes. In mammals, KCNQ channels maintain the ionic composition of the 

potassium rich endolymph that bathes the mechanotransductive sensory hair 

cells of the inner ear. A steep gradient of potassium concentration must be 

maintained to facilitate the transduction of an ionic potential to the sensory 

ganglion and brain (reviewed in Jentsch, 2000) The endolymph within the 

Drosophila mechanosensory bristle is also rich in potassium suggesting that 

Drosophila KCNQ may function similarly to the mammalian KCNQ channels in 

these organs. We have investigated the expression pattern, transcriptional 

regulation, and loss of function phenotype of Drosophila KCNQ to determine 

whether the function of this channel is conserved in invertebrate 

mechanotransductive sensory organs. 
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Full length sequencing of two Drosophila ESTs (RE26469 and 

RE04480) has shown that the KCNQ locus is spread over a large region 

(~40Kb) of the right arm of the second chromosome. These cDNAs predict two 

promoters for KCNQ, the RE04480 cDNA predicts a distal promoter located 

approximately 30Kb upstream of the coding region and the RE26469 cDNA 

predicts a proximal promoter located near the coding sequence (Figure 1A). 

Also, the RE04480 cDNA starts translation at a slightly later ATG codon than 

the RE26469 cDNA and the RE04480 cDNA contains an additional alternative 

coding exon in the C-terminal region of the gene that encodes for the long 

cytoplasmic tail characteristic of KCNQ genes in all organisms. These 

differences in KCNQ cDNA structure may encode differences in KCNQ 

channel function that are important in the various settings where KCNQ is 

expressed. 

We have found that KCNQ transcript begins to be expressed in late 

stage embryos (after stage 14) in subsets of cells in the ventral nerve cord, 

larval brain, posterior sensory organs, several regions of the larval gut, and 

lateral cells that may be associated with sensory organs (Figure 1B). To 

determine whether KCNQ is also expressed in adult sensory organs we 

dissected pupal nota at a stage when the cell types of the microchaete bristle 

organs have been differentiated (60HR APF). At this stage (and not at earlier 

stages) we see strong expression of KCNQ in one large cell at each sensory 
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organ position (Figure 2A). We speculated that the sensory organ cell 

expressing KCNQ is the large polyploid socket cell because this cell creates 

an endolymph filled cavity by wrapping around the dendrite of the sensory 

neuron. To test this speculation we took advantage of a Hairless mutant 

background (H22) in which most of the shaft cells are transformed into socket 

cells. in situ hybridization in the H22 background revealed two socket cells that 

express our control socket specific gene Su(H) and the KCNQ potassium 

channel gene proving that KCNQ is specifically expressed in developing adult 

socket cells (Figure 2B to D). These results demonstrate that expression of 

KCNQ channels in mechanosensory organs is conserved between vertebrates 

and invertebrates. 

Our lab has been studying two transcription factors genes that are 

expressed at high levels in the socket cell, Su(H) and Sox15, to better 

understand the transcriptional mechanisms that underlie the transition 

between specification of the socket cell fate and differentiation of a functional 

socket cell (Barolo et al., 2000b and unpublished observations of S. Miller). To 

determine whether KCNQ is a target of these transcription factors in the 

socket cell we have searched the regulatory regions around KCNQ to find 

binding sites for Su(H) and Sox15. Just upstream of the proximal KCNQ 

promoter (predicted by cDNA RE24649) we have discovered a Su(H) binding 

site and a Sox15 binding site within a 750bp regulatory region (KCNQ 738; 
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Figure 3A). Purified Su(H) and Sox15 proteins bind to their respective binding 

sites in vitro showing that these DNA binding sites can be efficiently bound by 

the correct proteins (Figure 3B). We have also tested this regulatory region in 

vivo using a GFP reporter construct and have discovered that it is expressed 

like KCNQ transcript in a single sensory organ cell at each microchaete 

position (Figure 3C). By crossing these lines to the socket cell specific ASE-

RFP reporter we have shown that the KCNQ 738 reporter is expressed 

specifically in the socket cell of the adult sensory organs (data not shown). 

Using site-directed mutagenesis we have generated point mutations in the 

Su(H) and Sox15 binding sites and have shown in an in vitro gel shift assay 

that these mutants sites no longer bind purified protein (Figure 3B). When the 

Su(H) binding site mutation is introduced into the KCNQ 738 reporter construct 

we see ectopic GFP expression in an additional sensory organ cell at each 

microchaete position suggesting that Su(H) acts as a repressor of KCNQ 

expression in one of the other differentiated cells of the sensory organ (Figure 

3F). Mutation of the Sox15 site in the context of our reporter construct 

completely eliminates socket expression demonstrating that Sox15 is a critical 

activator of KCNQ in the socket cell (Figure 3G). When both the Su(H) and 

Sox15 mutations are made we see the combined loss of socket expression 

and ectopic expression in a different sensory organ cell (Figure 3H). In the 

Drosophila pseudoobscura genome, the Su(H) binding site in the KCNQ 
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socket enhancer is perfectly conserved and an additional Su(H) site is present. 

The orthologous Sox15 binding site is missing in the Drosophila 

pseudoobscura regulatory region but we do find two other Sox15 binding sites 

suggesting that the Sox15 input is also conserved (Figure 1A). Using the same 

in vivo GFP reporter assay we have shown that the Drosophila pseudoobscura 

KCNQ regulatory region (Dp 768) is also expressed in sockets cells (Figure 

3E). These results show that both Su(H) and Sox15 inputs are critical for the 

correct expression of KCNQ in adult socket cells. Furthermore, expression of 

both KCNQ transcript and the KCNQ socket reporter initiates during the 

differentiation of the socket cell (~60 to 72HR APF) later than the expression 

of the transcription factor genes Su(H) and Sox15 (~24HR APF) that likely 

respond to early cell fate specification signals. Thus, KCNQ is the first socket 

differentiation gene shown to be directly regulated by the transcription factors 

Su(H) and Sox15.  

To determine if KCNQ function is important for the physiology of the 

mechanosensory bristle, we have made deletions within the KCNQ locus by 

mobilizing the EP2074 P element located in an intron of the KCNQ gene 

(Figure 1A). Both of the imprecise excision alleles we have generated 

(KCNQ186 and KCNQ370) delete all of the transmembrane domains and the 

potassium selective pore that make up the KCNQ ion channel (Figure 1A). We 

have also isolated a precise excision allele of KCNQ (KCNQ97) in which the P 
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element has been completely removed and the wildtype genomic sequence 

restored. The KCNQ186 and KCNQ370 alleles of KCNQ are homozygous viable 

and the mutant adults are coordinated and fertile. However we have noticed 

that the KCNQ186 and KCNQ370 mutant larvae take approximately 24 hours 

longer to develop to the 3rd instar stage than do the precise excision KCNQ97 

larvae. To determine whether loss of KCNQ affects the physiology of the adult 

mechanosensory bristle organ we have assayed the trans-epithelial potential 

(TEP; a measure of the voltage difference between the mechanoreceptor 

endolymph and the hemolymph that bathes the inside of the fly) and the 

mechano-receptive current (MRC; a voltage clamp assay that measures the 

change of current in the sensory neuron during mechanical stimulation) in 

KCNQ mutant flies. Unfortunately, both the TEP and MRC are normal in 

KCNQ mutant flies and similar to the precise excision KCNQ97 flies (data not 

shown; assay as described in Avidor-Reiss et al., 2004). This result suggests 

that a second redundant potassium channel may be expressed in socket cells 

that can cover for the loss of KCNQ or that the function of KCNQ is specifically 

required for a certain type of mechanosensory response (i.e. recovery from 

excessive stimulation). Since it appears that KCNQ function is less (or not) 

required in the mechanosensory organs of Drosophila we turned our attention 

to other organs that are affected by the loss of KCNQ channel function in 

mammals. 
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The mammalian KCNQ1 channel is required for the proper re-

polarization of the heart during the Q phase of the heartbeat. Humans carrying 

loss of function KCNQ1 alleles often suffer from cardiac arrhythmias that 

sometimes lead to complete heart failure. The adult Drosophila heart is an 

emerging in vivo genetic model for the molecular mechanisms underlying 

mammalian heart development and function (Bier and Bodmer, 2004). In 

collaboration with Rolf Bodmer’s lab we have investigated whether Drosophila 

KCNQ is likewise required for heart function in Drosophila. We have found that 

the hearts in KCNQ186 and KCNQ370 mutants fail significantly more often when 

stressed than hearts from the control precise excision KCNQ97 strain (data not 

shown; assay as described in Wessells and Bodmer, 2004). This heart failure 

phenotype can be rescued by expressing UAS-KCNQ in all adult muscles 

under the control of twi24B-GAL4 showing that loss of KCNQ function affects the 

function of the cardiac mesoderm cells and not the neuronal cells that 

innervate the adult heart. Also loose patch clamping of semi-intact hearts has 

shown that KCNQ mutant hearts maintain a reduced sustained outward 

current compared to the control KCNQ97 line (data not shown). Based on these 

results it appears that the function Drosophila KCNQ in adult hearts is similar 

to the function of KCNQ1 in human hearts.  

Our analysis of the lone KCNQ potassium channel gene in Drosophila 

suggests that the expression and function of this gene is analogous to KCNQ 
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genes in mammals. Further studies of KCNQ (especially in the adult heart) 

should provide insight into the molecular basis of human KCNQ diseases and 

start to reveal whether the function of differentiation genes like this conserved 

potassium family is often retained between the deuterostome and protostome 

animal lineages.  

 

Experimental Procedures 

 

Fly Stocks and cDNAs 

The EP2074 line was obtained from the Bloomington stock center 

(flybase.org) and is described in (Rorth, 1996). The KCNQ ESTs, RE26469 

and RE04480, were obtained from the Berkeley Drosophila Genome Project 

(www.fruitfly.org). 

 

In Situ Hybridization 

A digoxigenin-labeled antisense KCNQ RNA probe was generated by 

linearizing the RE26469 cDNA and transcribing with the appropriate RNA 

polymerase. Embryos were devitellinized with methanol and fixed for 30 

minutes with 4% paraformaldehyde. Pupal nota were dissected in PBS and 

fixed for 30 minutes with 4% paraformaldehyde. in situ hybridization was 

performed as described in (Reeves and Posakony, 2005). 



 

 

130 

 

Plasmid Construction and Site-Directed Mutagenesis 

Genomic DNA fragments of the KCNQ upstream regulatory region were 

amplified by PCR and cloned into the pH-Stinger and pStinger P element 

reporter vectors (Barolo et al., 2000a). The Su(H) binding site in the KCNQ 

738 construct was changed from TGTGGGAA to TGTGGCAA and the Sox15 

binding site was changed from GAACAATA to GAAAAATA using a modified 

overlap extension protocol. The UAS-KCNQ construct was generated by 

amplifying the coding region of KCNQ from the RE26469 cDNA. The resulting 

PCR product was cloned into pUAS-T and sequenced.  

 

Germline Transformation 

P-element mediated germline transformation was carried out using 

standard embryo microinjection procedures and w1118 was used as the 

recipient strain. 

 

Generation of P-element Excision Chromosomes 

The P transposon insertion EP2074 was mobilized by crossing to flies 

bearing the jumpstarter Δ2/3 element at cytological position 90A (Cooley et al., 

1988). Male progeny from the jumpstarter cross that had lost the white+ P-

element marker were crossed to a CyO balancer strain and screened by PCR 
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for deletions. The extent of the deletions created by imprecise P element 

excision was determined by sequencing through the shorter PCR products 

amplified from the deletion chromosomes. The precise excision line was 

recovered by sequencing PCR products from homozygous white-eyed 

candidate lines lacking detectable deletions or insertions. 
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Figure 1. The KCNQ Locus in Drosophila 
(A) Schematic diagram of the KCNQ locus (2R-46F3) showing the two 
confirmed isoforms of the KCNQ gene (from BDGP cDNAs RE04480 and 
RE26469) and the imprecise excision alleles generated by mobilizing the 
EP2074 P-element. The extent of the KCNQ186 and KCNQ370 alleles are 
depicted by black bars and the region of the KCNQ gene that encodes the 
potassium selective transmembrane channel and pore (K+ channel) is 
indicated by a black bracket. The uncharacterized gene CG12214 lies in the 
1st intron of the larger KCNQ isoform. (B) Embryonic expression pattern of 
KCNQ at stage 17 showing expression of KCNQ in several cells of the ventral 
nerve cord, brain, gut endothelium, and posterior sensory organs.  
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Figure 2. KCNQ is Expressed in Adult Socket Cells 
(A) KCNQ RNA in situ hybridization in a 60HR APF w1118 pupal notum. (B and 
D) High magnification image of sensory organ positions on 60HR APF w1118 

nota showing that KCNQ (B) and Su(H) (D) are only expressed in one large 
sensory organ cell. (C and E) High magnification image of sensory organ 
positions on 60HR APF H22 nota showing that KCNQ (C) and Su(H) (E) are 
expressed in both of the socket cells produced in this mutant background. 
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Figure 3. The KCNQ Socket Enhancer is Directly Regulated by Su(H) and 
Sox15 
(A) Diagram of the KCNQ upstream regulatory region that contains both a 
Su(H) (red bar) and Sox15 binding site (blue bar). The series of reporter 
constructs that were made and tested in vivo are depicted and whether 
reporter gene expression was seen in socket cells is reported (+ = socket cell 
expression and - = no socket cell expression). (B) Gel shift assay 
demonstrating that purified Sox15 and Su(H) protein can bind to their 
respective sites in the KCNQ socket enhancer. Both Sox15 and Su(H) fail to 
bind to the mutant binding sites we designed. Positive control probes were the 
Su(H)S3 site from the Su(H) ASE enhancer and the Sox3 site from the 
mgamma upstream enhancer. (C to H) Images of reporter gene expression for 
the indicated constructs in 72HR APF pupal nota.
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