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The Drosophila dorsal group gene pipe encodes the crucial signal that links ovarian 

and embryonic dorsal-ventral (DV) polarity. Females homozygous for mutations in pipe 

produce dorsalized embryos. Pipe shares amino acid sequence similarity to vertebrate 

heparan sulfate 2-0-sulfotransferase, suggesting that Pipe might be involved in the 

modification of a heparan sulfate proteoglycan substrate that is a regulator of embryonic 

DV patterning. A major component of my project has been to examine the substrate 

specificity of Pipe activity in DV patterning.  

I have used several approaches to investigate whether a heparan sulfate 

proteoglycan represents the substrate of Pipe. In one approach, I generated females 

carrying follicle cell clones mutant for heparan sulfate synthesis-related genes. Embryos 

from follicles with mutant clones did not exhibit a dorsalized phenotype. Using Alcian 

Blue, I observed a novel, pipe-dependent macromolecule in the embryonic salivary 

glands. Genes known to participate in the formation of heparan sulfate in Drosophila 

were not required for the production of this material. Taken together, my data provide 

evidence that Pipe acts as a sulfotransferase, but argue against the hypothesis that the 

target of Pipe is a heparan sulfate glycosaminoglycan.  

The second component of my work has been to design a highly efficient RNAi-

based method for the identification of candidate genes involved in embryonic DV 

patterning. To assess RNAi as a means of examining genes expressed in ovarian follicle 



 vii

cells for their involvement in embryonic dorsal–ventral patterning, I tested the ability of 

transgenically expressed double-stranded RNA directed against the dorsal group gene 

windbeutel to generate phenotypic effects in the progeny of expressing females. I 

observed that expression of dsRNA in follicle cells led to dorsalization of progeny 

embryos. Surprisingly, a variety of strongly expressed follicle cell-specific Gal4 enhancer 

trap lines failed to elicit an RNAi phenotype in combination with the windbeutel-specific 

dsRNA. My results stress the importance of careful choice of expression system and of 

conditions for use in transgenic RNAi-mediated studies of gene function. This approach 

provides a useful means of identifying and characterizing new genes whose expression in 

the follicle cell layer may be required for embryonic pattern formation. 
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Chapter 1: General Introduction 

PATTERN FORMATION IN THE DROSOPHILA EMBRYO 

     Genetic studies of embryonic pattern formation in Drosophila melanogaster have 

demonstrated that the generation of polarity and pattern in Drosophila embryos is 

dependent upon the prior establishment of polarity and pattern in the ovarian follicle in 

which the oocyte develops (Morisato and Anderson, 1995). During oogenesis the mother 

fly deposits a set of localized determinants into the developing egg (Morisato and 

Anderson, 1995). These determinants will later determine the spatially-specific 

expression of zygotic genes, whose products will lead to the generation of appropriate 

embryonic pattern and structure (Ray and Schüpbach, 1996). These determinants are 

encoded by a set of maternal-effect genes that are expressed in the mother fly’s ovaries. 

These maternal spatial cues for axis formation in Drosophila come in two general forms: 

intracellular cytoplasmic determinants localized within the oocyte cortex and 

extracellular signals located within the egg, external to the oocyte (St Johnston & 

Nüsslein-Volhard, 1992). Four maternal patterning systems control the axis formation in 

the Drosophila embryo, which have been identified on the basis of sets of genes having 

similar mutant phenotypes. The development of the anterior/posterior axis of the embryo 

is mediated by three of these maternally-encoded systems: the anterior, posterior and 

terminal systems. These three systems of patterning information control the formation of 

the head and thorax, the abdomen, and the terminal regions of the embryo, respectively. 

Both the anterior and posterior systems employ mRNAs that become spatially localized 

within oocyte cytoplasm to encode positional determinants, bicoid at the anterior (Berleth 

et al., 1988; St Johnston at al., 1989) and nanos (Gavis and Lehmann, 1992) and oskar 

(Ephrussi at al., 1991; Kim-Ha et al., 1991) at the posterior. The terminal system operates 

through the localized activation of a receptor tyrosine kinase, Torso, at the two poles of 

the embryo. In the case of dorsal-ventral patterning, a single integrated system of 

maternal-effect gene products determines the formation of all pattern elements along the 
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dorsal-ventral axis of the embryo. Like the terminal system, dorsal-ventral (DV) pattern 

formation is accomplished by the spatially-restricted activation of a uniformly distributed 

receptor, Toll, that is present on the embryonic membrane (Morisato and Anderson, 

1995). In DV patterning, a signal generated during oogenesis leads to activation of the 

Toll receptor only on the ventral side of the embryo. After its activation, Toll transmits 

this signal intracellularly, leading to spatially-specific expression of zygotic target genes 

in restricted domains along the DV axis of the embryos.  

DROSOPHILA OOGENESIS 

The origin of the anterior-posterior polarity of the embryo can be traced back to the 

anterior–posterior polarity of the egg chamber or follicle, within which the egg is formed.  

Drosophila ovaries are composed of 8-10 ovarioles, each of which contains a chain of 

follicles at successively more mature stages of development (Spradling, 1993). The egg 

chamber consists of both germline- and somatically-derived cells. Oogenesis begins with 

the asymmetrical division of a germline stem cell into a daughter stem cell and a 

cystoblast. Four rounds of mitotic divisions of the cystoblast, with incomplete 

cytokinesis, give rise to 16 interconnected germ cells covered by a monolayer epithelium 

of somatically-derived follicular cells. One of the germline cells with four ring canal 

connections with other cells differentiates into an oocyte, which becomes positioned at 

the posterior end of the cluster. The remaining 15 germline cells are called nurse cells and 

remain interconnected to the oocyte and each other. During the course of oogenesis, the 

nurse cells will synthesize most of the RNAs and proteins required for oocyte 

development and maturation. In order to support this high level of metabolic activity, the 

nurse cells undergo several rounds of DNA endoreplication to become polyploid. Many 

mRNAs produced by the nurse cells are transferred into the oocyte via the ring canal 

connections. Several of these RNAs carry positional information for development of the 

embryo. Bicoid, one such RNA, is localized to the anterior of the oocyte (Berleth et al., 

1988; St. Johnston at al., 1989); while oskar RNA and later, nanos RNA (Ephrussi at al., 

1991; Kim-Ha et al., 1991; Gavis and Lehmann, 1992) are localized to the posterior of 

the oocyte. The role of these RNAs in embryonic patterning will be discussed below.  
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The somatic follicle cells proliferate until stage 6 and then differentiate to form a 

monolayer of columnar cells that surrounds the oocyte and a layer of stretched epithelial 

cells that surrounds the nurse cells. Follicle cells provide a number of functions during 

oogenesis: they are responsible for the secretion of both structural components of the 

eggshell, the chorion and vitelline membranes, as well as yolk proteins, and regulatory 

molecules that are involved in the establishment of embryonic polarity.  

SPECIFICATION OF THE ANTERIOR-POSTERIOR AXIS  

Three classes of maternal effect genes are required for specification of the anterior-

posterior axis of the embryo: the anterior, posterior and terminal systems (St. Johnston 

and Nüsslein-Volhard, 1992). Each of these classes comprises a group of genes with 

similar loss-of-function effects on the patterning of a specific region of the embryo. 

Mutations in genes of the anterior class lead to loss of head and thorax structures 

(Frohnhöfer et al., 1986; Berleth, et al., 1988). Mutations in the posterior group genes 

lead to loss of the abdominal structures (Lehmann and Nussein-Volhard, 1986, 1991; 

Schüpbach and Wieschausm 1986, 1989; Manseau and Schüpbach, 1989). Some of the 

posterior group genes also cause a failure of progeny embryos to form pole cells 

(Lehmann and Nussein-Volhard, 1986, 1991; Schüpbach and Wieschausm 1986, 1989; 

Manseau and Schüpbach, 1989). Terminal class mutations cause the loss of the 

unsegmented acron and telson at the most anterior and posterior ends of the embryo, 

respectively (Klingler et al., 1988). The anterior, posterior and terminal class gene 

products generate positional information, the consequence of which is to activate the 

transcription of zygotic target genes in a spatially-specific manner along the anterior-

posterior (AP) axis of the embryo. 

Following fertilization, the zygotic nucleus undergoes 13 nuclear mitotic divisions 

without cytokinesis (Foe and Alberts, 1983). Following thee 8 mitotic cycles, the nuclei 

move to the periphery of the egg and undergo further divisions at a progressive slower 

rate. Prior to the thirteenth nuclear division, all the nuclei share a common cytoplasm; 

there are no cell membranes separating the nuclei. During these stages, the embryo is 
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referred to as a syncytial blastoderm. Because of its syncytial nature, proteins, and in 

particular transcriptional factors, can readily diffuse within the embryo.  

Gap genes (Nüsslein-Volhard and Wieschaus, 1980; Wieschaus et al., 1984) are the 

first zygotic genes expressed along the anterior-posterior axis (Knipple et al., 1985). All 

gap genes encode transcription factors and their particular domains of expression are 

controlled by the effects of the anterior-posterior and terminal classes of maternal effect 

genes (Knipple et al., 1985; Preiss et al., 1985; Rosenberg et al., 1986; Tautz et al., 1987; 

Finkelstein and Perrimon; Bronner and Jäckle, 1991). Loss-of-function mutations in the 

gap genes give rise to embryos lacking large contiguous segment regions of the body 

(Nüsslein-Volhard and Wieschaus, 1980). For example, high levels of Bicoid protein, 

present at the anterior of the embryo (see below), activates the expression of hunchback 

at the anterior region (Rivera-Pomar and Jäckle, 1996). hunchback is expressed 

zygotically over a broad region in the anterior half of the embryo (Tautz et al., 1987; 

Tautz, 1988). Embryos homozygous for loss of function alleles of hunchback lack head 

and thoracic segments (Lehmann and Nusslein-Volhard, 1987; Tautz, 1988). The regional 

distribution pattern of the gap gene products along the embryonic AP axis establishes the 

foundation of the next stage of development: activation of the pair-rule genes and 

establishment of a segmented pattern (Rivera-Pomar and Jäckle, 1996; Pankratz et al., 

1990). Each pair-rule gene is expressed in seven stripes along the AP axis, with each 

stripes being only several nuclei wide (Small et al., 1991). Loss-of-function mutations in 

the pair-rule genes lead to defects in alternate segments (Small et al., 1991). Like the gap 

gene products, all of the pair-rule genes encode transcription factors (Mitchell and Tijian, 

1989; He and Rosenfeld, 1991). The pair-rule genes are divided into two classes, the 

primary pair-rule genes and the secondary pair-rule genes (Ingham, 1988). The position 

of each of the stripes of primary pair-rule gene expression along the AP axis is controlled 

by a combination of maternal gene products and gap gene products (Pankratz et al., 

1990). There are complex stripe-specific control regions, each of which contains binding 

sites for various transcription factors, in the regulatory region of the pair-rule genes 

(Howard and Struhl, 1990; Pankaratz et al., 1990; Goto et al., 1989). Secondary pair-rule 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Lehmann+R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Nusslein%2DVolhard+C%22%5BAuthor%5D
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genes are not directly controlled by maternal proteins or gap gene products. Rather, their 

expression domains are defined by a constellation of primary pair-rule proteins bound to 

enhancer elements in the secondary pair-rule gene promoters (Carrol and Scott, 1986; 

Howward and Ingham, 1986; Frasch and Levine, 1987). The pair-rule genes control the 

expression of segment polarity genes such as engrailed, wingless and hedgehog 

(Macdonald, et al., 1986; DiNardo and O’Farrell, 1987). These genes are expressed in 14 

stripes along the AP axis representing the 14 “trunk” segments of the embryo 

(Macdonald, et al., 1986; DiNardo and O’Farrell, 1987). Mutations in segment polarity 

genes lead to disruption in the polarity of all segments (DiNardo and O’Farrell, 1987). 

The segment polarity genes encode components of signaling pathways that establish 

positional foundation within each embryonic segment. Once the segment boundaries have 

been set up by the segment polarity genes, the identity of each segment is specified by 

homeotic selector genes (Celniker and Lewis, 1987). Most of the homeotic genes are 

organized into two gene complexes on the third chromosome: the Antennapedia gene 

complex and the Bithorax gene complex (Lawrence and Morata, 1994). The homeotic 

genes control the activities of other genes in the segment and determine the identity of the 

segment (Lawrence and Morata, 1994). The Antennapedia complex controls specification 

of the anterior region, while the Bithorax complex controls identity specification of 

parasegments 5-14 (Manwervir, 1999). Mutations in the bithorax genes lead to partial 

transformation of the haltere into part of a wing (Morata, 1993). 

The Anterior Class: A gradient of Bicoid protein defines the head and 

thorax 

In normal embryos, the order of pattern elements along the anterior-posterior axis 

is acron-head-thorax-abdomen-telson. The four genes of the maternal anterior class are 

bicoid(Driever and Nüsslein- and Volhard , 1988; Frohnhöfer et al., 1986), exuperantia 

(exu) (Macdonald et al., 1991; Schüpbach and Wieschaus, 1986), swallow (swa) 

(Stephenson and Mahowald, 1987; Chao et al., 1991) and staufen (stau) (Schüpbach and 

Wieschaus, 1986; St. Johnston et al., 1991). Though mutations in each of these genes lead 

to the loss of head and thoracic structures in progeny embryos, the severest phenotypes 
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are associated with the loss of bicoid function. In the progeny of strong bicoid loss-of-

function mutants, the head and thorax are completely absent and the acron is converted to 

a telson (Frohnhöfer et al., 1986). After its synthesis in the nurse cells, the bicoid mRNA 

is transported into the oocyte and becomes localized to the anterior margin of the oocyte 

(St. Johnston et al., 1989). The freshly laid Drosophila egg contains a "cap" of bicoid 

mRNA localized to the anterior cortex. During oogenesis, the bicoid message remains 

untranslated. After fertilization, bicoid mRNA is translated into protein. The Bicoid 

protein diffuses away from its local source of translation and forms a concentration 

gradient with highest levels of protein near the anterior site of translation (Driever and 

Nüsslein-Volhard 1988). As the Bicoid protein diffuses within the embryo, it also 

degrades with a half-life of about 30 minutes. This degradation also contributes to the 

shape of the Bicoid protein gradient.  

The graded distribution of Bicoid leads to the formation of a nuclear gradient in 

which nuclei at the anterior end of the syncytial blastoderm contain high levels of protein, 

with nuclear concentrations decreasing with increasing distance from the anterior end 

(Driever and Nüsslein-Volhard, 1988). Driever et al. (1990) showed that in vitro 

synthesized bicoid mRNA was able to rescue bicoid-deficient embryos and rescue the 

formation of head and thoracic structures when bicoid mRNA was injected into the 

anterior of early cleavage stage bicoid-deficient embryos. In addition, when bicoid 

mRNA was injected into the center of an embryo, head and thoracic structures formed in 

the middle of the embryo. Finally, when bicoid mRNA was injected into the posterior end 

of a wildtype early cleavage stage embryo a larvae with head structures at both ends was 

produced. These experiments demonstrated that Bicoid protein is sufficient for the 

formation of head and thoracic structures in the embryo.  

In the progeny of females mutant for exuperantia or swallow, bicoid mRNA does 

not become localized to the anterior ends of the oocyte (Stephenson et al., 1988; Marcey 

et al., 1991). The localization signal of bicoid RNA is in the 3’ untranslated region 

(3’UTR) of the mRNA itself (Macdonald and Struhl, 1988). The complete localization 

signal is a large part (625 nucleotides) of the 3’UTR containing 5 stem-loops (I-V) 

(Macdonald and Kerr, 1997). A minimal signal sequence (273 nt) that consists of stem 



 7

loops IV+V is sufficient for anterior localization (Macdonald and Kerr, 1997). 

Localization of bicoid mRNA in the ovary is dependent on a microtubule network 

(Pokrywka and Stephenson, 1995). The protein product of swallow can bind a sequence 

in the 3’UTR of the bicoid mRNA and tether it to Dynein at the microtubule organizing 

center in the anterior pole of the oocyte cytoplasm (Cha et al., 2001; Ferrandon et al., 

1997; Macdonald and Kerr, 1998). Swallow acts as an adaptor protein to facilitate 

transport of bicoid RNA along microtubules to the anterior pole (Schnorrer et al., 2000).   

bicoid encodes a homeodomain-containing transcription factor that directly regulates 

the expression of zygotic gap genes responsible for the formation of head and thoracic 

segmentation (Driever and Nüsslein-Volhard, 1988). In the anterior half of the embryo, 

Bicoid activates zygotic transcription of the hunchback gene in a concentration–

dependent manner (Driever and Nüsslein-Volhard, 1989; Struhl et al., 1989). The 

hunchback gene is activated by Bicoid only at a certain nuclear threshold concentration, 

below which the gene is not activated (Rivera-Pomar and Jackle, 1996). After synthesis, 

the Hunchback protein can be detected in the anterior half of the embryo. As a 

transcription factor, Bicoid can bind to the regulatory sites located in the promoter region 

of the hunchback gene (Driever and Nüsslein-Volhard, 1989). Bicoid can also regulate 

the expression of other gap genes. For example, krüppel gene expression is activated by a 

combination of Bicoid and low level of Hunchback and repressed by high level of 

Hunchback (Struhl et al., 1992). Hunchback itself encodes a zinc-finger-containing 

transcription factor (Hulskamp et al., 1994). krüppel expression is active only in this 

concentration window. All together, the gradients of Bicoid and Hunchback regulate and 

localize a band of krüppel activity to the central of the embryo.  

In addition to its role as a direct transcriptional regulator of head/thoracic gap 

genes, Bicoid protein has a second role in AP patterning (Driever and Nüsslein-Volhard 

1989; Struhl et al., 1989). The caudal gene encodes another maternally-expressed gene 

that encodes a transcription factor involved in AP patterning of the abdominal region of 

the embryo. The caudal mRNA is expressed in the nurse cells and gets distributed 

throughout the egg and early embryo. It is essential that Caudal protein not be expressed 

in anterior regions of the embryo, where it would interfere with normal anterior 
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patterning. Bicoid protein is able to bind a specific region of the caudal mRNA’s 3’UTR 

where it acts to prevent the translation of Caudal (Tautz, 1988; Driever and Nüsslein-

Volhard, 1989; Struhl et al., 1989; Dubnau and Struhl, 1996; Rivera-Pomar et al., 1996). 

In anterior regions of the embryo where Bicoid concentrations are high, no Caudal 

protein is produced.  

 Thus, the anterior organizing center acts through the localization of bicoid mRNA 

to generate a gradient of Bicoid protein which operates in two ways. First, Bicoid protein 

acts as a transcription factor that directly regulates the expression of head and thorax-

specific gap genes. Second, it acts to repress the translation of another patterning protein, 

Caudal, whose ectopic expression at the anterior region would otherwise interfere with 

anterior development.    

The posterior organizing center— Nanos protein  

Females homozygous for a group of genes representing the posterior class produce 

embryos that lack abdomens (Lehmann and Nüsslein-Volhard, 1991; Wharton and Struhl, 

1991). For some of these mutants, progeny embryos also lack pole cells. The posterior 

class genes act together to facilitate the expression of the abdominal gap genes: knirps 

and giant. Like the progeny of posterior group mutant females, embryos homozygous for 

loss-of-function mutations in knirps or giant lack abdominal segments (Pankratz et al., 

1990, 1992). knirps is expressed in a domain extending from 23 to 45% egg length 

(Pankratz, 1992), while giant is initially expressed in a domain extending from 0 to 33% 

egg length. Both of those domains of expression depend on the function of the posterior 

group genes. The product of the nanos gene represents the key regulator of expression of 

these posterior gap genes.   

The nanos mRNA is synthesized by the nurse cells and recruited by Oskar to the 

extreme posterior pole of the oocyte (Ephrussi, A. & Lehmann, 1991; Wang and 

Lehmann, 1991; Gavis and Lehman, 1992; Smith et al., 1992). Upon translation, Nanos 

protein is similarly localized to the posterior of the embryo (Wharton and Struhl, 1991; 

Ephrussi, A. & Lehmann, 1991; Gavis and Lehmann, 1992). Unlike the transcription 

factor Bicoid, Nanos acts in an unexpected manner. It acts to suppress the translation of 
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the maternal mRNA of hunchback (Tautz, D., 1988). In addition to its Bicoid-dependent, 

zygotically-expressed promoter, the hunchback gene is also transcribed by a different 

promoter during oogenesis to produce a maternal hunchback mRNA that is distributed 

uniformly in the freshly laid egg (Tautz and Pfeifle, 1989). In cleavage stage wildtype 

embryos, the maternal hunchback message is only translated in the anterior half of the 

early embryo (Tautz, 1988; Tautz and Pfeifle, 1989). In contrast, in the embryos from 

posterior group mutant females, Hunchback protein is translated throughout the embryo 

(Tautz, 1988). This suggests that Hunchback protein expressed in the posterior of the 

embryo would repress the expression of knirps and giant, were it translated there in 

wildtype embryos. Supporting this notion, uniform expression of hunchback in otherwise 

wildtype embryos leads to a failure of abdomen formation (Struhl, 1989; Tautz, et al., 

1987). This led to the realization that the role of the posterior group genes in abdomen 

formation is to suppress Hunchback translation in the posterior of the embryo, which 

would otherwise repress the transcription of the posterior gap genes. This model has been 

beautifully confirmed by the observations that females mutant for nanos or vasa, that also 

lack germline directed hunchback expression, produce wildtype embryos with completely 

normal abdomens (Lehmann and Nüsslein-Volhard, 1987; Irish et al., 1989; Struhl, 

1989). Thus, the sole purpose of posterior class function with respect to abdomen 

formation is to inhibit Hunchback expression, which would otherwise inhibit the 

expression of posterior gap genes. Consistent with this role for Hunchback, the knirps 

promoter contains a number of binding sites for Hunchback and the deletion of these sites 

leads to the expression of knirps in the anterior of the embryo, in the presence of 

zygotically-expressed hunchback (Pankaratz et al., 1992).  

The hunchback mRNA contains sequence elements in the 3’UTR which confer 

upon the posterior group-dependent translational regulation (Struhl, 1989; Wharton and 

Struhl, 1991). These elements are referred to as Nanos response elements (NREs) 

(Wharton and Struhl, 1991). The deletion of a 145 nt region of the 3’UTR containing 

these elements render the hunchback mRNA insensitive to Nanos-mediated translation 

regulation and cause dominant sterility (Wharton and Struhl, 1991; Wreden et al., 1997). 

In contrast, addition of this stretch of nucleotides to a heterologous mRNA leads to 
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Nanos-dependent posterior repression of translation of the message (Wreden et al., 1997). 

According to the current model for hunchback regulation, the protein product of another 

posterior group gene, pumilio, binds to the 3’UTR of hunchback mRNA throughout the 

embryo (Barker et al., 1992; Wreden et al., 1997). Pumilio protein bound to the 

hunchback message recruits the posteriorly-expressed Nanos protein (Wreden et al., 

1997). Nanos protein bound to the complex of hunchback mRNA and Pumilio leads to 

the deadenylation of the hunchback message and in so doing prevents its translation 

(Wreden et al., 1997).  

Nucleotide sequence elements required for localization of its message have been 

identified in the 3’UTR of the nanos mRNA. This signal is a large cis-acting element 

consisting of multiple and partially redundant localization elements in the 3’UTR (Gavis 

et al., 1996; Bergsten et al., 1999; Wang et al., 1994). A minimal nanos RNA localization 

signal element has been identified and this signal requires other proteins to localize nanos 

properly to the posterior (Bergsten, et al., 2001). However, the posterior localization of 

nanos mRNA is not efficient and only approximately 4% of the message gets localized. 

Nevertheless, only posteriorly localized nanos mRNA is translated and it is essential that 

the unlocalized majority of nanos message not be translated as the resulting ectopically-

produced Nanos protein would interfere with the expression of zygotic Hunchback 

required for head and thoracic development (Gavis and Lehmann, 1994; Bergsten and 

Gavis, 1999; Crucs et al., 2000; Clark et al., 2000).   

Posteriorly restricted translation of Nanos protein is accomplished by repression of 

the unlocalized nanos mRNA and translational activation of the localized nanos mRNA. 

A cis-acting translational control element (TCE) located in the nanos 3’UTR has been 

identified (Dahanukar and Wharton, 1996; Gavis et al., 1996; Smibert et al., 1996). A 135 

KDa protein, Smaug (Smg), has been shown to bind to a sequence in the TCE. Smg is 

also required for repression of the unlocalized nanos RNA (Dahanukar et al., 1999; 

Smibert et al., 1996, 1999). The localization machinery inhibits binding of the 

translational inhibitory machinery to nanos, thereby leading to activation of nanos 

translation (Bergsten and Gavis, 1999; Crucs et al., 2000). The switch between 
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translational repression and RNA localization is mediated by a 180 nucleotide region of 

the nanos localization signal.   

Localization of nanos RNA depends on the function of the oskar (osk) gene. 

Ectopic expression of oskar at the anterior region of the oocyte leads to loss of anterior 

structures and the formation of posterior structures at the anterior (Ephrussi and 

Lehmann, 1992; Gavis and Lehmann, 1992; Smith et al., 1992). As a key determinant, 

restriction of Oskar activity to the posterior pole is critical for correct AP patterning. 

Similarly to Nanos, restriction of Oskar protein to the posterior is accomplished through a 

combination of mRNA localization and translational regulation (Ephrussi and Lehmann, 

1992; Kim-Ha et al., 1995; Markussen et al., 1995; Rongo et al., 1995; Smith et al., 

1992). Similarly to bicoid, the 3’UTR of oskar is required for its localization (Kim-Ha et 

al., 1993). Localization of oskar is also dependent on trans-acting proteins and on the 

microtubule network (Kim-Ha at al., 1991; Ephrussi et al., 1991; Castagnetti and 

Ephrussi, 2003; Chang et al., 1999; Christerson and MaKearin, 1994). Translation of 

oskar mRNA is under strict control (Gonzalez-Reyes at al., 1995). Unlocalized oskar 

RNA is translationally repressed by Bruno and Cup (Kim-Ha et al., 1995; Lie and 

Macdonald, 1999a, b; Webster et al., 1997; Nakamura et al., 2004; Wilhelm et al., 2003). 

After localization of oskar mRNA to the posterior pole, the translation repression has to 

be overcome to allow the accumulation of Oskar protein at the posterior. The Drosophila 

cytoplasmic polyadenylation element binding (CPEB) homolog Orb is required for 

translational activation of oskar in the oocyte (Castagnetti and Ephrussi, 2003; Chang et 

al., 1999; Christerson and McKearin, 1994).  

In conclusion, the systems of positional information encoded by the anterior and 

posterior classes of maternal effect genes share important similarities with one another.  

Both systems rely on the localization of positional determinants in the form of mRNAs at 

specific locations in the cytoplasm of the freshly laid egg. Other members of the two 

classes of genes encode components of the machinery involved in localization of the 

specific positional determinants. Moreover, both of these localization mechanisms have 

an underlying requirement for a polarized microtubule network within the oocyte.  

Localization of bicoid message relies directly on this microtubule network, while the 
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localization of nanos mRNA relies on the prior localization of the oskar mRNA, whose 

localized protein product participates in the local accumulation of nanos message. 

Finally, spatially-regulated translation plays a key role in various steps of the processes 

achieving anterior and posterior pattern formation.   

Specification of the terminal structures by cell-surface receptor 

activation 

The third class of maternal-effect genes that participate in anterior-posterior 

patterning are required to specify the structures at the two extreme ends of the embryo. 

Females homozygous for loss-of-function genes in the terminal class produce embryos 

that lack the acron, telson, and the most posterior abdominal segment, A8 (Klingler at al., 

1988). This set of gene products operate in a way that is quite different from that of the 

anterior and posterior class genes. A key player here is torso, which encodes a receptor 

tyrosine kinase (Sprenger, et al., 1989). Like bicoid and nanos mRNAs, the torso mRNA 

is transcribed in the ovarian nurse cells, transported into the oocyte and translated after 

egg fertilization. However, unlike the Bicoid and Nanos proteins, the transmembrane 

receptor Torso is distributed uniformly throughout the embryonic membrane (Casanova 

and Struhl, 1989). Dominant gain-of-function alleles of torso that result in constitutive 

activation lead to the formation of embryos that lack segmentation and consist entirely of 

pattern elements the acron and the telson. This finding indicates that it is the ligand-

dependent spatially-specific activation of Torso at the two ends of the embryo that is 

responsible for terminal class-dependent pattern formation. Moreover, epistasis 

experiments in which the dominant torso alleles were combined with loss-of-function 

alleles affecting the other terminal class genes indicated that four of them, trunk 

(Casanova and Furriols, 1995; Casali et al., 2001), torsolike (Stevens et al., 1990), 

fs(1)Nasrat, and fs(1)polehole (Perrimon et al., 1986; Degelmenn et al., 1986, 1990), act 

upstream of Torso and presumably participate in the spatially-restricted activation of 

Torso.   

The product of the trunk gene is thought to represent the ligand for Torso. This 

designation is based largely on its structural similarity to Spätzle (Casanova and Furriols, 



 13

1995), which is known to be the ligand that participates in dorsal-ventral patterning (see 

below). trunk mRNA is expressed in the nurse cells and is transported to the oocyte. trunk 

encodes a protein with an N-terminal signal sequence and is expressed early in oogenesis. 

The Trunk protein is translated and presumably secreted uniformly into the perivitelline 

space between the embryonic membrane and the inner surface of the vitelline membrane. 

A model that has arisen to explain the activation of Torso by Trunk suggests that Trunk is 

secreted into the perivitelline space as an inactive precursor that is then locally 

proteolytically processed into an active form only at the terminal ends of the embryo, 

where it activates Torso (Casanova et al., 1995; Casali and Casanova, 2001). Consistent 

with this notion, putative sites for serine proteolytic activation of Trunk have been 

identified in the N-terminal half of the protein (Casanova and Furriols, 1995). Transgenic 

constructs encoding derivatives from which the putative N-terminal pro-regions have 

been deleted, but carrying a signal peptide, lead to ectopic activation of Torso when 

expressed in the embryo. This model remains speculative in so far as no terminal class 

genes encoding putative proteases have thus far been identified.   

The spatial specificity of Torso activation depends on the activity of the terminal 

class gene torsolike (Savant-Bhonsale and Montell, 1993; Stevens et al., 1990). Mosaic 

analysis showed that torsolike function in the follicle cells rather than in the germline was 

required for the formation of progeny embryos with terminal structures (Stevens et al., 

1990). More specifically, the function of torsolike in a subset of terminal follicle cells 

lying adjacent to the anterior and posterior ends of the developing oocyte was shown to 

be crucial. Cloning of the torsolike gene enabled the demonstration that it is expressed 

specifically in subpopulations of terminal follicle cells at the two ends of the developing 

oocyte (Savant-Bhonsale and Montell, 1993). Torsolike protein is secreted from the 

follicle cells expressing it and becomes incorporated into the vitelline membrane, as 

visualized using affinity-purified anti-Torsolike antibody (Stevens et al., 2003). Thus, 

Torsolike protein represents the first embryonic patterning molecule that acts as a 

component of the eggshell. Torsolike protein carries a region with structural similarity to 

a protein domain known as a Membrane Attack Complex-Perforin Domain (MAC-PF) 

which has been associated with the formation of pores in membranes and with protein-
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protein interactions (Plumb et al., 1999). Otherwise, Torsolike does not exhibit similarity 

to any other proteins. Although its mechanism of action remains mysterious, Torsolike 

protein at the two ends of the eggshell is believe to facilitate the activation of Trunk 

protein, which in turn leads to the activation of Torso receptor at the poles. Torsolike may 

act in some way to promote the cleavage of Trunk. Ultimately, binding of its ligand leads 

to dimerization of the Torso receptor and subsequent cross-phosphorylation of critical 

tyrosines in the cytoplasmic portion of the receptor. This leads to activation of the MAP 

kinase cascade in the cytoplasm at the two ends of the embryo (Duffy and Perrimon, 

1994; Jiménez et al., 2000). Activation of the expression of the two terminal gap genes 

tailless and huckebein at the two ends of the embryo is the ultimate consequence of 

terminal class patterning. This occurs through the inactivation of uniformly distributed 

transcriptional repressors of tll and huckebein, such as Groucho protein (Paroush et al., 

1997), at the ends of the embryo.  

SPECIFICATION OF DORSAL-VENTRAL (DV) POLARITY IN 

THE EMBRYO 

In addition to being polarized along the anterior-posterior axis, Drosophila 

embryos, and later larvae, are also polarized along the DV axis. The mechanism that 

defines the DV axis of the embryo is similar to the one employed by the terminal class of 

genes. This pathway also relies on the spatially-specific activation of a uniformly 

expressed receptor molecule to convey positional information to the embryo.  Anderson 

and Nüsslein-Volhard (1984) isolated mutations in 11 maternal genes, collectively 

designated the "dorsal group", that were required for the formation of normal embryonic 

DV polarity (Morisato and Anderson, 1995). Following embryogenesis, these embryos 

produce tubes of cuticle carrying pattern elements normally found only dorsally in 

wildtype larvae. Mosaic analysis showed that pipe, windbeutel (wind) and nüdel are 

required in the follicle cells with the remainder of the genes being required in the 

germline. Females homozygous for loss-of-function mutations of any of these genes 

produce dorsalized embryos. Subsequently, mutations in a gene having the opposite 

effect were identified. Females homozygous for mutants in the gene cactus produce 
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embryos that are ventralized all around their dorsal-ventral axis (Roth et al., 1991). The 

products of the dorsal group genes and cactus comprise a signal transduction pathway in 

which a polarizing cue, originating external to the oocyte (Stein et al., 1991), is 

transmitted in the embryo, resulting ultimately in the spatially-specific nuclear 

accumulation of a transcription factor, the product of the dorsal group gene dorsal, along 

the DV axis of the embryo (Roth et al., 1989; Rushlow et al., 1989; Steward 1989). As 

Dorsal protein is a transcriptional activator of some genes and a repressor of others, this 

results in the subdivision of the syncytial blastoderm embryo into specific domains of 

zygotic gene transcription along the DV axis (Jiang et al., 1991; Kosman et al., 1991; Ip. 

et al., 1992; Leptin, 1991; Jiang, et al., 1993; Kirov et al., 1993; St. Johnston and Gelbart, 

1987).  

A key event in the establishment of embryonic DV polarity is the spatially- 

restricted activation of the protein product of the Toll (Tl) gene (Anderson et al., 1985 A, 

B). The Tl gene encodes a transmembrane receptor which is uniformly distributed 

throughout the embryonic membrane (Hashimoto et al., 1991) with its extracellular 

ligand-binding domain extending into the perivitelline space between the embryonic 

membrane and the vitelline membrane. The intracellular domain of the Toll receptor 

exhibits some structural similarity to the intracellular domain of the mammalian 

Interleukin-1 (IL-1) Receptor involved in the inflammatory response (Gay and Keith, 

1991; Schneider et al., 1991; for review, see Akira and Takeda, 2004; Dunne and O'Neill, 

2003). As described for torso, there exist dominant gain-of-function alleles that produce 

constitutively active forms of Toll (Anderson and Nüsslein-Volhard, 1985A). Females 

heterozygous for these alleles produce ventralized embryos. Epistasis analyses in which 

dominant ventralizing alleles of Toll have been combined with dorsalizing loss-of-

function alleles of other members of the dorsal group of genes (Anderson and Nüsslein-

Volhard, 1985A) have shown that six of the dorsal group genes: easter (ea) (Chasan and 

Anderson, 1989), gastrulation defective (gd) (Konrad at al., 1998), pipe (pip) (Stein et al., 

1991; Sen et al., 1998), snake (snk) (Delotto and Spierer, 1986), spätzle (spz) (Morisato 

and Anderson, 1994; Schneider et al., 1994) and windbeutel (wind) (Konsolaki M, 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Konsolaki+M%22%5BAuthor%5D
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Schupbach T, 1998; Nilson and Schüpbach, 1998; Sen et al., 2000), act upstream of Toll, 

presumably in the spatially-specific formation of a ligand that binds Toll. 

The Toll receptor is activated on the ventral side of the embryo by a ligand that is 

produced by the spatially-restricted proteolytic processing of an inactive form of the 

protein product of the spätzle gene. Three of the genes acting upstream of Tl, gastrulation 

defective, snake, and easter encode secreted serine proteases that act sequentially in a 

proteolytic cascade. The order of enzymatic action of these proteases is as follows: 

Gastrulation defective cleaves and activates Snake, which cleaves and activates Easter 

(Chasan et al., 1992; Han et al., 2000; Jin and Anderson, 1990; Smith and Delotto, 1994), 

which finally acts to process Spätzle protein into the active Toll ligand. This order of 

action is consistent with the results of in vitro experiments demonstrating the cleavage of 

the zymogen forms of these proteins by one another (Dissing et al., 2000; LeMosy et al., 

2001). According to the current model, the establishment of DV polarity of the 

embryonic axis via spatially-localized activation of the Toll receptor results from the 

restriction of the activity of one or more of the dorsal group proteases to the ventral side 

of the embryo.  

 The ultimate consequence of ventral activation of Toll is the formation of a 

gradient of nuclear localization of the Dorsal protein, with highest levels of Dorsal 

protein found in the nuclei on the ventral side of the syncytial blastoderm embryo and 

decreasing concentrations of protein in the nuclei of lateral and dorsal nuclei (Roth et al., 

1989; Rushlow et al., 1989; Steward 1989). The dorsal mRNA is produced in the ovarian 

nurse cells and deposited into the oocyte during oogenesis. However, Dorsal protein is 

not synthesized until 90 minutes after egg fertilization and is initially distributed 

uniformly throughout the cytoplasm of the early embryo (Roth et al., 1989; Rushlow et 

al., 1989; Steward 1989). A key step in DV specification is the ventral-to-dorsally graded 

translocation of Dorsal protein from the cytoplasm into the nuclei of the embryo during 

the fourteenth mitotic division cycle (Roth et al., 1989; Rushlow et al., 1989; Steward 

1989). In the absence of Tl signaling, Dorsal remains in the cytoplasm, in association 

with its cognate inhibitor, Cactus. The signal transmitted into the embryonic cytoplasm 

upon Toll activation leads to the activation of the Pelle kinase (Grosshans et al., 1994), 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Schupbach+T%22%5BAuthor%5D
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which in turn leads to the phosphorylation of the Cactus protein. Phosphorylated Cactus 

undergoes ubiquitin-mediated degradation (Belvin et al., 1995; Bergmann et al., 1996; 

Reach et al., 1996). Cactus is degraded effectively on the ventral side of the embryo, 

while most Cactus protein remains intact on the dorsal side of the embryo. It is the graded 

degradation of the Cactus protein and concomitant graded release of Dorsal protein along 

the DV axis that is responsible for the graded accumulation of Dorsal protein in the nuclei 

along the syncytial blastoderm DV circumference (Kidd, 1992; Shelton and Wasserman, 

1993; Whalen and Steward, 1993; Reach et al., 1996).  

Dorsal protein that has entered blastoderm nuclei acts as a transcription factor to 

activate or suppress relevant zygotic target genes whose expression is required for the 

formation of pattern elements along the DV axis of the embryo (Roth et al., 1989; Rusch 

and Levine, 1996; Jiang et al., 1992; Pan and Courey, 1992). Different concentrations of 

nuclear Dorsal protein specify different cell fates (Ray et al., 1991). At high 

concentrations of Dorsal protein, two zygotic genes required for mesoderm formation, 

twist and snail, are activated by Dorsal. They are expressed in nuclei containing high 

concentrations of Dorsal protein on the ventral side of the embryo (Jiang et al., 1991; 

Kosman et al., 1991; Ip. et al., 1992; Leptin, 1991). In contrast, two zygotic genes 

required for the production of dorsal epidermis, zerknüllt and decapentaplegic, are 

repressed by Dorsal and are only expressed in nuclei from which Dorsal protein is absent 

(Jiang et al., 1992; Pan and Courey, 1992; Jiang, et al., 1993; Kirov et al., 1993). These 

two genes are only expressed on the dorsal side of the embryo. In the dorsalized embryos 

derived from females mutant for loss-of-function mutations in dorsal group genes, Dorsal 

protein does not enter into any of the nuclei in the syncytial blastoderm, and twist and 

snail are not transcribed. Instead, zerknüllt (Jiang, et al., 1993; Kirov et al., 1993) and 

decapentaplegic (St. Johnston and Gelbart, 1987) are transcribed all around the DV 

circumference. In contrast, in the ventralized embryos from females carrying the gain-of-

function dominant mutation in Toll, high levels of Dorsal enter the nuclei all around the 

DV circumference of the embryo. In this case, twist and snail are transcribed uniformly 

while zerknüllt (zen) and decapentaplegic are not transcribed at all (Schneider et al., 

1991). Consistent with these observations, examination of transcriptional regulation of 
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the twist and zerknüllt promoters has demonstrated the existence of nucleotide sequence 

elements bound by Dorsal and required for spatially-specific transcription. Activation of 

twist by Dorsal is mediated by a Dorsal binding site within a region termed the ventral 

activation region (VAR) that lies upstream of the core promoter of the twist gene (Ip et 

al., 1991; Jiang at al., 1991; Pan and Courey, 1992; Thisse et al., 1992). For snail, there 

are binding sites for both Dorsal and Twist in the 5’ promoter region (Ip, et al., 1992). 

Dorsal and Twist act synergistically to up-regulate the expression of snail. Repression of 

zen by Dorsal is mediated via a set of Dorsal binding sites in a 5’ regulatory region of the 

zen gene that is termed the ventral repression region (VRR) (Jiang, et al., 1993; Kirov et 

al., 1993; Cai et al., 1996).  
The Toll-Dorsal pathway in Drosophila not only defines DV patterning in the 

embryo but also mediates the innate immune response to infection by fungal and gram-

positive bacteria. Many key components of these two pathways are shared. The cleaved 

form of Spätzle functions as the ligand for Toll in both embryonic DV patterning and in 

innate immune response (Levashina et al., 1999; Weber et al., 2003). In innate immunity, 

a Rel-homologous protein that shares similarity to Dorsal named Dorsal-related immunity 

factor (Dif) operates in a highly conserved manner (Ip et al., 1993). As in the DV 

pathway, activation of Toll receptor upon microbial infection leads to degradation of 

Cactus (Nicolas et al., 1998) and to the translocation of the Dif into the nucleus (Lemaitre 

et al., 1996; Belvin and Anderson, 1996; Imler and Hoffmann, 2002). Dif can similarly 

activate and repress transcription of a variety of target genes, including the antifungal 

class of cecropins (Stein et al., 1998). In contrast to Spz, Toll and Cactus, the 

extracellular serine proteases involved in processing of Spätzle in the embryo do not 

function in the immune response, as mutants carrying null alleles of easter exhibit normal 

Toll activation after immune challenge (Chasan and Anderson, 1989; Lemaitre et al., 

1996). A Spätzle-processing enzyme (SPE) has recently been shown to be required for 

the Toll-dependent antimicrobial response (Jang et al., 2006). Interestingly, activated SPE 

translated from injected RNA can efficiently rescue ventral and lateral development in 

embryos lacking Easter activity, demonstrating some functional homology between SPE 

and Easter.  
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The mechanism accomplishing Dorsal/Dif nuclear localization upon activation of 

Toll receptor in both embryonic DV patterning and the innate immune response upon 

immune challenge has striking similarities to the pathway regulating the mammalian 

transcription factor NF-κB (Schneider et al., 1991; Belvin and Anderson, 1996). As the 

founding member of the Toll-like receptors (TLRs), Toll shares similar extracellular 

leucine-rich repeats and an intracellular signaling motif with Interleukin-1 receptor (ILR) 

and other TLRs. Dorsal and Dif are homologous to the p50 and p65 subunits of the 

transcription factor NF-κB, all of which contain Rel-homologous domains (Steward, 

1987; Bours et al., 1990; Ghosh et al., 1990; Kieran et al., 1990), while Cactus is the 

Drosophila homologue to the mammalian IκB. NF-κB is found in the B-cell cytoplasm 

in a complex with IκB. Just as Cactus blocks the translocation of Dorsal into the 

nucleus, IκB blocks the translocation of NF-κB into the nucleus until the cell receives a 

signal from the IL-1 receptor (Ghosh et al., 1998).  

EMBRYONIC DORSAL-VENTRAL POLARITY HAS ITS ORIGINS 

IN THE FOLLICLE CELL LAYER OF THE EGG CHAMBER 

What is the cue that leads to localized serine proteolytic activity on the ventral side 

of the embryo? To answer this question, it is necessary to examine the earliest stages of 

DV polarity generation in the egg chamber. Spatial regulation of the dorsal group signal 

transduction pathway originates in the follicular epithelium that surrounds the developing 

oocyte (Roth and Schüpbach, 1994; Ray and Schüpbach, 1996). During oogenesis, one of 

the 16 cells in the cystocyte complex that makes ring canal connection to 4 other cells 

develops as the oocyte, and becomes positioned at the posterior of the cyst. The anterior-

posterior (AP) polarity of the egg chamber is defined by the posterior position of the 

oocyte. In early oogenesis the gurken mRNA is associated with the oocyte nucleus and 

localized to the posterior cortex of the oocyte. Translation of gurken RNA produces a 

TGF-α-like ligand, Gurken (Neuman-Silberg and Schüpback, 1993). Gurken activates 

the Drosophila EGF receptor (EGFR) (Price et al., 1989), encoded by the gene torpedo, 

in follicle cells lying adjacent to the oocyte. The terminal follicle cells that receive this 
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signal adopt a posterior fate (Gonzalez-Reyes and St. Johnston, 1994; Gonzalez-Reyes et 

al., 1995). Subsequently, the posterior follicle cells signal back to the oocyte, resulting in 

a reorganization of the microtubule network in the oocyte. The effects of Gurken 

expression on the follicle cell layer are not limited to the establishment of AP polarity, 

however. Once having established a reoriented microtubule network in the oocyte, the 

oocyte nucleus moves in a microtubule-dependent manner to the anterior of the oocyte. 

The position along the DV axis at which the oocyte comes to lie will become the dorsal 

side of the oocyte. This will be the site of a second Gurken signal acting on the follicle 

cells (Roth, 1995). gurken RNA expressed by the nurse cells is transported to, and 

accumulates in association with the oocyte nucleus. This RNA provides a localized 

source for the translation of Gurken protein, which is secreted to the perivitelline space 

and activates EGFR in the follicle cells overlying the oocyte nucleus. Activation of 

EGFR in these cells induces them to adopt a dorsal cell fate (Ray and Schüpbach, 1996). 

In females homozygous for mutations in torpedo or gurken, all follicle cells take on a 

ventral fate. The eggs and embryos produced by these females are ventralized. EGFR is a 

receptor tyrosine kinase and upon binding to Gurken, it activates the mitogen-activated 

protein kinase (MAPK) pathway operating through Ras, Raf and MEK kinase, which 

ultimately controls the expression of genes in the follicle cell layer that are required for 

the generation of DV polarity in the eggshell and in the embryo (Sen et al., 1998; James 

et al., 2002; Peri et al., 2002; Amiri and Stein, 2002).  

THE DORSAL GROUP GENE PIPE LINKS EGG CHAMBER AND 

EMBRYONIC DV POLARITY 

One of the genes controlled by the EGFR pathway in the follicle cells is the dorsal 

group gene pipe. pipe encodes the determinant that integrates ovarian and embryonic DV 

polarity. Mosaic analysis demonstrated that pipe is required to be expressed in somatic 

tissues rather than the germline in order to carry out its role in embryonic DV patterning 

(Stein et al., 1991). Sen. et al. (1998) later demonstrated that the pipe mRNA is 

specifically expressed in the ventral follicle cells in stage 10 egg chambers. Furthermore, 

this pattern of pipe expression in the ventral follicle cell layer was shown to be dependent 
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on the Gurken/EGFR (Grk/EGFR) signal transduction pathway. In females homozygous 

for grk mutations, pipe is expressed in all follicle cells around the DV circumference. 

This regulation of pipe expression by the EGFR/Torpedo is exerted at the transcriptional 

level. A transgenic construct carrying the E. coli lacZ gene under the control of the 

transcriptional regulator element of the pipe gene exhibits ventral, Gurken-dependent 

expression of lacZ in the follicle layer (Sen et al., 1998). 

Expression of pipe in the follicle cell layer is the primary cue that controls the 

spatial regulation of dorsal group signaling (Sen et al., 1998). Uniform transgene-directed 

expression of pipe throughout the follicle cell layer of wildtype or pipe mutant females 

leads to the production of ventralized progeny embryos (Sen et al., 1998, 2000). 

Moreover, expression of pipe in the dorsal follicle cells of an otherwise pipe mutant 

female leads to the formation of embryos that undergo an inverted pattern of embryonic 

development with respect to the DV polarity of the eggshell within which they are 

contained (Sen at al., 1998). The pipe gene not only provides the link between DV 

polarity in the egg chamber and the embryo but it must provide the spatial signal that 

facilitates ventral localization of the dorsal group serine proteolytic cascade. Localized 

Pipe function is the key factor in defining the DV polarity of the embryo. 

How Pipe regulates the dorsal group serine protease cascade remains a key 

unanswered question in understanding embryonic DV pattern generation and is a main 

focus of the investigations described herein. The pipe gene encodes a set of proteins that 

share substantial amino acid sequence similarity to two vertebrate glycosaminoglycan-

modifying enzymes: heparan sulfate 2-O-sulfotransferase (HS2ST) and 

dermatan/chondroitin sulfate 2-O-sulfotransferase (D/CS2ST) (Kobayashi et al., 1997; 

Kobayashi et al., 1999; Sen et al., 1998). These are Golgi resident proteins that mediate 

the transfer of a sulfate group to the 2-O position of hexuronic (iduronic or glucuronic) 

acid residues of heparan sulfate and dermatan/chondroitin sulfate glycosaminoglycan side 

chains of proteoglycans. Sequence similarity to these vertebrate enzymes suggested a role 

for Pipe in the modification of HS, DS, CS or of a related carbohydrate molecule 

produced in the follicle cell layer.  
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An involvement of Pipe in sulfation is supported by studies of slalom, which 

encodes the Drosophila Golgi transporter for the small high energy molecular donor in 

sulfation reactions, 3’-phosphoadenosine 5’ phosphosulfate (PAPS) (Lüders et al., 2003). 

Expression of slalom in the follicle cell layer is essential for the establishment of progeny 

embryo DV polarity (Lüders et al., 2003). Females bearing follicle cell clones 

homozygously mutant for sll produce dorsalized embryos. This suggests that 

sulfotransferase activity provided by Pipe in ventral follicle cell is critical for embryonic 

DV polarity formation.  

How might localized Pipe activity lead to spatially-restricted serine proteolytic 

activity in the egg and ultimately to the determination of embryonic DV polarity? The 

Pipe protein is localized to the Golgi in ventral follicle cells and presumably acts on its 

target molecules as they pass through the secretory pathway. We envision the substrate of 

Pipe to be a secreted glycoprotein that is expressed and glycosylated in all follicle cells, 

but modified by Pipe only in the ventral follicle cells. The modified Pipe target (“Glycan 

X”) is deposited and incorporated into the egg through attachment to the vitelline 

membrane or the surface of the oocyte. Somehow, ventrally-localized Glycan X promotes 

the activity of one or more of the serine proteases Gd, Snake or Easter, which 

subsequently leads to Spätzle processing and Toll activation. In this way, the Pipe target 

mediates the “delayed induction” of embryonic ventral cell fate by follicle cells, which 

are no longer present when the embryonic DV axis is formed. Identification of the 

enzymatic target of Pipe and the elucidation of the mechanism of pipe gene function are 

the keys to understanding the establishment of embryonic DV polarity. 

THE ROLE OF GLYCOSAMINOGLYCANS IN DROSOPHILA 

Proteoglycans are a class of glycoproteins found mainly in the extracellular matrix 

or attached to the cell membrane. They bear one or more long unbranched polymers 

termed glycosaminoglycans (GAGs) that are made up of repeating disaccharides carrying 

highly modified sugar residues. Consistent with their association with secreted proteins, 

biosynthesis of GAGs occurs in the lumen of the Golgi. Biosynthesis begins with the 

attachment of a tetrasaccharide linkage region consisting of xylose-galactose-galactose-
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glucuronic acid to a serine residue of the core protein. There are four enzymes involved 

in this step. A peptide-O-xylose transferase adds a xylose residue to the core protein 

serine (Wilson, 2002). Two separate galactose transferases, galactosyltransferase I 

(Takemae et al., 2003) and II (Bai et al., 2000), add two galactose residues in succession. 

A single glucuronic acid residue is added by a glucuronic acid transferase to the last 

galactose (Lander and Selleck, 2000). Attachment of the linkage region is followed by the 

addition of a long linear polymer of highly modified disaccharide repeat units consisting 

of an amino sugar and a uronic acid. The different varieties of GAGs are distinguished by 

the particular monosaccharide constituents of the repeating disaccharides and by the 

linkages between the monosaccharides. Heparan sulfate (HS) consists of repeating units 

of glucuronic acid (GlcA) linked to N-acetylglucosamine (GlcNAc) while chondroitin 

sulfate (CS) and dermatan sulfate (DS) molecules consist of GlcA and N-

acetylgalactosamine disaccharides. Polymerization of the GAG dissacharides is catalyzed 

by two enzymatic activities, an amino sugar transferase and a beta-GlcA transferase (The 

et al., 1999; Nybakken and Perrimon, 2002). The individual sugar residues in GAGs 

undergo complex patterns of modification, including N-deacetylation/N-sulfation, 

epimerization, 2-O-sulfation, 3-O sulfation and 6-O-sulfation (addition of a sulfate group 

to one of the hydroxyl groups of the sugar moiety) (Esko and Selleck, 2002; Kamimura et 

al., 2001; Lin and Perrimon, 1999; Nybakken and Perrimon, 2002; Lindahl, 1998; Petitou 

et al., 2003). Virtually all heparan sulfate GAG chains have some degree of N-

deacetylation/N-sulfation and O-sulfation. However, the modification of HS GAG chains 

is not uniform. Certain regions are modified more extensively than others. The variability 

of these modifications, and in particular the pattern of sulfation in different GAG chains, 

contributes to a huge structural diversity of GAG chains. This structural diversity has 

important consequences for the various biological processes in which 

glycosaminoglycans participate (Esko and Selleck, 2002). The type and distribution of 

sulfate groups on various GAGs often play an essential role in biological binding of the 

interacting ligand. For example, the inhibitor of blood coagulation, antithrombin, requires 

a unique sulfate pentasaccharide sequence in order to bind efficiently to heparin (a close 

relative of HS), rendering antithrombin active (Furie and Furie, 1988). The 3-O-sulfation 



 24

of the internal glucosamine unit in the pentasaccharide sequence is critical for this 

binding reaction (Lindahl, 1998; Petitou et al., 2003). Similarly, FGF2, a peptide ligand 

that requires HS in order to exert its receptor-activating function, requires three 

consecutive trisulfated disaccharide units in order to bind HS efficiently (Faham et al., 

1996, 1998). 

 In describing the synthesis of GAGs it is important to note that the basic building 

blocks for synthesis are nucleotide sugars. These nucleotide sugars are synthesized in the 

cytoplasm by a series of enzymes including specific isomerases, kinases and 

dehydrogenases (Haerry et al., 1997; Binari, et al., 1997; Häcker et al., 1997). In order to 

participate in the GAG synthesis reactions, these nucleotide sugars must be transported 

from the cytoplasm into the Golgi apparatus or the endoplasmic reticulum by specific 

nucleotide sugar transporters (Goto et al., 2001; Selva et al., 2001). 

 

Proteoglycan Core Proteins 

 In most circumstances, GAGs act as components of proteoglycans, in association 

with specific core proteins. Chondroitin/Dermatan sulfate proteoglycans are mainly found 

in association with extracellular matrix proteoglycans (Häcker et al., 2005; Bernfield et 

al., 1999). Heparan sulfate, on the other hand, can be found either in the extracellular 

matrix or in association with the cell surface (Häcker et al., 2005; Nybakken and 

Perrimon, 2002). Several heparan sulfate proteoglycans (HSPGs) have been identified in 

vertebrates, including glypicans, syndecans, agrins, collagens, perlecans and betaglycans 

(Bernfield et al., 1999). Both core proteins and GAG biosynthetic enzymes are 

evolutionarily conserved between vertebrates and invertebrates. Perlecans are secreted 

HSPGs (which carry HS GAG chains exclusively) and are most abundant in the 

extracellular matrix (Friedrich et al., 2000). A single perlecan gene homologue has been 

identified in the fruit fly (Lander and Selleck, 2000). Perlecan has been shown to have a 

role in neural stem cell proliferation in the nervous system in the fruit fly (Park et al., 

2003). In vertebrates, Perlecan is required for cell growth, differentiation and tissue 

function (Arikawa-Hirasawa et al., 1999, 2001) and has been shown to act as a FGF-2 
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coreceptor and be able to induce high affinity binding of FGF-2 (Aviezer et al., 1994). 

When the gene encoding Perlecan (Hspg2) was knocked out in mice, 40% of the mice 

died during embryogenesis or as neonates (Arikawa-Hirasawa et al., 1999). Disruption of 

the Perlecan gene led to defective cartilage matrix and chondrocyte proliferation was 

reduced (Arikawa-Hirasawa et al., 1999). Glypicans and syndecans are the two major 

HSPG found in association with the cell surface in vertebrates (Lander and Selleck, 2000; 

Perrimon and Bernfield, 2000). Syndecans are type I transmembrane proteins bearing up 

to five GAG attachment sites (Clasper et al., 1999). The attached GAGs may include HS, 

CS or DS chains (Couchman et al., 2001). Syndecans have been shown to act as co-

receptors for growth factor binding (FGF), cell-matrix interactions, and cell-cell 

interactions (Couchman et al., 2001; Clasper et al., 1999). Although four syndecan genes 

have been identified in mammals, only one homologue, D-syndecan, has been identified 

in Drosophila. Glypicans are HS proteoglycans linked to the cell surface by a 

glycosylphosphatidylinositol (GPI) lipid anchor (Song and Filmus, 2003). In contrast to 

syndecans, glypicans carry exclusively HS chains (Nybakken and Perrimon, 2002). There 

are six members of the glypican gene family in mammals (Häcker et al., 2005; Song and 

Filmus, 2003). The rat homologue of glypican-1 has been reported to be present in the 

brain and skeletal muscle (Karthikeyan et al., 1994). Glypican-1 was able to increase the 

mitogenic response of fibroblast growth factor-1 (Bonneh-Barkay et al., 1997). In 

Drosophila, two glypican homologues, division abnormally delayed (dally) and dally-like 

(dly) have been identified (Nakato, et al., 1995; Baeg et al., 2001) (see below).  

 GAGs and their associated proteoglycans have been implicated in a wide variety 

of biological processes. With particular relevence to our studies of the role of Pipe in DV 

patterning, GAGs have been strongly implicated in the control of receptor/ligand 

interactions in signal transduction pathway, and they have been shown to play important 

roles in the regulation of serine protease activation, particularly in the context of serine 

proteases cascades, such as the blood coagulation system and complement fixation. The 

involvement of GAGs in these processes will be discussed in more detail below. 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Song+HH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Filmus+J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Song+HH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Filmus+J%22%5BAuthor%5D
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Roles of GAGs in Wingless and Hedgehog signal transduction pathways 

During animal development a small number of fairly conserved signal transduction 

pathways are used repeatedly in different contexts to regulate a large number of 

biological processes (Cadigan and Nurse, 1997; Lum and Beachy, 2004). Secreted 

signaling molecules such as Wingless (Wnt/Wg), Hedgehog (HH), transforming growth 

factor-beta (TGF-beta), or fibroblast growth factor (FGF) bind to their cognate receptors 

on neighboring cells and activate intracellular signal transduction pathways. The behavior 

of cells is tightly regulated by these molecules. Each of these distinct signal transduction 

pathways is influenced by GAGs (Reichsman et al., 1996; Bellaiche et al., 1998; Lopez-

Casillas et al., 1993; Olwin and Rapraeger, 1992). I will discuss the effects of GAGs 

upon these signaling pathways, focusing mainly on studies that have been conducted with 

Drosophila. 
  Wnts are secreted glycoproteins involved in a variety of patterning events in both 

vertebrates and invertebrates (Wodarz and Nusse, 1998; Willert et al., 2003). All Wnts 

contain a signal peptide, 22 conserved cysteine residues and various potential N-linked 

glycosylation sites. Wnt proteins are normally tightly associated with the cell surface and 

the extracellular matrix. In the fruit fly, the Wnt protein Wingless (Wg) regulates the 

establishment of embryonic segmentation, formation of the wing margin, and 

development of the gut. Wg is bound by a receptor that is a complex of the seven 

transmembrane domain protein Frizzled-2, and the Arrow protein (Nelson & Nusse, 

2004). The ultimate target of the Wg signal transduction pathway is the beta-catenin 

homologue, Armadillo, which is a transcriptional activator of Wg pathway target genes.  

In the absence of Wg receptor activation by its ligand, Armadillo gets phosphorylated by 

casein kinase I (CKI) and the glycogen synthase kinase-3 (GSK3beta) homologue Zeste-

white (Zw3) (Cadigan and Nusse, 1997; Polakis, 2002). Phosphorylated Arm gets 

degraded and cytoplasmic and nuclear levels of the protein are low. In the absence of 

nuclear Armadillo, Wg pathway target genes are repressed by the protein T-cell factor 

(TCF). When Wg activates the Wg receptor, Armadillo does not get phosphorylated, 

resulting in its stabilization. Armadillo accumulates in the cytoplasm, enters the nucleus 
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and functions together with TCF to activate the transcription of Wg-responsive genes 

(Nelson and Nusse, 2004; Seto and Bellen, 2004).  

Hedgehog proteins are a second class of important signaling molecules that 

mediate many developmental processes (Ingham and McMahon, 2001; Lin and Perrimon, 

2003). Members of the Hedgehog protein bind to the Patched receptor (Ogden, et al., 

2004), which is not a signal transducer itself. Patched is an inhibitor of the signal 

transducing Smoothened protein (Alcedo et al., 1996). In the absence of Hedgehog 

signal, Smoothened is inactive, the consequence of which is the cleavage of the 

transcription factor Cubitus interruptus (Ci). The cleaved portion of Ci protein enters the 

nucleus and acts as a transcriptional repressor of HH pathway target genes (Ingham and 

McMahon, 2001). Binding of Hedgehog to Patched causes a conformational change, 

which results in the release of Smoothened proteins. Smoothened transmits a signal that 

prevents the processing of Ci. The intact Ci protein enters the nucleus, binds to another 

transcription factor (CBP) and together the complex activates the transcription of the 

targets of HH pathway.  

The Wg and HH signal transduction pathways play an important role in the 

establishment and maintenance of segmentation in the Drosophila embryo. Together, 

these pathways mediate two aspects of the process. Recall that the initial pattern of 

segmentation is generated by the expression and function of the pair-rule gene-encoded 

transcription factors. At the beginning of the cellular blastoderm stage, each segment is 

approximately 4 cells wide. One of the functions of the pair-rule gene products is to 

initiate the expression of the transcription factor Engrailed in the most posterior cell of 

each developing segment (Dahmann and Basler, 1999; Vincent and O’Farrell, 1992). One 

of the targets of the Engrailed protein is the hh gene and thus hh is also expressed in the 

posterior cell of each developing segment (Lawrence et al., 1999). The pair-rule genes 

also activate the expression of the wg gene in the adjacent cell immediately anterior to the 

Engrailed/Hedgehog-expressing cell in each segment. Activation of the HH pathway in 

the anterior cell by HH produced and secreted by the posterior cell maintains the active 

state of wg transcription (Alexandre et al., 1999; Mohler and Vani, 1992; Lawrence et al., 

1999). Activation of the Wg pathway in the posterior cell by expression and secretion of 
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Wg from the anterior cell maintains the active state of en and hence hh expression 

(Alexandre et al., 1999; Bhanot et al., 1996; Siegfried et al, 1994; Lawrence et al., 1999). 

Thus, the Wg and HH pathways are linked together by a positive-feedback loop that 

maintains the expression of each of the other genes. In this way, the initial function of the 

segment polarity gene products is to maintain the segmental periodicity that was 

established by the early transcription factors encoded by the gap and pair-rule genes and 

to establish an anterior-posterior axis of polarity in each segment. The second function of 

the Wg and HH pathways is to establish cell fate in the cells of the segment (Bokor and 

DiNardo, 1996; Hatini et al., 2000; Lawrence et al., 1999). Wg and HH secreted by their 

expressing cells form concentration gradients and act as morphogens to determine the 

fate of all of the cells that generate the segmental epidermis. Based on this cell fate 

determination, the epidermal cells will secrete naked cuticle or cuticle carrying ventral 

denticles or dorsal hairs appropriate to their position within the segment.   

The first compelling evidence for an involvement of heparan sulfate in the Wg and 

HH pathways came from a genetic screen designed to examine the maternal effects of 

zygotic lethal mutations made homozygous in the female germline (Chou and Perrimon, 

1996; Perrimon et al., 1996). This screen identified mutations in several genes involved 

in the biosynthesis or modification of HS. Several new genes with effects on segment 

polarity, including sugarless (sgl), sulfateless (sfl), and tout velu (ttv) were identified by 

their mutant phenotypes which were similar to those caused by loss-of-function mutation 

of either wg or hh (Häcker et al., 1997; Lin and Perrimon, 1999; Lin et al., 1999; 

Bellaiche et al., 1998; The et al., 1999). sgl encodes the enzyme UDP-glucose 

dehydrogenase, required for the formation of UDP-glucuronic acid, which is essential for 

GAG sythesis, while sfl encodes the fly homologue of N-deacetylase/N-sulfotransferase. 

ttv encodes the fly homologue of HS polymerase/EXT1, which is known to encode a 

polymerase involved in the addition of disaccharide units to the extending HS chain. In 

Drosophila, there are two other genes homologous to ttv, sister-of-ttv (sotv) and brother-

of-ttv (botv) (Bornemann et al., 2004; Han et al., 2004a; Perrimon et al., 2004; Takei et 

al., 2004). Botv is a homologue of EXT2 while Sotv is a homologue of vertebrate 

EXTL3. Their functions will be discussed later. fringe connection (frc) is another gene 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Bokor+P%22%5BAuthor%5D
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involved in synthesis of HS and encodes a transporter that is required for the Golgi 

uptake of UDP-sugars (Goto et al., 2001; Selva et al., 2001). Embryos lacking both 

maternal and zygotic expression of sgl, sft or fr develop cuticles with severe segment 

polarity phenotypes, similar to mutations disrupting Wg and/or HH signaling. Although it 

is initiated correctly, the expression of En and Wg is not maintained in these embryos 

(Häcker et al., 1997; Lin and Perrimon, 1999; Lin et al., 1999; Bellaiche et al., 1998; The 

et al., 1999). Additional evidence of a role for GAGs in Wg signaling has come from 

studies carried out with Drosophila tissue culture cells. Wg protein expressed from 

transgenic Drosophila S2 cells can promote Armadillo accumulation in clone-8 tissue 

culture cells when the cells are co-cultured (Reichsman, 1996). The Wg protein is present 

on the surface of the S2 cells. Treatment of the cells with heparan or chondroitin sulfate 

leads to the release of the Wg protein, suggesting that Wg can bind to either HS or CS. 

The fact that HS strongly potentiated Wg signaling in the clone-8 cells while CS did not 

strongly suggests that it is HS that participates in Wg signaling.  

     Both of the glypican homologues Dally and Dally-like-protein (Dlp) have been 

shown to be involved in Wg signaling (Baeg et al., 2001; Lin and Perrimon, 1999; Tsuda 

et al., 1999; Baeg et al., 2001; Belenkaya et al., 2004; Bornemann et al., 2004; Han et al., 

2004a; Tabata and Takei, 2004; Takei et al., 2004; Vincent and Dubois, 2002). Loss-of-

function mutations of dally give rise to embryos with weak segmentation polarity defects. 

RNAi-mediated knockdown of dally mRNA levels results in a similar phenotype (Lin 

and Perrimon, 1999; Tsuda et al., 1999). Direct demonstration of the role of Dally and 

Dlp in Wg signaling came from studies carried out on the fly wing, where Wg and HH 

signaling act independently from one another. dally genetically interacts with components 

of the Wg signaling pathway, and dally mutants lead to wing margin defects (Lin and 

Perrimon, 1999). More recently, Han et al. (2004) showed that the combined actions of 

Dally and Dlp shape the Wg gradient in the fly wing disc. Both Dally and Dlp are 

essential for formation of Wg gradient. HSPG might modulate Wg signaling by 

stabilizing the Wg protein ligand from degradation or by maintaining the local 

concentration of Wg by preventing its diffusion (Häcker et al., 1997; Lin and Perrimon, 

2003). Consistent with this, in sfl mutants Wg protein levels in the wing imaginal disc are 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Reichsman+F%22%5BAuthor%5D
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greatly reduced (Baeg et al., 2001). Alternatively, HSPGs could act as coreceptors to 

facilitate the formation of Wg-Frizzled (Fz) complexes (Lin and Perrimon, 1999). As a 

third possibility, HSPG may also have a role in Wg morphogen movement. In this way, 

extracellular Wg might be transported through restricted diffusion by attaching to the 

GAG chains of HSPGs (Baeg et al., 2001; Belenkaya et al., 2004; Bornemann et al., 

2004; Han et al., 2004a; Tabata and Takei, 2004; Takei et al., 2004; Vincent and Dubois, 

2002).   

     In addition to their influence on Wg signaling, HSPGs also have an important role 

in HH distribution and signaling. This was first illuminated in a genetic analysis of the 

role of ttv in the wing disc (Bellaiche et al., 1998). HH protein is expressed in the 

posterior compartment of the disc and diffuses into the anterior compartment to activate 

the HH receptor. HH, acting as a morphogen, forms a concentration gradient near the 

anteroposterior border of the wing disc. In flies containing ttv mutant clones in the 

anterior compartment of the wing disc, HH can only be detected in the posterior-most 

cells that are mutant for ttv, but not in other cells. Bellaiche at al. (1998) proposed that 

HSPGs are required for HH to move from the posterior cells, where it is expressed, to the 

anterior cells which receive HH. Several groups have recently reported similar defects in 

HH distribution in wing disc clones mutant for sotv, botv or sfl (Han et al., 2004b; Takei 

et al., 2004). HH protein levels are abnormally high in the posterior compartment when 

the ttv-botv double mutant clones are made in the anterior compartment. These data argue 

that HH is unable to move from the HH-expressing cells anteriorly into cells lacking 

HSPGs of the correct structure (Takei et al., 2004). HSPGs might also play a role in 

maintaining the stability of HH by preventing it from degradation. Bornemann et al. 

(2004) observed that HH protein levels were reduced in HH-producing cells mutant for 

sotv or ttv. Thus, HSPGs probably have a role in both HH movement and stability.  

Roles for GAGs in the FGF and TGF-beta pathways 

When the synthesis and modification of HS GAGs are compromised, FGF 

signaling is perturbed. There are two FGF receptors encoded in the Drosophila genome, 

Heartless (Htl) and Breathless (Btl) (Beiman, et al., 1996; Lin et al., 1999; Klambt et al., 
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1992). Heartless is involved in dorsal-lateral migration of early mesoderm cells and in 

heart development. Loss-of-function mutations in htl result in defects in mesoderm 

migration. Lin et al. (1999) reported that loss-of-function mutations affecting both sgl and 

sfl led to defective FGF signaling and mesoderm migration defects identical to those 

associated with mutations in htl (Beiman, et al., 1996). Embryos mutant for either sfl or 

sgl fail to develop a heart. Breathless, the second Drosophila FGF receptor homologue, 

participates in the development of the tracheal system (Klambt et al., 1992; Reichman-

Fried and Shilo, 1995; Metzger and Krasnow, 1999). Loss-of-function alleles of 

breathless (btl) cause defective tracheal formation. In sfl and sgl mutant embryos tracheal 

development is incomplete and there are large gaps in the principal tracheal trunks (Lin et 

al., 1999). branchless (bnl) encodes a Drosophila FGF that serves as the ligand for Btl 

(Sutherland et al., 1996). Interestingly, transgenic overexpression of branchless, the 

Drosophila FGF ligand for Btl, is able to partially rescue the sfl and sgl mutant 

phenotypes. Recently, a mutation in the mouse gene lazy mesoderm (lzme), which 

disrupts the UDP-Glucose Dehydrogenase, was shown to cause defects in mesoderm and 

endoderm migration, similar to the gastrulation defective phenotype of FGF8 mutants 

(Garcia-Garcia and Anderson, 2003). Neither heparan sulfate nor condroitin sulfate could 

be detected in lzme mutant mouse embryos, indicating that disruption of GAG synthesis 

led to a disruption of FGF signaling and consequently to the defective gastrulation 

pattern. Heparan sulfate can bind FGF and act as a coligand which facilitates ligand-

receptor interactions (Schlessinger et al., 2000; Ornitz, 2000; Pellegrini et al., 2000). 

Crystal structures of stable FGF ligand-heparin-receptor complexes have been observed 

(Schlessinger et al., 2000; Pellegrini et al., 2000). In Drosophila, HSPGs facilitate FGF 

signaling by acting as a coligand to enhance binding of FGF growth factor to its receptor 

(Schlessinger et al., 2000; Ornitz, 2000; Pellegrini et al., 2000).   

The Drosophila decapentaplegic (dpp) gene encodes a fly homologue of TGF-

beta/BMP, which is involved in patterning many tissues (Raftery and Sutherland, 1999). 

Dpp functions as a long-range concentration-dependent morphogen during wing 

development (Tabata and Takei, 2004; Vincent and Dubois, 2002). dpp has been shown 

to exhibit genetic interaction with dally and dly in Drosophila. A reduction of dpp dosage 
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achieved through the loss of one copy of dpp greatly enhances abnormal eye and antenna 

phenotype associated with homozygous dally mutations (Jackson et al., 1997; Nakato et 

al., 1995). Both Dally and Dlp are important for Dpp distribution and morphogen 

gradient formation, as simultaneous loss of Dally and Dlp function results in much 

greater reduction of Dpp signaling (Belenkaya et al., 2004; Fujise et al., 2003). Dally and 

Dlp may function redundantly in modulating Dpp signaling. Dpp protein levels were 

significantly reduced in sfl mutant clones or in dally-dly double mutant clones in the wing 

disc (Bornemann et al., 2004; Han et al., 2004a; Takei et al., 2004). These data lead to a 

model in which the role of HSPGs in Dpp signaling in the wing disc is to regulate Dpp 

levels (Han et al., 2004a; Takei et al., 2004; Belenkaya et al., 2004). Furthermore, similar 

to the role of HSPGs in HH movement, HSPGs are also involved in movement of Dpp. In 

the wing disc, clones mutant for sfl, sotv or ttv exhibit a defective Dpp distribution 

(Belenkaya et al., 2004; Han et al., 2004a; Takei et al., 2004). Belenkaya et al. reported a 

model in which diffusion of Dpp is facilitated by Dally and Dlp (Belenkaya et al., 2004). 

In contrast to wildtype cells, Dpp could not move across sfl or dally-dly mutant clones of 

only a few cells in width. The GAG chains Dally and Dlp can bind to Dpp and facilitate 

its movement from one cell to another Han et al., 2004a; Belenkaya et al., 2004). 

Effects of GAGs on serine protease activity 

A variety of investigations have reported instances in which glycosaminoglycans act 

as important regulators of serine proteolytic activity in vertebrates, for example during 

blood coagulation and complement formation (Petitou et al., 1988). Although such a role 

for GAGs has not been detected in Drosophila, the identification of Pipe as a putative 

GAG-modifying enzyme together with the key role of regulated serine proteolytic 

activity during DV patterning suggest that vertebrate instances of GAG/serine protease 

interaction might represent useful models that could aid in the understanding of the role 

of Pipe in DV patterning. A discussion of the roles for GAGs in the regulation of protease 

action in vertebrates is presented below. 

     The clinically-important anticoagulant heparin is required for control of the serine 

proteolytic activity during blood coagulation (Monkhouse et al., 1955; Rosenberg and 
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Damus, 1973). The vertebrate blood clotting cascade consists of several serine proteases, 

which form a chain reaction: factor IX cleaves and activates factor IX, which in turn 

cleaves and activates factor X. Factor Xa cleaves and activates Thrombin, which 

eventually cleaves and activates Fibrinogen. The activity of these serine proteases must 

be tightly controlled (Petitou et al., 1988; Kusche et al., 1988; Petitou et al., 2003). 

Heparin inhibits blood coagulation by forming a complex with the protease inhibitor 

antithrombin. Heparin is structurally similar to heparan sulfate but is much more highly 

sulfated. The high affinity of heparin-antithrombin interaction is mediated via a specific 

pentasaccharide sequence, and the 3-O-sulfation on the internal glucosamine unit is 

critical for the binding activity (Petitou et al., 1988; Atha et al., 1984; Kusche et al., 1988; 

Petitou et al., 2003). A pentasaccharide without the 3-O-sulfation group on the internal 

glucosamine unit could not bind to antithrombin (Petitou et al., 1988). This research 

demonstrates that heparin is important for the regulation of protease activity and this 

regulation is mediated through specific sulfation on its constituent sugar units. Sulfation 

of an unknown secreted molecule by Pipe in the follicle cell layer might similarly be 

important in regulation of serine protease activity during embryonic DV patterning. 

     Heparin can also interact with complement proteins and control the serine protease 

activity at multiple steps in the complement cascade, which consists of more than 30 

serum and cellular proteins. The complement system plays a role in both natural and 

acquired immune responses (Muller-Fberhand, 1988). The complement system is 

activated when a complex of antigen and IgM or IgG antibody binds to the first 

complement protein C1 (Liszewski et al., 1996). Because of the importance of 

complement in host defense against infection, vertebrate complement activity is regulated 

by positive and negative regulators, including complement component levels, 

complement inhibitors and some polysaccharides such as heparin and heparan sulfate 

(Makrides, 1998; Muller-Fberhand, 1988). Heparin was observed to interact with C1q, an 

early serine protease in the complement pathway (Almeda et al., 1988). Using heparin-

agarose affinity chromatography, Sahu and Pangburn (1993) showed that heparin could 

bind to 13 complement proteins. Heparin has been shown to be a complement inhibitor 

(Weiler et al., 1978, 1992; Linhardt et al., 1988; Maillet et al., 1983). Heparin can inhibit 
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the assembly of C3 convertases in both the classical and alternative pathways (Weiler et 

al., 1978, 1992; Linhardt et al., 1988). By using fractionated heparins, Cofrancesco et al. 

(1979) demonstrated that highly sulfated heparin had a high level of anticomplement 

activity. It was the degree of O-sulfation that primarily controlled the inhibition activity 

of heparin upon complement activation (Cofrancesco et al., 1979; Kazatchkine et al., 

1981). Gralinski et al. reported that a highly sulfated, low-molecular weight heparin 

derivative could prevent complement activity in the perfused rabbit heart (Gralinski et al., 

1997). Once again, similarly to the dependence of sulfation of heparin in its anticoagulant 

activity, the sulfation status of heparin is important for the inhibitory activity of heparin 

on complement activation.  

 

REVERSE GENETICS IN DROSOPHILA - RNAI AS A MEANS OF 

TESTING CANDIDATE GLYCAN-RELATED GENES FOR THEIR 

ROLES IN EMBRYONIC PATTERNING 

Until relatively recently, genetic studies of biological processes in Drosophila have 

relied mainly on forward genetics, in which genes involved in specific processes are 

identified on the basis of phenotypes resulting from mutations (Ashburner, 1989). 

Forward genetics involves the generation of random mutations in the genome, the 

identification of mutants with specific phenotype, genetic and physical mapping of the 

identified mutations, and ultimately the cloning of the relevant genes and their 

characterization at the molecular level. The isolation and characterization of mutations 

that influence a specific process, such as DV patterning, can be a very laborious process. 

With the availability of the nucleotide sequence of the Drosophila genome, approaches 

for examining the function of genes identified first on the basis of their nucleotide 

sequence has become feasible and represents an important approach for testing the 

involvement of cloned candidate genes in processes of interest. Reverse genetics refers to 

methods of gene disruption beginning with a gene whose sequence is known. Our 

identification of Pipe as a putative GAG-modifying enzyme suggested that an effective 
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approach for learning more about the role of Pipe in DV patterning would be to employ a 

reverse genetic method to examine the phenotypes associated with loss-of-function in the 

follicle layer of genes involved in the synthesis of GAGs and other related glycans.    

Two reverse genetic methods that have been used with increasing frequency in 

studies of Drosophila are targeted gene replacement and double-stranded RNA-mediated 

gene silencing (RNAi). In targeted gene replacement, genetic recombination is used is to 

precisely replace the endogenous copy of a gene of interest with an in vitro modified, 

mutated variant of the gene (Rong, and Golic, 2000). A linear chromatinized copy of the 

mutant variant is generated in germ cells and the cellular recombination machinery 

mediates the replacement, by homologous recombination, of the endogenous wildtype 

gene (Rong, and Golic, 2000). Although targeted replacement has the advantage of being 

able to completely eliminate the function of the gene under study, it is a rather laborious 

technique requiring the generation of complicated stocks (Rong, and Golic, 2000). 

Moreover, this technique does not lend itself to the simultaneous study of multiple genes 

in instances in which there is an interest in testing multiple candidate genes for their 

effects on a process of interest.  

Over the past several years, RNAi-based gene inhibition has emerged as an 

alternative powerful reverse genetic method for assessing the function of genes for which 

no classical mutations exist (Fire et al., 1998; Kennerdell and Carthew, 1998). RNA 

interference, triggered by double-stranded RNA molecules, is a cellular defense and 

cleansing mechanism in a variety of organisms (Hannon, 2002). It defends the genome 

against invasion by viruses and transposons (Hannon, 2002, Brigneti et al., 1998). RNAi 

was first observed in plants as posttranscriptional gene silencing (PTGS) (Napoli et al., 

1990). In the first observed example of PTGS, extra copies of the gene encoding chalcone 

synthase (chsA), an enzyme involved in the production of anthocyanin pigments, were 

introduced into petunia in an effort to up-regulate the enzyme activity and deepen the 

purple color of flowers (Napoli et al., 1990). Surprisingly, rather than increasing flower 

pigmentation, many of the flowers were variegated or completely white. These 

observations indicated that the introduction of transgene expressing chalcone synthase 

caused loss of expression from the endogenous as well as the transgenic copies of the 
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gene. This phenomenon was first termed cosuppression, referring to the degradation of 

RNAs derived from both the introduced transgene and the homologous endogenous gene 

(Napoli et al., 1990). Subsequently, cosuppression was found in many species of plants, 

fungi and animals. One important feature of PTGS is that the expression of the transgenes 

led to formation of dsRNA (Waterhouse et al., 1998). Waterhouse et al. (1998) showed 

that constructs that are capable of producing dsRNA are more potent inducers of gene 

silencing than those constructs that produce only sense or antisense RNAs.  

Biological functions of RNAi 

RNAi has evolved as a surveillance mechanism, operating in eukaryotes, which 

detects and degrades single and double-stranded RNA (dsRNA). This is a defense system 

against invasive nucleic acids, such as viruses (Hannon, 2002). Some plant viruses have 

evolved RNAi-suppressing proteins that are able to protect the integrity of the viral RNA 

genome from the RNAi machinery of the host plant (Anandalakshmi et al., 1998; Brigneti 

et al., 1998; Voinnet et al., 1999). In C. elegans and Chlamydomonas reinhardti, 

mutations that compromise elements required for RNAi resulted in elevated activity of 

transposition (Ketting et al., 1999; Wu-Scharf et al., 2000). The RNAi mechanism might 

also be responsible for the clearance of aberrant nonfunctional RNAs from the cell 

(Hannon, 2002). A role for RNAi in protection of mammalian cells from viral attack has 

not been clearly established. In mammals, dsRNA can induce RNAi and interferon-

mediated nonspecific RNA degradation as well as other nonspecific responses, eventually 

resulting in cell death (Williams, 1997; Gil and Esteban, 2000; Sandy et al., 2005). 

Mechanism of RNA interference 

       The mechanism of RNAi has been elucidated by a combination of in vitro and in 

vivo methods over the past several years (Fire et al., 1998; Bernstein et al., 2001; Ketting 

et al., 2001; Zamore et al., 2000). The current model for RNAi is believed to operate in 

two steps (Bernstein et al., 2001). The first step is called the RNAi-initiating step. In this 

step dsRNA is processed by cleavage into ~21-25 nucleotide length small RNA 

fragments (termed siRNAs) by an RNAase III-type endonuclease. The Drosophila gene 



 37

dicer encodes such an RNase III-type enzyme that can cleave dsRNA into 22-nucleotide 

fragments in vitro (Bernstein et al., 2001; Ketting et al., 2001). Dicer-2, a homolog of 

Dicer, is also involved in dsRNA processing (Bernstein et al., 2001; Hammond et al., 

2001). Dicer is evolutionary conserved in flies, worms, plants, fungi and mammals 

(Bernstein et al., 2001).  
       Once generated, siRNAs are incorporated into a multi-ribonucleoprotein 

complex called RISC in the second, effector step of RNAi (Zamore et al., 2000). The 

RISC complex is also referred to as the small interfering ribonucleoprotein (siRNP). 

Zamore et al. (2000) reported the ability of a 100 kDa complex (the RISC complex), 

present in Drosophila embryonic extracts to cleave targeted RNAs. In this process 

antisense siRNAs pair with target mRNAs and the RISC complex cleaves the mRNA in 

the center of the paired region (Zamore et al., 2000). The cleaved mRNAs are then 

degraded by exoribonucleases present in the complex (Hammond, et al., 2001). 

Application of RNAi  
Fire et al. (1998) were among the first to recognize the ability of dsRNA to mediate 

posttranscriptional interference of gene expression. Although antisense RNA had 

previously been used as a tool to inhibit gene function, it was difficult to explain certain 

feature of the process. Guo and Kemphues (1995) reported a very confusing observation: 

both sense and antisense RNA injections resulted in almost the same level of inhibition of 

gene function. The protocol routinely used to prepare single strand RNA (ssRNA) using 

bacterophage RNA polymerases produced low levels of double-strand RNA (dsRNA). To 

test whether the dsRNA was responsible for interference, Fire et al. (1998) purified 

single-strand RNAs away from the dsRNA and compared the interference activity of 

individual strands with the activity of a double-strand preparation. They found that the 

purified antisense ssRNA was very inefficient in directing the inhibition and sense 

ssRNA had no interfering activity. In contrast, double-strand RNAs were able to initiate 

very effective interference of gene function (Fire et al., 1998). For the first time, dsRNA 

was demonstrated to be the inducer of RNAi-mediated gene silencing by injecting 
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purified dsRNA directly into the body of C. elegans. The injected animals showed 

phenotypes similar to those caused by mutations affecting the genes being studied.  

The experiments of Fire et al. (1998) suggested that the introduction of dsRNA 

complementary to a gene of interest might be an effective method of generating 

phenocopies of loss-of-function mutations affecting the gene. Subsequently, it was 

demonstrated that introduction of dsRNA by injection was not required to elicit RNAi-

mediated silencing in C. elegans. RNAi effects could be obtained conveniently with 

introduction of dsRNA either by soaking the worms in a solution containing dsRNA or 

by feeding the worms Escherichia coli cells transgenically expressing dsRNAs (Fire et 

al., 1998; Parish et al., 2000; Timmons and Fire, 1998). In either case the silencing effect 

was observed to be exerted systemically, throughout the body of the worm. In fact, the 

phenotypic effects could even be inherited through the germline by the progeny of the 

tested animal. As in other systems, RNAi in C. elagans was later shown to be associated 

with the production of siRNAs of 21-25 nt (Parish et al., 2000, 2001).  

The simplicity of exerting RNAi-mediated gene silencing on C. elegans has made 

that approach a very useful one for high-throughput, genome-wide studies designed to 

identify genes involved in a variety of biological processes. The ability of Drosophila S2 

tissue culture cells to take up dsRNA contained in culture medium has made that system 

another one that is particularly amenable to high-throughput analysis of multiple genes 

simultaneously. Several groups have used this approach to identify new components of 

the Wg, JAK/STAT, HH and bacterial immunity signal transduction pathways (DasGupta 

et al., 2005; Baeg et al., 2005; Nybakken et al., 2005; Agaisse et al., 2005). The 

application of RNAi to mammalian cells was initially infeasible due to the nonspecific 

RNA degradation and subsequent cell death triggered by long dsRNAs (Williams, 1997; 

Gil and Esteban, 2000; Sandy et al., 2005). This problem was overcomed with the 

demonstration that these nonspecific responses are not triggered by dsRNAs that are 

shorter than 30 nucleotides in length (Gil and Esteban, 2000; Yang et al., 2002). In 

mammalian cells, synthetic siRNAs are routinely being used to accomplish gene 

inhibition similar to that observed in other systems using dsRNAs (Yang et al., 2002). 

RNAi has also proven to be a unique means of elucidating the function of sequenced 
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genes in organisms for which other genetic approaches to the study of gene function are 

not available (Hughes and Kaufman, 2000).  

One of the main goals of the work described here was to determine whether GAGs 

of known structure participate in embryonic DV patterning or represent the target of Pipe. 

During these investigations we were mindful of the possibility that the genes involved in 

GAG synthesis and modification might not play a role in DV patterning. In that instance, 

genes encoding proteins involved in the synthesis of other glycans that undergo 

modification by sulfation would be good candidates for an involvement in DV patterning. 

For this reason we were interested in developing a robust and convenient method for 

testing multiple genes for their potential requirement in the follicle cell layer for 

embryonic DV patterning. We therefore set out to develop an RNAi-based method for the 

elimination of gene function in the follicle cell layer. Early investigations using RNAi in 

Drosophila employed direct injection of dsRNAs into early embryos and examination of 

their effects on embryogenesis. However, unlike the situation in C. elegans, RNAi does 

not act systemically in Drosophila and the effects of gene knockdown following dsRNA 

injection do not last to late stages in development and are not inherited by subsequent 

generations (Hennerdell and Carthew, 1998). Therefore, injection of dsRNA into 

embryos would not provide a means of generating RNAi effects on patterning processes 

in the follicle, which occur at very late stages of development (Misquitta and Paterson, 

1999). An alternative approach for the application of RNAi to Drosophila has been to 

induce RNAi effects through the transgenic expression of dsRNA in vivo. This has been 

achieved by directed expression of RNAs that can form self-annealing hairpin structures 

following transcription. A number of investigators have described RNAi-mediated gene 

targeting by expression of dsRNA in transgenic Drosophila (Fortier and Belote, 2000; 

Kennerdell and Carthew, 2000; Lam and Thummel, 2000; Martinek and Young, 2000). 

Chapter 3 describes my development of a method for the application of RNAi to studies 

of candidate genes, whose expression in the ovarian follicle cell layer could potentially be 

required for embryonic DV patterning.   
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OVERVIEW OF THE DISSERTATION RESEARCH 
I am interested in the mechanism by which dorsal-ventral (DV) polarity is 

generated in the fruit fly Drosophila melanogaster. The dorsal group gene pipe encodes 

the crucial determinant that connects egg chamber and embryonic DV polarity. Females 

bearing homozygous mutations in pipe produce dorsalized embryos. pipe has the capacity 

to encode ten related proteins that share amino acid sequence similarity to vertebrate 

heparan sulfate and dermatan/chondroitin sulfate 2-O-sulfotransferase. One of the pipe 

isoforms, pipe-ST2, is specifically expressed in the ventral follicle cells of the stage 10 

egg chamber. The pattern of pipe transcription in the follicle cell layer is dependent on 

the activity of the Gurken/Epidermal Growth Factor Receptor (EGFR) signal transduction 

pathway, and this spatially-restricted expression pattern is believed to be responsible for 

the localized activation of Toll on the ventral side of the embryo. This indicates that Pipe 

might be involved in modification of a proteoglycan substrate that functions in DV 

polarity generation. While a variety of studies in our lab support the notion that Pipe acts 

as a sulfotransferase, the target of Pipe has yet to be identified. A major component of my 

project has been to examine the substrate specificity of Pipe activity in DV patterning.  

I used several approaches to investigate the involvement of heparan sulfate and 

dermatan/chondroitin sulfate proteoglycan in DV patterning. To assess the role of 

heparan sulfate and dermatan/chondroitin sulfate related genes in DV patterning, I 

generated females with ovaries carrying follicle cell clones homozygous mutant for 

several genes known to be involved in GAG synthesis and modification, focusing mainly 

on heparan sulfate. sugarless (sgl) encodes the fly homologue of UDP-glucose-6 

dehydrogenase, which converts UDP-glucose to UDP-glucuronic acid and is required for 

the synthesis of uronic acid residues present in heparan sulfate and dermatan/chondroitin 

sulfate (Binari et al., 1997; Häker et al., 1997; Haerry et al., 1997). sulfateless (sfl) 

encodes a protein with similarity to vertebrate N-deacetylase/N-sulfotransferases, which 

are known to mediate deacetylation and sulfation of the N-acetyl group on N-

acetylglucosamine (GlcNac) residues of heparan sulfate (Lin and Perrimon, 1999). fringe 

connection (frc) encodes a Golgi transporter that is required for the uptake of UDP-sugars 

involved in the synthesis of heparan sulfate and presumably dermatan/chondroitin sulfate 
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into the Golgi (Goto et al., 2001; Selva et al., 2001). Progeny embryos of these females 

have no apparent defect in DV patterning, arguing that heparan sulfate 

glycosaminoglycans do not play a necessary role in DV patterning. By generating follicle 

cell clone mutant for PAPS synthetase, I demonstrated that PAPS is required for 

embryonic DV polarity formation and can be provided by either the follicle cells or the 

germline cells. 

Expression of several of the pipe isoforms in the embryonic salivary gland 

indicates a role for Pipe in the development or function of this organ. In fact, those pipe 

alleles that affect all Pipe isoforms exhibit dramatically lowered growth rate and viability 

when they are placed in trans to a deficiency. The pipe3 mutant allele results from the 

introduction of a stop codon in the third exon, common to all Pipe isoforms, and therefore 

results in the total absence of functional Pipe encoded by any of the Pipe isoforms. 

pipeC14 was generated in a P-element screen and represents an RNA and protein null 

allele (Zhu et al., 2005). I have detected a novel macromolecule in the lumen of 

embryonic salivary glands using Alcian Blue, a histochemical stain that has been used 

extensively to detect sulfated glycans such as proteoglycans and mucins (Scott et al., 

1964; Scott and Dorling, 1965). Alcian Blue staining in the salivary gland depends on the 

function of Pipe proteins because both pipe3 and pipeC14 lead to loss of this staining 

pattern. Mutations in windbeutel, whose product is required for the subcellular 

localization and function of Pipe, also lead to a loss of Alcian Blue staining in the 

salivary gland. However, dorsal group genes other than pipe and wind are not required for 

Alcian Blue staining. Therefore, the staining material is likely to be a direct product of 

Pipe catalytic activity rather than a consequence of dorsal group signaling. 

To check whether the Alcian Blue staining material in the salivary gland 

represented a sulfated macromolecule, I assessed Alcian Blue staining in mutants shown 

in our lab to affect PAPS synthetase (papss), which encodes the enzyme responsible for 

synthesis of PAPS. Embryos homozygous for mutations in papss did not exhibit Alcian 

Blue staining. This Alcian Blue staining in the salivary gland is also dependent on the 

product of sll, which encodes the PAPS Golgi transporter. These results support the idea 

that the stained material is sulfated, generated in the Golgi and likely to be a secreted or 
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cell surface molecule. Surprisingly, Alcian Blue staining does not require the function of 

genes involved in biosynthesis of GAGs in Drosophila, such as sgl, sfl and frc. Together, 

my observations suggest that the Alcian Blue staining material is dependent on Pipe and 

Wind, but not dependent upon genes involved in GAG synthesis. Combined with the 

analysis of follicle cell clones mutant for genes involved in heparan sulfate synthesis, my 

studies have provided evidence that the pipe gene products act as sulfotransferases, but 

do not act upon HS or DS/CS glycosaminoglycans. During the course of study of Pipe 

function in the salivary, I also observed a Pipe-dependent sulfated antigen that can be 

detected by a previously generated polyclonal antibody. Both the Alcian Blue staining 

material and this antigen are conserved in a variety of Drosophila species. The 

examination of these molecules in different Drosophila species has provided evidence to 

suggest that different pipe isoforms have distinct substrate specificity.  

The second component of my thesis work has been to design an RNAi method to 

identify candidate genes whose expression in the follicle cell layer is required for 

embryonic DV patterning. For many of the glycan-related genes with potential roles in 

DV patterning, classical genetic mutant alleles do not exist that would enable us to assess 

their function in embryonic patterning. RNAi-mediated inhibition of gene function has 

been reported to be an effective reverse genetic approach for studying gene function in a 

variety of organisms. In order to evaluate the effectiveness of RNAi in the follicle cell 

layer, I tested the ability of transgenically-expressed double-stranded RNA (dsRNA) 

directed against the dorsal group gene windbeutel to generate phenotypic effects in the 

progeny embryos of females expressing the transgene in the follicle cell layer. The 

strategy was to produce dsRNA under the control of a set of Gal4-driven elements 

expressed specifically in the follicle cell layer. My results indicate that expression of 

wind dsRNA under the control of several Gal4 drivers was capable of generating specific 

DV effects in progeny embryos. Surprisingly, a large number of follicle cell specific-

Gal4 drivers were not able to elicit phenotypic effects. Thus, while my results indicate 

that it is possible to successfully apply RNAi to ovarian follicle cells, and provide a 

method to do this, the results of my studies stress the importance of careful choice of 

expression system and of conditions for use in transgenic RNAi-mediated inhibition of 
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gene function. Application of this RNAi-based approach to the study of gene expression 

in the follicle cell layer should prove to be a useful tool for the study of genes with 

potential roles in DV patterning.  
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Chapter 2: Drosophila Pipe protein activity in the ovary 

and the embryonic salivary gland does not require 

heparan sulfate glycosaminoglycans  

INTRODUCTION  

Some of the data described in this chapter have been published previously (Zhu et 

al., 2005). 

The determinant that integrates ovarian and embryonic DV polarity is encoded by 

the dorsal group gene pipe (Sen at al., 1998). Females that are homozygously mutant for 

pipe produce dorsalized embryos, and mosaic experiments determined that the 

requirement for pipe expression is in the somatic follicle cells (Stein et al., 1991). The 

pipe transcription unit is specifically expressed in the ventral follicle cells of the stage 10 

egg chamber (Sen et al., 1998). Furthermore, the pattern of pipe expression in the follicle 

cell layer is dependent on the activity of the Grk/EGFR signal transduction pathway, with 

Grk/EGFR-mediated regulation of pipe occurring at the transcriptional level (Sen at al., 

1998). In the initial molecular characterization of the pipe locus (Sen et al., 1998), two 

alternatively-spliced cDNAs were identified that encode independent protein isoforms 

with significant sequence homology to heparan sulfate 2-O-sulfotransferase (HS2ST) 

(Kobayashi et al., 1997). HS2ST is a Golgi resident protein that mediates the transfer of 

sulfate to the 2-O position of hexuronic (iduronic or glucuronic) acid residues of heparan 

sulfate (Kobayashi et al., 1996). One of the pipe isoforms initially identified, designated 

pipe-ST2, is expressed in the ventral follicle cells of the ovary and its expression pattern 

is dependent upon the proper establishment of DV polarity in the follicular epithelium by 

the Grk/EGFR signaling pathway. Directed expression of the pipe-ST2 isoform in 

otherwise pipe mutant females restores lateral and ventral pattern elements and is capable 

of determining the orientation of the DV axis of progeny embryos (Sen et al., 1998). This 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Zhu+X%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Zhu+X%22%5BAuthor%5D
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result indicates that localized pipe expression in the follicle cell layer provides the spatial 

cue that determines the polarity of the DV signaling pathway.  

The determination of the sequence of the Drosophila genome permitted the 

identification of 8 additional protein isoforms encoded by the pipe locus and a second 

protein isoform has also been reported to be expressed in ventral follicle cells (Sergeev et 

al., 2001), although the functional consequences of its expression there are unknown. All 

isoforms share the same N-terminal 95 amino acids, which are encoded by three common 

exons, but the C-terminal portion of each isoform is distinct due to the existence of 10 

alternate sets of exons. The Pipe isoforms are predicted to exhibit a typical type II 

transmembrane topology, with a short, N-terminal hydrophilic region followed by a short 

membrane-spanning hydrophobic region that precedes a catalytic domain that resides in 

the lumen of the Golgi.  

The similarity between the pipe gene products and vertebrate heparan sulfate-

modifying enzymes suggested possible mechanisms by which Pipe may act to influence 

the polarity of the embryonic DV axis. Proteoglycans comprise a class of proteins that 

contain covalently-attached carbohydrate side chains termed glycosaminoglycans 

(GAGs) (Kjellen and Lindahl, 1991). GAGs are linear and unbranched polysaccharides, 

composed of repeating disaccharide units that consist of an amino sugar and an uronic 

acid. GAG side chains are characterized on the basis of the particular alternating pairs of 

monosaccharide present and on the types of linkages between the monosaccharides. 

Heparan sulfate and heparin are polymers of repeating disaccharides made up of 

glucuronic acid and/or iduronic acid residues in beta1,4 linkages to N-acetyl 

glucosamine. Heparan sulfate proteoglycans (HSPGs) have been shown to play important 

roles during development through their regulation of signaling by growth factors (Lin and 

Perrimon, 2000). They can combine with growth factors to act as co-receptors in the 

transmission of signals. In addition, they can bind to and increase the local concentrations 

of receptors for their ligands, or they can trap and retain the growth factors in the vicinity 

of their receptors. Finally, HSPGs can participate in the long-range transport of growth 

factor ligands from cell to cell across tissues (Lin and Perrimon, 2000).  
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Because DV signaling involves an extracellular serine protease cascade, an 

especially compelling example of a biological process regulated by GAGs is the control 

of serine proteolytic activity during blood coagulation by a complex formed between 

heparin and antithrombin (Furie and Furie, 1988). Heparin is structurally similar to 

heparan sulfate with the distinction that heparin is much more highly sulfated. Of 

particular interest is the finding that the high affinity antithrombin/heparin interaction 

occurs via a specific pentasaccharide sequence, the distinguishing feature of which is the 

3-O-sulfate group on the internal glucosamine unit (Petitou et al., 2003).  

The critical dependence of DV patterning upon the existence of an extracellular 

serine proteolytic cascade, and the similarity of Pipe to vertebrate HS2ST, has led to the 

hypothesis that Pipe-ST2 modifies a glycoprotein that is secreted from the ventral follicle 

cells and localized ventrally within the perivitelline space (Sen et al., 1998). It has been 

proposed that Pipe-dependent modification mediates an interaction between the 

glycoprotein and components of the serine protease cascade that lead to ventral 

processing of the Spätzle ligand. The hypothesis that embryonic DV patterning requires 

sulfotransferase activity in the follicle cell layer is supported by the finding that females 

carrying follicle cell clones homozygous for loss-of-function mutations in the gene 

slalom produce dorsalized progeny embryos (Lüders et al., 2003). slalom encodes the 

transporter that mediates uptake of 3’-phosphoadenosine 5’-phosphosulfate (PAPS), the 

universal sulfate donor, into the Golgi (Kamiyama et al., 2003; Lüders et al., 2003).  

The nucleotide sequence alternations associated with previously-obtained ethane 

methane sulfonate (EMS)-generated pipe mutant alleles were determined by a former 

graduate student in the lab, Jonaki Sen. She obtained oligonucleotides that allowed PCR 

amplification of the three common and three additional pipe-ST2-specific exons, then 

directly sequenced the PCR products that were amplified from genomic DNA prepared 

from flies carrying each pipe allele over Df(3L)pipeA13. Deviations from the wildtype 

pipe sequence were identified in each of the 11 EMS-derived mutant alleles (Figure 2-1). 

In ten of these mutations, the lesions identified were associated with pipe-ST2-specific 

exons. Two of these mutations map to the putative binding site for PAPS (Kakuta et al., 



1998), consistent with a model in which Pipe acts as a sulfotransferase. The pipe3
 
allele 

carries a stop codon in the third exon, which is common to all pipe isoforms. The pipeC14 

allele was identified in a screen for P-element mutations in the pipe locus. Although we 

have not identified the lesion associated with the pipeC14
 
allele, we believe the mutation is 

in a 5’ regulatory region of the gene that affects the expression of all isoforms (see 

below). 

 
FIGURE 2-1.  STRUCTURE OF THE PIPE LOCUS AND LOCATION OF EMS-GENERATED 

PIPE MUTATIONS. (A) Intron structures of the various pipe isoforms are shown, with 

exons in red. At far left are the isoform designations of the BDGP (PA-PK) and of 

Sergeev et al. (2001). Box 10 = pipe-ST2. All mutations except pipe3 are associated with 

pipe-ST2-specific exons. pipe3 is located in the third common exon. (B). Structure of the 

coding region of pipe-ST2 showing the location of the eleven EMS-generated mutations. 
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Green vertical bars indicate the position of exon/exon boundaries. (Provided by Zhenyu 

Zhang). 

In the studies reported here, I provide additional evidence to support the idea that 

Pipe acts as a sulfotransferase, and in particular, I have used molecular and genetic 

methods to address the question of whether heparan sulfate or chondroitin/dermatan 

sulfate is the substrate of Pipe enzymatic activity. I also show that in addition to its 

expression in the adult ovary, pipe is abundantly expressed in the embryonic salivary 

glands and that its expression there is correlated with the presence of a material that binds 

Alcian Blue, a histochemical stain that interacts with highly sulfated molecules (Scott et 

al., 1964; Scott and Dorling, 1965). Using Alcian Blue staining as a measure of Pipe 

function in the salivary glands, I have shown that the presence of this staining material is 

also dependent upon the function of the PAPS transporter slalom and PAPS synthetase, 

whose activities are required for sulfotransferase reactions.  

To investigate whether the Alcian Blue staining material might represent a heparan 

sulfate-containing molecule, I took advantage of the existence of mutations in several 

genes involved in heparan sulfate biosynthesis and modification in Drosophila. When I 

examined the salivary glands of embryos that were maternally and zygotically mutant for 

these genes, the Alcian Blue-stained material was still present. To investigate whether 

Pipe activity in the ovary is also independent of heparan sulfate synthesis, we generated 

females carrying follicle cell clones mutant for the heparan sulfate-related genes. In no 

case did these mutant females produce dorsalized embryos. Together, these observations 

indicate that proteins encoded by the pipe locus play a crucial role in the generation of 

sulfated macromolecules in the embryonic salivary gland, and by extension during egg 

formation. My results, however, strongly argue against the suggestion that a heparan 

sulfate GAG is the target of Pipe activity. 



RESULTS 

Analysis of pipe mutant alleles  

Most alleles of pipe are homozygous viable with the production of dorsalized 

embryos by mutant females being the sole phenotype. Two alleles are semi-lethal. In  

 

 
FIGURE 2-2. THE PIPE  ALLELE LEADS TO THE LOSS OF PIPE RNA AND PROTEIN 

EXPRESSION IN THE OVARY AND THE EMBRYO

C14

. (A-C) In situ hybridization to a ldtype 

embryo (A) and to embryos homozygous for pipeC14 (B) and pipe2 (C). A pipe-ST2-

specific probe was used. (D-F) An antibody directed against a peptide sequence present 

in the N-terminus of all Pipe isoforms was used for immunostaining of wildtype (D), 

pipeC14 homozygous (E) and pipe2 homozygous (F) embryos. (G-I) in situ hybridization 

to stage 10 egg chambers from wildtype (G), pipeC14/Df(3L)pipeA13 (H) and 

pipe2/Df(3L)pipeA13 (I) females using pipe-ST2-specific sequences as a probe. (J) 

pipeC14/Df(3L)pipeA13 flies exhibit a growth defect relative to their heterozygous siblings.  

Similarly, windT6/windRP flies (K) are smaller than their wind/+ siblings. Both results 

suggest that zygotic expression of Pipe isoforms is required for normal growth.   
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crosses to Df(3L)pipeA13, pipe3 and pipeC14 
produced only 21% and 33%, respectively, of 

the expected number of transheterozygous pipe mutant progeny. In addition, the viable 

transheterozygous pipe mutant flies eclosed an average of three days later than wildtype 

flies and were smaller (Figure. 2-2J). Interestingly, this phenotype was also observed for 

flies transheterozygous for different mutations in windbeutel (wind) (Figure 2-2K), which 

is believed to encode a chaperone that is necessary for correct localization and function of 

 

  
 

FIGURE 2-3. SODIUM CHLORATE INFLUENCES EMBRYONIC DORSAL-VENTRAL 

PATTERNING OF THE EMBRYONIC PROGENY OF PIPE  MUTANT FEMALES7 .  

Gastrulation patterns (A, C, E, G) and embryonic cuticles (B, D, F, H) of embryos 

produced by the following females: (A, B) Oregon R, (C, D) pipe7/Df(3L)A13untreated,  

(E, F) pipe7/Df(3L)A13 treated with sodium chlorate, (G, H) pip1/Df(3L)A13 .  
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Pipe protein (Konsolaki and Schüpach, 1998; Sen et al., 2000; Ma et al., 2003). These 

results suggest that pipe-ST2 is specifically required in the ovary and that its loss does not 

affect viability. At least some of the other isoforms, however, are required for viability. 

In addition to the ovary, pipe is expressed in the embryonic salivary gland. Antibody 

staining and in situ hybridization demonstrated that in pipeC14
 
mutants neither pipe RNA 

nor protein was detectable in either the ovary or the embryonic salivary gland (Figure 2-

2B, E, H). This finding is consistent with the idea that the pipeC14 
mutation affects the 

transcription of all of the pipe isoforms. These results suggest that Pipe isoforms are 

required for salivary gland development or function, which may explain the effect of 

pipeC14 on fly viability. The wind gene is also expressed in the salivary gland (Sen et al., 

2000), raising the possibility that the effects of wind on viability are due to its 

requirement as a chaperone for Pipe. 

In view of the amino acid similarity between Pipe and HS2ST, it is particularly 

interesting that both pipe1
 
and pipe7

 
affect valine 123 (Figure 2-1B), which is located 

within a stretch of amino acids extending from residues 120 to 127, PKGVSQTF, that is 

predicted to be within the binding site for PAPS, the high energy small molecule donor in 

sulfation reactions. In the strong pipe1
 
allele, the nonconservative substitution of an 

aspartic acid residue for valine results in an apparently nonfunctional protein. Embryos 

from females carrying this allele in trans to a deficiency uncovering the pipe locus are 

completely dorsalized (Figure 2-3G, H). In pipe7, however, the relatively conservative 

substitution of isoleucine for valine results in a hypomorphic allele. Females carrying 

pipe7
 
in trans to a deficiency uncovering the pipe locus produce embryos that are only 

weakly dorsalized (Figure 2-3D) and exhibit residual polarity during gastrulation (Figure 

2-3C), indicating that the protein retains considerable activity.  

The location of the pipe7
 
mutant lesion within the putative PAPS binding site 

suggests that its weak phenotype might result from a lowered affinity of the pipe7-

encoded protein for PAPS. To test this hypothesis, we fed pipe7/Df(3L)pipeA13
 
flies yeast 

containing 1M sodium chlorate, a compound known to inhibit the activity of PAPS 
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synthetase (Baeuerle and Huttner, 1986; Lansdon et al., 2004; Greve et al., 1988). It has 

been established that the monovalent oxyanion chlorate is a potent inhibitor of the ATP 

sulfurylase activity of PAPS synthetase (Lansdon et al., 2004). Treatment of cultured 

cells with chlorate blocks all sulfation of macromolecules (Baeuerle and Huttner, 1986; 

Greve et al., 1988). We reasoned that if the pipe7
 
mutant protein has reduced affinity for 

PAPS, then under conditions of decreased PAPS availability, pipe7/Df(3L)pipeA13
 
females 

would be expected to produce relatively more dorsalized progeny than untreated 

pipe7/Df(3L)pipeA13
 
females. Indeed, 94% of cuticles (n=192) of the embryonic progeny 

of treated pipe7/Df(3L)pipeA13
 
females exhibited a completely dorsalized D0 phenotype 

and apolar gastrulation movements (Roth et al., 1991)(Figure 2-3E, F; Table 2-1). These 

cuticles and gastrulation movement were indistinguishable from those of embryos 

produced by the amorphic allele pipe1
 
carried over Df(3L)pipeA13

 
(Figure 2-3G,H). Only a 

small proportion of the progeny of pipe7/Df(3L)pipeA13
 
females fed on sodium chlorate 

exhibited hypomorphic, rather than amorphic, cuticular phenotypes that were either 

strongly (D1)(3%), moderately (D2)(2%) or weakly (D3)(1%) dorsalized, according to 

the classification scheme of Roth et al. (1991). In contrast, the completely dorsalized D0 

phenotype was exhibited by only 1% of the progeny of untreated pipe7/Df(3L)pipeA13
 

females and 56% of cuticles produced by these females were classified as D1 (strongly 

dorsalized), 24% as D2, and 3% as D3 phenotypes (Table 2-1). Consistent with their 

hypomorphic phenotypes, the progeny of untreated pipe7/Df(3L)pipeA13
 

typically 

exhibited polarized gastrulation movements (Figure 2-3C). Wildtype flies fed on sodium 

chlorate do not produce dorsalized progeny, which implies that the activity of wildtype 

Pipe-ST2 protein is not affected by the sodium chlorate-induced decrease in PAPS 

availability at the levels tested. Taken together, these results indicate that the protein 

encoded by the pipe7
 
allele is sensitive to the concentration of PAPS and provides 

supporting evidence for our designation of Pipe-ST2 as a sulfotransferase. Moreover, 

these data, together with our characterization of the pipe mutant alleles, suggest that pipe-



ST2 may be unique among the pipe isoforms in being required for the establishment of 

embryonic DV polarity, with the other protein isoforms acting in unrelated processes. 

 

Table 2-1.  Cuticular phenotypes of embryos derived from untreated and 

sodium chlorate-treated pip7/Df females 

 D0 D1 D2 D3 
pip7/Df untreated (n = 168) 28 94 41 5 
pip7/Df treated with sodium chlorate (n=192) 180 6 4 2 

 

Embryonic phenotypes are scored according to Roth et al. (1991). D0, completely 

dorsalized; D1, Filzkörper but no ventral denticles; D2, Filzkörper and ventral 

denticle bands of narrow width; D3, twisted or tail-up phenotype. 

 

Expression of GAG synthesis-related genes in the follicle cell layer is not 

required for progeny embryo DV polarity 

The similarity between the structure of the pipe isoforms and vertebrate heparan sulfate 

2-O sulfotransferase suggested the possibility that HS GAGs might represent the target of 

Pipe action and that sulfated HS, produced by Pipe, might be an important determinant of 

DV patterning. To examine this possibility, I carried out experiments to test directly 

whether heparan sulfate GAGs participate in embryonic DV patterning. Were this model 

to be true, we would expect females carrying follicle cells mutant for genes involved in 

GAG synthesis to produce dorsalized embryos. I used the FLP/FRT-mediated site-

specific recombination technique developed by Duffy et al. (1998) to generate follicle 

cell clones homozygously mutant for GAG-related genes in order to examine their 

potential roles in DV polarity formation. I obtained stocks in which papss, sgl, sfl or frc 

mutations were carried on a chromosome arm that also carried a centromere-proximal 

FRT target site for FLP-mediated site-specific recombination. sugarless (sgl) (Binari et 

al., 1997; Häcker et al., 1997; Haerry et al., 1997) encodes the fly homologue of UDP-
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glucose-6 dehydrogenase and converts UDP-glucose to UDP-glucuronic acid which is 

required for the synthesis of uronic acid residues present in HS; sulfateless (sfl) encodes a 

protein with similarity to vertebrate N-deacetylase/N-sulfotransferases (Lin and 

Perrimon, 1999), which are known to mediate deacetylation and sulfation of the N-acetyl 

group on N-acetylglucosamine (GlcNac) of HS; and fringe connection (frc) encodes a 

Golgi transporter that is required for the Golgi uptake of UDP-sugars involved in the 

synthesis of HS (Goto et al., 2001; Selva et al., 2001). In these experiments, the FRT-

bearing homologous chromosome contained a gene expressing a histone-GFP (hGFP) 

fusion protein that enabled homozygous mutant cells to be identified by their lack of GFP 

expression. Using this technique, I was able to detect relatively large mutant clones 

homozygous for papss, sgl, sfl or frc in the follicle cell layer (Figure 2-4). In the case of 

sgl, I even observed apparently normal follicles in which virtually all follicle cells lacked 

sgl. No dorsalized embryos were produced by these females. However, a complication 

inherent in the use of the hGFP marker system makes it difficult to definitively conclude 

that the GAG-related genes tested are dispensible for DV patterning. One cannot be 

certain the egg chambers carrying large mutant clones in the follicle cell layer would go 

on to complete oogenesis and produce laid eggs. For this reason, it is not possible to be 

certain that any of the progeny produced by clone-producing females actually derived 

from egg chambers carrying a mutant follicle cell clone. Nevertheless, my data is 

consistent with the notion that egg chambers carrying follicle cell clones homozygous for 

mutations in genes involved in HS synthesis do not produce dorsalized embryos and that 

HS does not participate in embryonic DV patterning.  

To overcome this problem, we used the technique of Nilson and Schüpbach (1998) 

to mark the location of mutant follicle cell clones using a mutation in the defective 

chorion-1 (dec-1) gene. In this technique, follicle cells mutant for the gene of interest also 

lack Dec-1 activity. dec-1 mutant cells produce chorion with distinctive morphology, 

enabling the determination of the position of the mutant clones in the follicle cell layer of 

the egg chamber which produced the egg. As has been reported previously (Nilson and 

Schüpbach, 1998), we observed that the generation of ventral follicle cells mutant for 

pipe led to the production of dorsalized embryos (Figure 2-5A, B). In contrast, large 



ventral follicle cell clones homozygous for mutations in papss (Figure 2-5C), sgl (Figure 

2-5D), sfl (Figure 2-5E) and frc (Figure 2-5F) did not lead to the production of dorsalized 

progeny embryos. It was surprising that ventral follicle cell clones mutant for papss, 

which encodes the enzyme that synthesizes PAPS, did not affect the embryonic  

DAPI hGFP
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FIGURE 2-4. STAGE 10 EGG CHAMBERS CARRYING LARGE FOLLICLE CELL CLONES 

MUTANT FOR PAPSS  (A, B), SGL (C, D), SFL (E, F) OR FRC  (G, H)2 08310 03844 00073 . Nuclei 

are shown stained with DAPI (left). Mutant follicle cells are indicated by a lack of GFP in 

the same egg chamber (right). 



 
FIGURE 2-5.  GAGS ARE NOT REQUIRED IN THE OVARIAN FOLLICLE CELL LAYER 

FOR EMBRYONIC DV POLARITY.  The technique of Nilson and Schüpbach (1998) was 

used to generate marked mutant follicle cells whose position in the follicle layer could be 

determined by their altered chorion imprints. In all cases shown, mutant clones were 

located ventrally in the follicle cell layer, and are identifiable by the more transparent 

appearance of the chorion imprints in comparison to those made by wildtype cells. (A, B) 

Ventral clones of pipe mutant cells led to the production of embryos that were partially 

dorsalized, as indicated by the tail-up phenotype (A, B) and the narrow ventral denticle 

bands (A). In contrast, ventral follicle cells mutant for papss (C), sgl (D), sfl (E) and frc 

(F) did not lead to the production of dorsalized embryos. 

 

 

phenotype. Recall that females carrying follicle cell clones mutant for sll, which 

encodesthe PAPS Golgi transporter, produced a large proportion of dorsalized embryos 

(Lüders et al., 2003). One possibility for this discrepancy is that PAPS, which is a 
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relatively small molecule (507 Da), may be able to pass between gap junctions, which 

would allow non-autonomous rescue of the papss mutant cells by adjacent wildtype cells. 

As will be discussed later, sgl may also behave non-autonomously for the same reason. In 

contrast, the protein products of the frc and sfl genes, however, reside in the Golgi 

apparatus, where they are required for the synthesis and sulfation of HS GAGs. As such, 

the products of their activities cannot readily be transferred between cells. Thus, the 

observation that follicle cell clones mutant for frc and sfl do not lead to the formation of 

dorsalized progeny embryos allows me to conclude that HS GAGs do not participate in 

the establishment of embryonic DV polarity. 

A method to generate egg chambers carrying mutant follicle cell and 

germline clones 

The possibility of passage of PAPS and UDP-glucuronic acid through gap 

junctions prevents conclusions to be made about a requirement for the genes papss and 

sgl in DV patterning using the directed mosaic technique. One approach to solve this 

problem is to generate females carrying both germline and follicle cell clones mutant for 

papss or sgl and examine the phenotype of the resultant embryos. To address this issue, I 

developed a technique to generate follicle cell clones mutant for the gene of interest in a 

germline clone background.      

     In these experiments, it was necessary to answer two questions. First, is it possible 

to obtain mutant follicle cell clones in egg chamber in which the germline is mutant for 

the gene of interest? It is conceivable that for some geneproducts there can be transfer of 

function between germline and follicle cells. In some instances, loss of gene function in 

the germline would lead to the death of mutant follicle cells, absent rescue from the 

germline. For such mutants, follicle cell clones would never be observed in egg chambers 

containing a mutant germline. For mutants for which it is possible to obtain egg chambers 

with both mutant germline and follicle cells, the question would then be whether such egg 

chambers give rise to dorsalized progeny. 

     In order to test whether simultaneous germline/follicle cell clones could be 

generated for papss and sgl, I elected to generate clones in a situation in which the mutant 



FRT-bearing chromosome was carried in trans to a chromosome carrying the same FRT 

element plus a transgene insert expressing a histone-GFP (hGFP) fusion protein. In this 

way mutant cells could be identified in dissected ovaries by their lack of hGFP 

fluorescence.  

 

 
 

FIGURE 2-6. GENERATION OF FOLLICLE CELL CLONES IN EGG CHAMBERS 

CARRYING A GERMLINE CLONE. Nuclei are shown stained with DAPI (left). 

Homozygous hGFP lacking follicle or germline cells do not stain with GFP (right). The 

maternal genotypes are as follows. (A, B) e22c-Gal4, UAS-FLP; hGFP-

FRT79D/FRT79D; (C, D) hs-FLP; hGFP-FRT79D/FRT79D; (E, F) hs-FLP; e22c-Gal4, 

UAS-FLP; hGFP-FRT79D/FRT79D. An hGFP minus germline is marked by the absence 

of fluorescene in the nurse cell nuclei (D, F), which are marked by DAPI staining (C, E). 

Follicle cell clones can be seen in a germline clone mutant egg chamber in (F). 
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Initially I used heatshock-induced FLP to induce site-specific recombination in 

females carrying hGFP-FRT79D in trans to a wildtype chromosome carrying FRT79D. 

After heatshock at larval stages, females were fed on yeast and their ovaries were 

dissected to see if it was possible to detect GFP-minus germline-containing egg 

chambers. Homozygous germline clone egg chambers were marked by the absence of 

GFP staining in the nurse cells (Figure 2-6C, D). The percentage of germline clones 

observed was about 1% (n=612). I then tested the usefullness of the hGFP marker for 

examining follicle cell clones. As described previously, follicle cell clones can be 

generated by the directed mosaic technique described by Duffy et al. (1998). FLP is 

expressed under the control of follicle cell-specific e22c-Gal4 enhancer trap insertion, 

which has been shown to be expressed in the follicle stem cell population. Large follicle 

cell clones lacking hGFP could be obtained in this way (Figure 2-6 A, B). Monoclonal 

egg chambers in which all follicle cells lacked hGFP were also frequently observed (Data 

not shown). Using lacZ as a reporter, Duffy et al. (1998) reported that the percentage of 

completely monoclonal egg chambers and ovarioles increased as the females aged (Duffy 

et al., 1998). At 6 days post-eclosion, the percentage of monoclonal egg chambers was 

28%, and the percentage of completely clonal ovarioles was 18%, respectively. 

Therefore, I chose 6 days after eclosion as the time point to examine follicle cell clones. 

Out of 612 stage 10 egg chambers examined, 464 had identifiable follicle cell clones 

lacking hGFP (around 76%). 151 of the egg chambers were completely clonal with all 

follicle cells lacking hGFP (25%). 

     I then generated clones in females carrying both hsFLP and e22c-Gal4, UAS-FLP 

to determine whether it is possible to identify egg chambers in which both the germline 

and a population of follicle cells lack hGFP. I found that I was able to detect egg 

chambers of this type (Figure 2-6 E, F). These data demonstrated the feasibility of 

detecting mutant follicle cell clones in the background of a mutant germline. 

To examine the role of PAPS in DV patterning, I generated flies carrying follicle 

cell clones mutant for papss in a papss mutant germline clone background (Figure 2-7). 

Germline clones mutant for papss were identified by the absence of GFP in the nurse cell 

nuclei (Figure 2-7D, F). Follicle cell clones mutant for papss could be identified in some 



of the egg chambers with a mutant germline (Figure 2-7F). In those follicle cell clones, 

PAPS cannot be supplied from germline cells to the follicle cells via gap junctions, since 

the germline cells are homozygous for the papss mutation. This observation allowed me 

to ask whether papss mutant follicle cell clones lead to embryo dorsalization if the 

germline is also mutant for papss.  

 

 

 
 

FIGURE 2-7. FOLLICLE CELL AND GERMLINE CLONES MUTANT FOR PAPSS. Nuclei are 

shown stained with DAPI (left). Mutant follicle cells or germline cells do not stain with 

GFP (right). The maternal genotypes are as follows: (A, B) e22c-Gal4, UAS-FLP; hGFP-

FRT79D/papss2-FRT79D; (C, D) hs-FLP; hGFP-FRT79D/papss2-FRT79D; (E, F) hs-

FLP; e22c-Gal4, UAS-FLP; hGFP-FRT79D/papss2-FRT79D. Mutant germlines are 

marked by the absence of GFP in the nurse cell nuclei (D, F). papss mutant follicle cells 

can be generated in egg chambers with a mutant germline (F). 
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FIGURE 2-8. FOLLICLE CELL AND GERMLINE CLONES MUTANT FOR SGL. Nuclei are 

shown stained with DAPI (left). Mutant follicle cells or germline cells do not stain with 

GFP (right). The maternal genotypes are as follows: (A, B) e22c-Gal4, UAS-FLP; hGFP-

FRT79D/sgl08310-FRT79D; (C, D) hs-FLP; hGFP-FRT79D/sgl08310-FRT79D; (E, F) hs-

FLP; e22c-Gal4, UAS-FLP; hGFP-FRT79D/sgl08310-FRT79D. Mutant germlines are 

marked by the absence of GFP in the nurse cell nuclei (D, F). sgl mutant follicle cells can 

be generated in egg chambers with a mutant germline (F). 

 61



 
 

FIGURE 2-9. FOLLICLE CELL AND GERMLINE CLONES MUTANT FOR SFL. Nuclei are 

shown stained with DAPI (left). Mutant follicle cells or germline cells do not stain with 

GFP (right). The maternal genotypes are as follows: (A, B) e22c-Gal4, UAS-FLP; hGFP-

FRT79D/sfl03844-FRT79D; (C, D) hs-FLP; hGFP-FRT79D/sfl03844-FRT79D; (E, F) hs-

FLP; e22c-Gal4, UAS-FLP; hGFP-FRT79D/sfl03844-FRT79D. Mutant germlines are 

marked by the absence of GFP in the nurse cell nuclei (D, F). sfl mutant follicle cells can 

be generated in egg chambers with a mutant germline (F).  

 

As noted above, the failure of sgl follicle cell clones to cause embryonic 

dorsalization could also be explained by a situation in which UDP-glucuronic acid is 

required in follicle cells, but can be transported from the germline to follicle cells via gap 

junctions to rescue mutant follicle cells. For this reason, I also tested whether it is 

possible to generate sgl mutant follicle cells in a sgl mutant germline clone background. 

As a control, I also examined combined follicle cell/germline clones mutant for sfl, a 
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protein whose enzymatic product cannot move from germline to follicle cells. In both 

cases, I could identify egg chambers with both germline and follicle cell mutant clones 

(Figure 2-8E, F; Figure 2-9E, F). 

PAPS is required for embryonic DV polarity formation and can be 

supplied by either the follicle cells or the germline cells 

     A small proportion of the progeny embryos from females carrying papss mutant 

follicle cell clones in a papss mutant germline clone background were dorsalized (Figure 

2-10). Embryonic phenotypes ranged from weak (Figure 2-10A) to strong dorsalization 

(Figure 2-10B). This observation demonstrates that PAPS is required for embryonic DV 

patterning but that it can be supplied by either the somatic follicle cells or the germline 

cells. This result is consistent with the role of sll in DV polarity formation (Lüders et al., 

2003) and our notion that Pipe acts as a sulfotransferase in DV patterning. 

 

 

 

 

 

 
 

FIGURE 2-10. DORSALIZED EMBRYOS FROM FEMALES IN WHICH PAPSS MUTANT 

FOLICLE CELLS AND GERMLINE ARE SIMULTANEOUSLY GENERATED. The maternal 

genotype is: hs-FLP; e22c-Gal4, UAS-FLP; hGFP-FRT79D/papss2-FRT79D. Anterior is 

to the left and posterior to the right. 
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Consistent with our data indicating that HS GAGs are not required for DV 

patterning, progeny embryos from females in which follicle cells and germline clones 

mutant for sgl or sfl were simultaneously generated did not exhibit any defects in DV 

polarity (Data not shown). I did not observe any dorsalized embryo from females in 

which follicle cell and germline clones mutant for sfl or sgl were simultaneously 

generated, suggesting that sfl and sgl are required for DV patterning. One problem in 

making this conclusion is that the frequency of generating germline clones is very low (1-

2%). One way to overcome this problem would be to use e22c-Gal4, UAS-FLP to 

generate mutant follicle cells in a background in which ovoD was simultaneously being 

used to select for germline clones. This approach would increase the number of egg 

chambers with both follicle cell and germline mutant clones, and make it simpler to 

identify progeny embryos with patterning defects if any were produced.  

Using this method, I simultaneously generated follicle cell clones mutant for papss, 

sgl and sfl in an ovoD-selected germline clone background and examined the phenotypes 

of the progeny embryos. Females carrying follicle cells/germline clones mutant for papss 

produced dorsalized embryos (Figure 2-11H), as confirmed by disruption of the 

expression of the mesodermal marker Twist in those embryos (Figure 2-11G). Females 

carrying follicle cell clones mutant for sll gave rise to similar dorsalized embryos (Figure 

2-11C, D). In contrast, female flies only carrying germline clone mutant for papss 

produced progeny embryos with no apparent DV defects (Figure 2-11, E, F). These 

results demonstrated that PAPS is required for DV patterning and can be supplied by 

either the follicle cells or the germline.  

I did not observed dorsalized progeny embryos from females in which follicle cells 

and germline clones mutant for sfl or sgl were simultaneously generated (Figure 2-12 A-

D). Since sgl is required for biosynthesis of both HS and CD/DS GAGs, this observation 

suggests that neither HS nor CD/DS is required in the follicle cell layer for embryonic 

DV patterning. 



 
FIGURE 2-11. DORSALIZED EMBRYOS FROM FEMALES IN WHICH PAPSS MUTANT 

FOLLICLE CELLS AND GERMLINE ARE SIMULTANEOUSLY GENERATED. Cellular 

blastoderm embryos stained with an antibody against the ventral-specific marker Twist 

(A, C, E, G) and cuticle preps (B, D, F, H) are shown. (A, B): Embryos from wildtype 

females. (C, D): Dorsalized embryos from females carrying follicle cell clones mutant for 

sll; the maternal genotype: e22c-Gal4, UAS-FLP; FRT82B-hGFP/FRT82B-sll7E. (E, F): 

Normal embryos from females carrying germline clone mutant for paps mated to 

wildtype males. The maternal genotype is hs-FLP; ovoD-FRT79D/papss2-FRT79D. (G, 

H): Dorsalized embryos from females in which follicle cells and germline clones mutant 

for papss were simultaneously generated. The maternal genotype is hs-FLP; e22c-Gal4, 

UAS-FLP; ovoD-FRT79D/papss2-FRT79D. Anterior is to the left and posterior to the 

right.  
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FIGURE 2-12. SGL ACTIVITY IS NOT REQUIRED FOR EMBRYONIC DV PATTERNING. 

Cellular blastoderm embryos stained with an antibody against the ventral-specific marker 

Twist (A, C) and cuticle preps (B, D) are shown. (A, B), Embryos from females in which 

follicle cells and germline clones mutant for sfl were simultaneously generated; the 

females were mated to wildtype males. The maternal genotype was hs-FLP; e22c-Gal4, 

UAS-FLP; ovoD-FRT79D/sfl03844-FRT79D. No defects in DV patterning were observed. 

(C, D), Embryos from females in which follicle cells and germline clones mutant for sgl 

were simultaneously generated. The maternal genotype was hs-FLP; e22c-Gal4, UAS-

FLP; ovoD-FRT79D/sgl08310-FRT79D. Anterior is to the left and posterior to the right. 

 

Alcian Blue-staining material in embryonic salivary glands is dependent 

on the activities of Pipe and Windbeutel  

As noted above, we observed that in addition to the follicle cell layer, pipe is 

expressed in the embryonic salivary gland. This led us to ask whether sulfated molecules 

are present in the embryo of the salivary gland and if so, whether they are dependent on 

the activity of Pipe. I carried out a histochemical analysis of embryos at various stages of 

development using Alcian Blue, a cationic histochemical stain that has been used  
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FIGURE 2-13. PIPE AND WIND ARE REQUIRED FOR ALCIAN BLUE STAINING OF 

EMBRYONIC SALIVARY GLANDS. (A) A stage 16 wildtype embryo stained with Alcian 

Blue. (B) The same embryo at higher magnification. Staging is according to Campos-

Ortega and Hartenstein (1985). Embryos heterozygous (C) and homozygous (D) for 

pipeC14 were stained with Alcian Blue, as were embryos heterozygous (E) and 

homozygous (F) for pipe3. Embryos homozygous for the RNA null allele pipeC14 or for 

the protein null allele pipe3 failed to stain with Alcian Blue. In contrast, embryos 

homozygous for pipe2, which affects only the Pipe-ST2 isoform, stain with Alcian Blue 

(G). Embryos homozygous for windT6 (H), windM88 (I) or windRP (J) do not produce 

Alcian Blue-staining material in their salivary glands.   
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extensively for the in situ detection of sulfated molecules (Schumacher and Adam, 1994; 

Goso and Hotta, 1994).  

I stained formaldehyde-fixed Drosophila embryos with Alcian Blue overnight in 

0.3M MgCl2, a concentration that is commonly used for staining of HS (Schumacher and 

Adam, 1994). Following this treatment, intense staining of salivary glands was observed 

beginning at stage 13 and continuing until the end of embryogenesis (Figure 2-13A, B). 

The Alcian Blue-staining product was associated with the lumen of the developing 

salivary glands (Figure 2-13B), indicating that it is likely to represent a secreted or 

membrane-bound sulfated molecule. The presence of this material is developmentally 

regulated, as the dissected salivary glands of third instar larvae did not stain with Alcian 

Blue (data not shown).  

As shown above, the pipe locus encodes at least ten distinct protein isoforms. 

While only one of these isoforms, Pipe-ST2, has been shown to function in the follicle 

cell layer and to be required for embryonic DV patterning, multiple isoforms from the 

pipe locus are expressed in the salivary gland (Sergeev et al., 2001). The pipeC14 
and pipe3

 

mutations affect all of the Pipe isoforms, whereas the other 10 alleles examined, 

including the pipe2
 
allele, specifically affect the Pipe-ST2 isoform. I used a Kr-Gal4, 

UAS-GFP-carrying variant of the balancer TM3, Sb to identify pipeC14/pipeC14, 

pipe3/pipe3 
and pipe2/pipe2 

mutant embryos, and then examined these embryos for Alcian 

Blue staining in their salivary glands. No Alcian Blue staining was observed in the 

salivary glands of pipeC14/pipeC14 
or pipe3/pipe3 

embryos (Figure 2-13D, F). In contrast, 

the salivary glands of pipe2/pipe2 
mutant embryos did exhibit Alcian Blue staining 

(Figure 2-13G). These findings suggest that pipe activity is required for the production of 

a sulfated molecule in the embryonic salivary glands. Moreover, Pipe isoforms other than 

pipe-ST2 are capable of mediating the production of the Alcian Blue staining material in 

the salivary gland (Figure 2-13G). 
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PAPS synthetase is required for the production of the Alcian Blue 

staining material in the salivary gland 

To confirm that the Alcian Blue-stained material observed in the salivary gland 

represented a sulfated macromolecule, I investigated whether the presence of this 

material required the activity of PAPS synthetase, which is responsible for the synthesis 

of 3’-phosphate 5’ phosphosulfate (PAPS). The gene encoding Drosophila PAPS 

synthetase (papss) was previously cloned and mapped to polytene chromosomal interval 

76C (Julien et al., 1997). We obtained from Dr. James Kennison mutant alleles 

representing 15 zygotically-lethal complementation groups that mapped to the polytene 

interval 76B-D. As described earlier, PAPS synthetase activity is inhibited by sodium 

chlorate. We reasoned that flies heterozygous for mutations in the gene encoding PAPS 

synthetase would be sensitive to the lethal effects of sodium chlorate at lower 

concentrations than flies carrying two functional copies of the gene. We tested flies 

heterozygous for mutant alleles of each of the 15 complementation groups that had been 

identified within the 76B-D polytene chromosomal interval for their ability to produce 

progeny on food containing various concentrations (0-100mM) of sodium chlorate. In 

comparison to wildtype flies and to flies heterozygous for mutations in other genes in the 

interval, flies heterozygous for mutations in l(3)76BDn exhibited increased sensitivity to 

sodium chlorate present in food at concentrations ranging from 25 to 50 mM. At 25mM 

sodium chlorate, relatively few l(3)76BDn/TM3 larvae progressed to pupation (Figure 2-

14A). This observation provided the first indication that the l(3)76BDn mutations 

represent alleles of papss. To confirm that the l(3)76BDn locus corresponds to the papss 

gene, flies were transformed with a P-element vector carrying the papss cDNA (phs-

CaSPeR-papss). This transgene rescued lethality associated with homozygosity or 

transheterozygosity for alleles of l(3L)76BDn, confirming that l(3)76BDn corresponds to 

the papss locus.  

In their analysis of the papss gene, Jullien et al. (1997) demonstrated abundant 

expression of the gene in the embryonic salivary gland, leading to the proposal that 

Drosophila melanogaster PAPS synthetase plays a key role in the generation of highly 



 
FIGURE 2-14.  ALCIAN BLUE-STAINING IN THE EMBRYONIC SALIVARY GLAND 

REQUIRES THE ACTIVITY OF GENES INVOLVED IN BIOLOGICAL SULFATION.  (A) 

Mutations affecting papss were identified by their increased sensitivity to the lethal 

effects of sodium chlorate. Concentrations of sodium chlorate are shown at top, as are the 

parental genotypes. At 25 mM and 30 mM sodium chlorate, few papss/+ pupae are 

present on the sides of the vials. (B, C, D) Embryos stained with Alcian Blue. Although 

papss2/+ embryos stain with Alcian Blue (B), embryos homozygous for papss2 lack 

Alcian Blue salivary gland staining (C), as do embryos homozygous for sll7E18 (D). (E, F, 

G) Staining of embryonic salivary glands with an antibody against Windbeutel. The 

salivary glands of an embryo heterozygous for papss2 stain for Windbeutel (E), as do the 

salivary glands of papss2 (F) and sll7E18 (G) mutant embryos.  
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sulfated macromolecules in that tissue. When we carried out Alcian Blue staining of 

embryos homozygous for mutations in papss, we failed to detect staining (Figure 2-14C). 

In addition, we examined the salivary glands of embryos mutant for sll and demonstrated 

that they also lack Alcian Blue-stained material (Figure 2-14D). Taken together, these 

results support the idea that the stained material is sulfated, that it is generated in the 

Golgi, and that it is likely to correspond to a cell surface or secreted molecule. To ensure 

that our inability to detect Alcian Blue staining in these embryos resulted specifically 

from a failure to produce the material, and not from a lack of salivary glands altogether in 

the mutant backgrounds, I confirmed that the salivary glands of homozygous papss/papss 

and sll/sll embryos could be visualized by immunostaining for Windbeutel, which is 

expressed strongly in embryonic salivary glands (Figure 2-14F, G). 

The dorsal group signal transduction pathway is not required for the 

production of Alcian Blue-staining material  

wind encodes a homologue of the vertebrate endoplasmic reticulum protein Erp29 

(Konsolaki and Schüpbach, 1998), and we have previously shown that Wind protein is 

required for the correct subcellular localization of the Pipe protein to the Golgi apparatus 

(Sen et al., 2000). As described above, we used a Kr-Gal4, UAS-GFP-carrying variant of 

the balancer CyO to identify embryos homozygous for several mutant alleles of wind. As 

observed for the pipeC14/pipeC14 
and pipe3/pipe3 

mutant embryos, embryos homozygous 

for all three of the wind alleles tested lacked Alcian Blue staining (Figure 2-13F, G, H).  

The most straightforward interpretation of these results is that the Pipe isoforms 

expressed in the salivary gland function as sulfotransferases that are directly involved in 

the formation of the Alcian Blue-staining material. Windbeutel protein is thought to be 

required for the Golgi localization of, and therefore the function of all Pipe isoforms. In 

the salivary gland of wind mutant embryos, none of the Pipe isoforms are functional and 

thus the Alcian Blue-staining material is not generated.  

Pipe and Wind are positioned at the top of the dorsal group signal transduction 

pathway (Morisato and Anderson, 1995). The requirement for pipe and wind activity in 

the embryonic salivary gland raised the possibility that other dorsal group genes might be 



functioning there and that the production of the Alcian Blue-staining material might be a 

consequence of dorsal group signaling. To examine this possibility, I used Alcian Blue to 

stain embryos homozygous for mutations in nüdel, gastrulation defective, snake, easter 

and spätzle. Embryos mutant for each of these genes exhibited normal Alcian Blue 

staining (Figure 2-15A-E), demonstrating that dorsal group genes other than Pipe and 

Windbeutel are not required for the production of this material. These results indicated 

that the Alcian Blue-staining material does not require dorsal group signaling for its 

production and are consistent with the notion that the staining material is a direct product 

of the catalytic activity of one or more of the Pipe isoforms.  

 

 

 

 

 
 

FIGURE 2-15.  THE DORSAL GROUP SIGNALING PATHWAY IS NOT REQUIRED FOR 

THE GENERATION OF ALCIAN BLUE-STAINING MATERIAL. Embryos homozygous for 

mutant alleles of ndl (A), gd (B), snk (C), ea (D) and spz (E) were sorted and stained with 

Alcian Blue. None of these mutations led to a loss of salivary gland staining. The 

particular alleles used are indicated at top right of each panel.   
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Mutations in genes encoding GAG synthesis proteins do not affect 

Alcian Blue staining 

Our studies of Pipe function in the follicle cell layer indicated that HS GAGS do 

not participate in embryonic DV patterning and are therefore unlikely to represent the 

substrate of Pipe. However, our earlier results indicated that Pipe-ST2 was unique among 

the Pipe isoforms in being required for DV patterning in the egg chamber, suggesting the 

possibility that other isoforms expressed by the locus act in other processes. As such, 

those isoforms might have distinct enzymatic specificities, leaving open the possibility 

that some of them might act upon HS, CS or DS GAGs. Based on those results, I was 

also interested in testing whether the Alcian Blue-staining material present in the salivary 

gland might represent a conventional GAG. If this were the case, we would expect that 

mutations in genes previously shown to be involved in the synthesis or modification of 

HS would also affect Alcian Blue staining in the embryonic salivary glands. To examine 

this question, we assayed for the presence of Alcian Blue-staining material in the salivary 

glands of embryos homozygous for mutations in sgl, sfl and frc. In contrast to embryos 

mutant for papss, Alcian Blue staining was clearly evident in embryos homozygous for 

mutations in sgl, sfl, and frc (Figure 2-16A-C), suggesting that this stained substance does 

not represent a conventional HS GAG. It is important to note, however, that the segment 

polarity phenotypes that allowed the initial identification of mutations in these genes are 

only observed in zygotically mutant embryos derived from mutant germline clones 

(Perrimon et al., 1994). This raised the possibility that maternal loading of transcripts 

might provide sufficient levels of protein expression to enable homozygous mutant 

embryos to produce the Alcian Blue-staining material. To address this issue, I used 

FLP/FRT-mediated site-specific recombination (Golic and Lindquist, 1989), coupled 

with the DFS technique (Chou and Perrimon, 1996), to generate embryos that lack both 

maternal and zygotic expression of sgl, sfl, and frc. Although cuticles of these embryos 

exhibited a typical segment polarity phenotype (Figure 2-17F, I, L), embryos lacking both 

maternal and zygotic function of these three genes did exhibit Alcian Blue staining in 

structures that appeared to be salivary glands (Figure 2-17D, G, and J). Staining with an 



antibody against Windbeutel confirmed that the Alcian Blue-stained structures indeed 

corresponded to salivary glands (Figure 2-17E, H, K). In contrast to sgl, sfl and frc, as 

expected, the salivary glands of embryos lacking both maternal and zygotic expression of 

papss failed to stain with Alcian Blue (Figure 2-17A), even though Windbeutel staining 

demonstrated the presence of the salivary glands (Figure 2-17B). Based on its central role 

in sulfation reactions, embryos derived from germline clones mutant for papss would also 

be expected to exhibit a segment polarity phenotype due to the loss of HS. This was, in 

fact, observed (Figure 2-17C). Taken together, the observations described above indicate 

that the production of the Pipe-dependent Alcian Blue-staining material in the embryonic 

salivary glands does not require the function of genes known to be involved in HS GAG 

synthesis. These data indicate that the Pipe protein isoforms do not exert their effects 

through modification of HS or CS/DS GAGs. Moreover, as the pipe-ST2 isoform is 

expressed in the salivary gland as well as the follicle cell layer, these data also confirm 

the conclusion, derived from studies of the ovary, that the pipe-ST2 isoform in particular 

does not act on HS or CS/DS GAGs. 

 

 

 

 

 

 

 

 

FIGURE 2-16. THE ALCIAN BLUE STAINING MATERIAL IN THE EMBRYONIC 

SALIVARY GLANDS IS PRESENT IN EMBRYOS HOMOZYGOUS MUTANT FOR GAG–

RELATED GENES. Embryos homozygous for mutant alleles of sgl (A), sfl (B), frc (C) 

were sorted and stained with Alcian Blue. None of these mutations led to a loss of 

salivary gland staining. The particular alleles used are indicated at top right of each panel. 
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FIGURE 2-17. THE ALCIAN BLUE STAINING MATERIAL IN THE EMBRYONIC 

SALIVARY GLANDS REQUIRES PAPSS BUT NOT THE EXPRESSION OF GAG-RELATED 

GENES.  FLP-FRT mediated recombination and the dominant female-sterile technique 

were used to generate adult females with germline clones homozygous for papss (A, B, 

C), sgl (D, E, F), sfl (G, H, I), and frc, (J, K, L). For each of the four genes, embryos 

lacking both maternal and zygotic expression exhibited a typical segment polarity 

phenotype (C, F, I, L). Staining with an antibody directed against Windbeutel 

demonstrated that these embryos nevertheless developed salivary gland tissue 

(arrowheads in panels B, E, H, K). The salivary glands of embryos lacking both maternal 

and zygotic expression of papss failed to stain with Alcian Blue (A), but the salivary 

glands of embryos lacking maternal and zygotic expression of sgl (D), sfl (G) and frc (J) 

did stain.   
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A salivary gland-specific antigen depends on the activities of Pipe and 

Wind 

In the course of our studies of the function of Pipe in the salivary gland, we 

identified an antiserum that appears to detect a product of Pipe enzymatic activity in that 

tissue. Myat and Andrew (2002) had previously reported strong staining in the lumen of 

the embryonic salivary gland using a polyclonal antibody directed against the Engrailed 

protein, which was generated in the laboratory of Dr. Patrick O’Farrell. In order to test 

whether the salivary gland epitope detected by this antibody showed a relationship with 

Pipe function we obtained some antisera from Dr. O’Farrell and proceeded to 

characterize it further. 

In addition to the conventional segmental staining pattern exhibited by Engrailed 

protein (Figure 2-18A), I detected intense staining of salivary glands of stage 12-16 

embryos using this antibody (Figure 2-18B). This staining pattern closely paralleled that 

detected with Alcian Blue.  As reported by Myat and Andrew (2002), and as we had  

 

 
 

FIGURE 2-18. A POLYCLONAL ANTIBODY AGAINST ENGRAILED STAINS EMBRYONIC 

SALIVARY GLANDS. Both polyclonal Engrailed antibody and 4D9 exhibit a segmental 

staining pattern in early stage embryos and stain the nervous system in late stage embryos. 

Polyclonal Engrailed antibody detects intense staining in the embryonic salivary gland 

(C). This molecule does not represent Engrailed as it is not detected by the 4D9 antibody 

(D).   
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observed with Alcian Blue, staining material was associated with the lumen of the 

developing salivary glands (Figure 2-18B), indicating that it is likely to represent a 

secreted or membrane-bound molecule. Like Alcian Blue-staining material, the presence  

of this material is also developmentally regulated, as the dissected salivary glands of third 

instar larvae did not stain (data not shown). To ensure that this staining material did not 

correspond to Engrailed protein I stained embryos with an independently-generated 

antibody against Engrailed. Using a monoclonal anti-Engrailed antibody (4D9) (Patel et 

al., 1989), I was not able to detect any salivary gland staining (Figure 2-18C, D). Aside 

from the salivary gland staining detected by the polyclonal antibody, however, the 

staining patterns of the two antibodies were identical. Both antibodies detected the 

segmental staining pattern associated with the segment polarity function of Engrailed 

(Figure 2-18A, C). In later stage embryos, both antibodies also detected staining in the 

developing nervous system (Figure 2-18B, D). Taken together, these results indicate that 

the antigen detected by the polyclonal antibody in the embryonic salivary gland does not 

correspond to Engrailed, but rather to a distinct antigen that may share an epitope present 

in both antigens. For the sake of clarity, I will hereafter designate the salivary gland 

antigen as Engrailed Star (En*) to differentiate it from the Engrailed protein itself.  

As outlined previously, the Alcian Blue staining material present in the salivary 

gland behaves as if it is a direct product of Pipe enzymatic action in the embryonic 

salivary gland (Figure 2-13, 2-15). To investigate whether the En* antigen might 

similarly be a product of Pipe action, I again employed Kr-Gal4, UAS-GFP-carrying 

balancers to obtain homozygous pipeC14/pipeC14, pipe3/pipe3, pipeZH1/pipeZH1 and 

pipe2/pipe2 
mutant embryos, and then examined these embryos for En* staining in their 

salivary glands. I detected no En* staining in the salivary glands of pipeC14/pipeC14 
and 

pipe3/pipe3 
embryos (Figure 2-19B, D), which indicated that the production of this 

epitope is dependent on the function of the pipe gene. The salivary glands of 

pipeZH1/pipeZH1 and pipe2/pipe2 
mutant embryos did exhibit En* staining (Figure 2-19F, 

H). Recall that the pipeZH1 allele eliminates pipe-ST2 as well as pipe-ST1 while the pipe2 

allele only affects pipe-ST2. Although these data do not eliminate the possibility that the 

Pipe-ST2 isoform contributes to the formation of En*, they demonstrate that other  



 
 
FIGURE 2-19. PIPE AND WIND ARE REQUIRED FOR EN* STAINING OF EMBRYONIC 

SALIVARY GLANDS.  Embryos heterozygous (A) and homozygous (B) for pipeC14 were 

stained with En*, as were embryos heterozygous (C) and homozygous (D) for pipe3.  

Embryos homozygous for the RNA null allele pipeC14 or for the protein null allele pipe3 

failed to stain with En* in the salivary gland, while their heterozygous siblings did. Note 

the staining in the nervous system. In contrast, embryos homozygous for pipe ZH1, which 

contains a deletion that remove the DNA coding sequences corresponding to pipe-ST2 

and pipe-ST1, and pipe2, which affects only the Pipe-ST2 isoform, do stain with En* 

antibody (F, H). Embryos homozygous for windM88 (J) do not contain En*-staining 

material in their salivary glands.   
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isoforms encoded by the pipe locus are capable of producing this epitope in the absence 

of Pipe-ST2. Taken together, these observations suggest that the En* epitope may 

represent a molecule whose antigenicity depends upon sulfation carried out by one or 

more of the protein isoforms encoded by the pipe locus.  

 

PAPS synthetase and Slalom are required for the production of the 

En*-staining material in the salivary gland 

     To obtain evidence that the En* epitope represents a sulfated macromolecule, I 

examined whether the presence of this material required the activity of genes involved in 

biological sulfation, including papss and sll. Embryos homozygous for mutations in 

papss and sll did not exhibit En* staining in the salivary glands (Figure 2-20 B, D). These 

 

 
 

FIGURE 2-20.  EN* STAINING IN THE EMBRYONIC SALIVARY GLAND REQUIRES THE 

ACTIVITY OF GENES INVOLVED IN BIOLOGICAL SULFATION. (A, B, C, D) Embryos 

stained with En*. Although papss2/+ embryos stain with En* (A), embryos homozygous 

for papss2 lack En* salivary gland staining (B), as do embryos homozygous for sll7E18 

(D).  
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results supported the idea that the stained material is sulfated and likely to correspond to a 

cell surface or secreted molecule. As shown previously using an antibody against 

Windbeutel, the salivary glands of homozygous papss/papss and sll/sll embryos were 

present (Figure 2-14E-G), which indicated that the absence of this material does not 

result from the lack of salivary glands altogether. 

Proteins involved in GAG synthesis are not required for the production 

of En*  

     As shown previously, the Alcian Blue-staining material does not represent a HS, 

CS or DS GAG. The parallels between the Alcian Blue-staining material and En* epitope 

led me to investigate whether En* could provide additional evidence eliminating HS, CS 

and DS as potential targets of Pipe. To address this question, I generated embryos lacking 

both maternal and zygotic expression of genes involved in GAG synthesis, including sgl, 

sfl and frc to examine the En* staining in these embryos. Embryos lacking both maternal 

and zygotic functions of these three genes retained En* staining in the salivary glands 

(Figure 2-21 C, D, E). In contrast to sgl, sfl and frc, embryos lacking both maternal and  

zygotic expression of papss and sll did not exhibit En* staining in the salivary glands 

(Figure 2.19A, B). This was expected in view of the fact that embryos lacking only 

zygotic expression of papss or sll lacked En* (Figure 2.18B, D). Taken together, these 

observations indicate that the production of the Pipe-dependent En*-staining material in 

the salivary glands does not require the function of genes known to be involved in HS, 

CS or DS GAG synthesis and like the Alcian Blue-staining material does not represent a 

HS, or CS/DS GAG. 

An evolutionary view of Pipe function in the embryonic salivary gland 

     My studies indicate that pipe is involved in the production of a highly sulfated 

molecule that can be recognized by either Alcian Blue or the En* antibody in the 

embryonic salivary gland. Although the pipe-ST2 isoform is clearly required for the 

maternal function of pipe, isoforms other than pipe-ST2 are sufficient for the production 

of these materials in the salivary gland.  



 
FIGURE 2-21. THE PRESENCE OF EN* IN THE EMBRYONIC SALIVARY GLANDS 

REQUIRES PAPSS AND SLL BUT NOT THE EXPRESSION OF GAG-RELATED GENES.  

FLP-FRT mediated recombination and the dominant female-sterile technique were used 

to generate adult females with germ-line clones homozygous for papss (A), sll (B), sgl 

(C), sfl (D), and frc, (E). Germline clone-containing females were fertilized by males 

heterozygous for the same mutation and embryos lacking both maternal and zygotic 

expression of the gene were identified. The salivary glands of embryos lacking both 

maternal and zygotic expression of papss and sll failed to stain with anti-En* antibody 

(A, B), but the salivary glands of embryos lacking maternal and zygotic expression of sgl 

(C), sfl (D) and frc (E) did stain.   

 

 

The existence of multiple Pipe isoform is an interesting feature of the pipe locus in 

Drosophila melanogaster. Using the Drosophila melanogaster pipe-ST2 sequence as a 

query, blast analysis of the sequenced genomes of other Drosophila species indicates the 

presence of multiple Pipe isoforms in those species as well (Figure 2-22). In contrast, 

only a single Pipe isoform is encoded by the genomes of the mosquito, honey bee, 

silkworm and flour beetle. The pipe homologues in each of these insect species all share 
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the highest similarity to the pipe-ST2 isoform in Drosophila melanogaster (Table 2-2). 

This suggests that the pipe isoforms identified through blast analysis in the other four 

insect species are the ortholog of pipe-ST2 in each respective species. The multiple pipe 

isoforms were prosumably generated via genomic duplications during the evolution of the 

Cyclorrhapha (true flies) and perhaps specifically in the evolution of the Drosophilids. It 

is natural to assume that the generation of the multiple Pipe isoforms in the Drosophila 

lineage is associated with specific features of the development and function of the 

salivary gland in those species. An unresolved issue is whether the distinct Pipe isoforms 

in the Drosophila species represent sulfotransferases with distinct enzymatic specificities, 

or whether multiple Pipe isoforms exist as a means of increasing the overall levels of a 

common enzymatic activity.  

 

Table 2-2.  Sequence similarity of different Drosophila melanogaster Pipe isoforms 
to the putative Pipe orthologs in mosquito, silk worm, honey bee and 
red flour beetle. 

Drosophila melanogaster 
Pipe isoform 

Anopheles 
gambiae 

Bombyx 
mori 

Apis  
mellifera 

Tribolium 
castaneum 

PA 70/83 (319) 66/77 (290) 64/71 (349) 55/66 (322) 
PD 48/68 (320) 47/62 (288) 41/56 (352) 39/58 (284) 
PL 49/68 (319) 44/60(288) 39/55 (345) 42/62 (266) 
PE 47/64 (319) 44/60 (279) 38/54 (339) 42/62 (260) 
PG 47/64 (319) 42/54 (291) 38/54 (353) 39/56 (288) 
PK 46/64 (319) 43/58 (290) 40/55 (352) 43/61 (254) 
PH 46/63 (319) 41/55 (288) 38/50 (352) 40/55 (281) 
PC 46/61 (319) 41/56 (288) 39/54 (353) 39/56 (285) 
PJ 42/59 (320) 35/52 (292) 32/47 (349) 31/50 (281) 
PI 44/63 (265) 42/59 (235) 34/51 (295) 38/56 (288) 
PF 39/59 (317) 35/54 (287) 34/49 (342) 33/50 (291) 

 

The similarity is compared by aligning two proteins using the blast tool from NCBI 

(Tatusova and Madden, 1999). Sequence similarity is shown as identity/similarity 

percentage over a certain length of the proteins. The numbers in brackets indicate the 

length of sequence aligned.  
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One piece of evidence that would support the notion that different Pipe isoforms 

have distinct specificities would be the demonstration of specific products of Pipe action 

that were present in some Drosophila species but were absent from others. To investigate 

this possibility, I obtained 9 different Drosophila species from the Stock Center in 

Tucson (Figure 2-22) and examined Alcian Blue and En* staining in the embryonic 

salivary gland of each of the species. Five species, including D. simulans, D. sechellia, D. 

yakuba, D. erecta, D. ananassae, belong to the melanogaster group, with D. sechellia 

and D. simulans being very closely related to D. melanogaster and D. yakuba, D. erecta 

and D. ananassae being successively more evolutionarily distant from D. melanogaster.  

D. pseudoobscura and D. willistoni represent two yet more distantly related members of 

the Sophophora while the distantly related D. virilis and D. immigrans are members of 

the Drosophila. 

Intense Alcian Blue staining, similar to that seen in wildtype Drosophila 

melanogaster (Figure 2-23A), was observed in the lumen of the salivary glands in all 9 

other Drosophila species tested (Figure 2-23B-J). The presence of Alcian Blue staining 

material in all of these Drosophila species indicates selection for the presence of these 

sulfated macromolecules over the course of the evolution of the genus Drosophila. The 

small size and slower growth of D. melanogaster pipe and wind mutants lacking Alcian 

Blue-staining material suggests a potential role for this material in the normal growth and 

development of the salivary gland (Figure 2-2J, K). The presence of multiple pipe 

isoforms in the other insect species examined suggests that the multiple isoforms in the 

Drosophila species play a conserved role in salivary gland development or function in 

that genus. The existence of a single isoform in all insect species that is highly similar to 

pipe-ST2 further suggests that the ancestral role of the gene is to participate in embryonic 

DV patterning. That conclusion awaits the demonstration that the pipe homologue present 

in those genera is expressed in restricted follicle cell domains in the ovaries of those 

insects. 

 

 



 
 

FIGURE 2-22. PHYLOGENETIC TREE OF DROSOPHILA SPECIES TESTED IN THIS 

STUDY. The numbers in the bracket following each species name indicate the number of 

pipe isoforms in that species that are identified by Blast analysis using pipe-ST2 as a 

query sequence.  
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FIGURE 2-23. Conservation of Alcian Blue staining in the salivary glands of different 

Drosophila species. Alcian Blue staining was performed as described above. (A) A stage 

16 wildtype Drosophila melanogaster embryo stained with Alcian Blue. (B) A 

Drosophila simulans embryo stained with Alcian Blue. Similarly, Alcian Blue staining 

was evident in embryos of Drosophila sechellia (C), Drosophila yakuba (D), Drosophila 

erecta (E), Drosophila ananassae, Drosophila pseudoobscura (F), Drosophila willistoni 

(G), Drosophila virilis (I) and Drosophila immigrans (J).  
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I went on to examine En* staining in all 9 Drosophila species. Since embryos from 

different species might require different conditions for effective whole mount antibody 

staining, I first used the monoclonal antibody against Engrailed (4D9) to test staining 

conditions. 4D9 has been reported to detect En expression in a wide variety of animal 

species and was therefore expected to stain embryos from each of the Drosophilids tested 

(Patel et al., 1989; Fleig, 1990; Brown et al., 1994; Rogers and Kaufmen, 1996). It was 

unclear whether the polyclonal anti-Engrailed antiserum would exhibit a similarly wide 

range of specificity. With 4D9, I observed the typical 14 segmental stripes of En staining 

in all 9 Drosophila species (Figure 2-24B-J), similar to what I had seen earlier in 

Drosophila melanogaster (Figure 2-24A). Antibody 4D9 also stained neuronal tissue in 

all 9 Drosophila species (data not shown). Interestingly, the polyclonal anti-Engrailed 

antiserum was also able to detect the typical 14 stripes of En staining in all 9 Drosophila 

species (data not shown), demonstrating that whole mount immunohistochemical staining 

could be carried out in all species tested under the conditions used.  

As noted previously, in addition to segmental staining the polyclonal anti-

Engrailed antiserum detected the En* epitope in the salivary gland of D. melanogaster. In 

these investigations the presence of En* could only be detected in the embryonic salivary 

glands of those Drosophila species that belong to melanogaster group (Figure 2-25B-F): 

D. simulans, D. sechellia, D. yakuba, D. erecta and D. ananassae (Figure 2-22). The 

polyclonal antibody also stained in the nervous system (Figure 2-25A-F) of these species. 

For the other more distantly related Drosophila species, antigen detected by the 

polyclonal antiserum could be observed during early segmentation (data not shown) and 

later in the nervous system (Figure 2-25G-J), although this staining was weaker than that 

seen in the members of the melanogaster group. However, no staining could be detected 

in the embryonic salivary glands (Figure 2-25G-J). Thus, although multiple Pipe isoforms 

were expressed in all of the Drosophila species tested, differences between the products 

of Pipe action in the distinct species could be detected. There are several possibilities. In 

the first scenario, the precursor of the En* epitopes might be the same in the different  



 

FIGURE 2-24. ENGRAILED STAINING PATTERN OF MONOCLONAL 4D9 ANTIBODY IN 

DIFFERENT DROSOPHILA SPECIES. (A) A stage 16 wildtype Drosophila melanogaster 

embryo stained with 4D9. 14 stripes were observed in the embryo, which represents the 

typical En expression pattern. A similar En expression pattern was detected in other 

Drosophila species: Drosophila simulans (B); Drosophila sechellia (C), Drosophila 

yakuba (D), Drosophila erecta (E), Drosophila ananassae, Drosophila pseudoobscura 

(F), Drosophila willistoni (G), Drosophila virilis (I) and Drosophila immigrans (J).  
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FIGURE 2-25. EN* STAINING IN DIFFERENT DROSOPHILA SPECIES. (A) A stage 16 

wildtype Drosophila melanogaster embryo stained with En* antibody. Note the staining 

of the salivary gland and the nervous system. Similar En* salivary gland staining was 

detected in other Drosophila species: Drosophila simulans (B); Drosophila sechellia (C), 

Drosophila yakuba (D), Drosophila erecta (E), Drosophila ananassae. Although weak 

nervous system staining could be observed in Drosophila pseudoobscura (F), Drosophila 

willistoni (G), Drosophila virilis (I) and Drosophila immigrans (J), no salivary gland 

staining could be detected in these species.  
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Drosophila species. Different enzymatic activities associated with the Pipe isoforms in 

distinct species might cause the end product of Pipe-mediated modification to be different 

in the distinct species. In this way, the particular epitope detected by the En* antibody 

might be produced due to the presence of Pipe isoforms with particular specificity in 

some Drosophilids but not in others. Alternatively, the lack of En* in some Drosophila 

species could arise through the absence of particular substrate of Pipe-mediated sulfation 

in those species. A particular compelling scenario is one in which various Pipe isoforms 

act in a stepwise fashion to generate substrates for successive acting isoforms. If the En* 

epitope was a relatively late added modification, differences in Pipe isoform specificities 

in different species might lead to a situation in which the particular target needed for the 

formation of En* were not present in some species of Drosophila. Another possibility is 

that the difference in the presence/absence of the En* epitope might be due to the 

differences in the structure of a peptide carrier for a carbohydrate targeted by Pipe. In the 

melanogaster group, such a peptide might be present and glycosylated, thereby 

accumulate for sulfation to generate the En* epitope. In other species, that peptide might 

be absent, leading to the absence of the En* epitope.  

 

DISCUSSION  

Although the pipe locus encodes ten different protein isoforms, our analysis of 

pipe mutant alleles indicates that the Pipe-ST2 isoform is unique among the isoforms in 

being essential for embryonic DV patterning. All eleven EMS-generated alleles perturb 

the pipe-ST2 isoform with ten of them mapping to pipe-ST2-specific exons, thus 

affecting that isoform alone. Females homozygous for these mutations produce dorsalized 

embryos, implying that the function of pipe-ST2 in the follicle cells is essential for the 

establishment of the DV axis in the embryo. Sergeev et al. (2001) reported the expression 

of a second Pipe isoform (Box 7 according to their terminology) in ovarian follicle cells 

and proposed that several protein isoforms from the pipe locus contribute to DV 

patterning. Sergeev et al. (2001) also carried out a nucleotide sequence analysis of 

genomic DNA isolated from flies carrying the pipe mutant alleles: pipe1, pipe2, pipe3, 
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pipe4, pipe5, pipe6 
and pipe12. In contrast to our findings, their analysis failed to detect 

nucleotide sequence changes associated with pipe coding regions in any of the pipe 

mutant backgrounds. While we cannot explain the basis for this discrepancy, several 

observations suggest that we have indeed identified the nucleotide lesions responsible for 

the pipe mutant phenotypes. First, all of the identified mutations that affect only the Pipe-

ST2 isoform are viable in trans to a deficiency and mutant females produce dorsalized 

embryos. Second, the pipe3 
mutation, which is predicted to eliminate all Pipe isoforms 

according to our analysis, is semi-lethal, suggesting a requirement for other Pipe isoforms 

in some other process. As would be expected, rare surviving females carrying pipe3 
over a 

deficiency produce dorsalized embryos. Finally, the hypomorphic pipe7 
mutation is 

associated with the relatively conservative change of valine to isoleucine within a domain 

that is predicted to be the binding site for the 5' phosphosulfate of PAPS (Kakuta et al., 

1998). Treatment of pipe7/Df mutant females with sodium chlorate, which reduces PAPS 

availability, led to an increase in the severity of the dorsalized phenotype of the progeny 

of treated females. This result is consistent with the prediction that the pipe7 
mutation 

alters the affinity of the mutant Pipe protein for PAPS and that this isoform specifically is 

essential for embryonic DV polarity.  

We cannot absolutely rule out the possibility that other isoforms expressed from 

the pipe locus collaborate with Pipe-ST2 in establishing embryonic DV polarity. 

However, no alleles specifically affecting any of the other isoforms encoded by the pipe 

locus have been identified in genetic screens for dorsalizing mutations, suggesting that 

none of them are absolutely essential for DV patterning. However, a situation that could 

account for this observation is one in which Pipe isoforms, in addition to Pipe-ST2, act 

redundantly with one another in DV patterning. Although not definitive, the observation 

that several other insect species, including another dipteran, contain only a single, very 

strongly conserved homologue of pipe-ST2 is also consistent with the notion that pipe-

ST2 alone functions in DV patterning (Table 2-2). If the pipe-ST2 orthologue present in 

those other insect species also act in DV patterning, it is unclear why the Drosophilids 

alone would be different in requiring more than a single protein isoform to facilitate this 

process. It seems more likely that the duplicated isoforms encoded by the pipe locus have 
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been selectively conserved for their specific effects on salivary gland development or 

function, relating to some unique aspects of feeding behavior specific to Drosophila 

larvae. Lacking all pipe isoform products, pipe3 and pipeC14 alleles affect viability. 

Transheterozygous flies develop more slowly and are small, probably due to the lack of 

Pipe-dependent secreted sulfated molecules in the salivary gland. These sulfated 

materials might be essential for the proper development and function of the embryonic 

salivary gland. 

Although we have not directly demonstrated sulfotransferase activity of Pipe 

protein in vitro, our finding that the pipe7-associated embryonic phenotype is 

significantly enhanced by sodium chlorate treatment strongly supports the identification 

of Pipe as a sulfotransferase. This designation is further bolstered by our demonstration 

that the presence of the Pipe-dependent Alcian Blue-stained material in the embryonic 

salivary glands requires the function of two other genes essential for the sulfotransferase 

reaction: slalom, which encodes the Drosophila PAPS Golgi transporter, and papss, the 

PAPS synthetase gene. The finding that embryos mutant for pipe, slalom or papss all lack 

Alcian Blue staining in their salivary glands provides strong evidence that the stained 

material represents a sulfated macromolecule that requires Pipe activity for its synthesis. 

The observation that Alcian Blue staining is present in the salivary glands of embryos 

mutant for the dorsal group mutants ndl, gd, ea, snk and spz, which act together with pipe 

in the establishment of embryonic DV polarity, implies that the stained material is a 

direct target of Pipe-mediated sulfation rather than a downstream product of the dorsal 

group signaling pathway.  

The original molecular identification of Pipe as a putative sulfotransferase was 

made on the basis of its similarity to HS2ST. Consequently, it was assumed that HS was 

the likely substrate of Pipe activity. We reasoned that if Pipe acts as a HS 

sulfotransferase, genes encoding proteins involved in the sulfotransferase reaction or in 

the synthesis of GAGs would be required in the ventral follicle cells for the production of 

progeny embryo with correct DV polarity. Females carrying follicle cell clones mutant 

for pipe (Nilson and Schüpbach, 1998; this work) or sll (Lüders et al., 2003) produce 

embryos with a dorsalized phenotype. In contrast, embryos derived from females carrying 
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ventral clones of follicle cells mutant for sgl, sfl or frc exhibited normal DV polarity. This 

suggests that the target of Pipe function in the ovary does not correspond to HS or 

CD/DS.  

We were initially surprised to find that females carrying papss mutant follicle cell 

clones did not produce dorsalized embryos. Although this result could be interpreted as 

an argument against a requirement for sulfotransferase activity in the follicle cell layer for 

dorsal group signaling, the fact that sll expression in the follicle cell layer is required for 

progeny embryo DV polarity effectively counters this argument. Because PAPS, the 

product of PAPS synthetase activity, is a small molecule (507 Da), we hypothesized it 

may be able to pass through the gap junctions that exist between the oocyte and follicle 

cell layer (Giorgi and Postlethwait, 1985; Bohrmann and Haas-Assenbaum, 1993; Curtin 

et al., 1999; Waksmonski and Woodruff, 2002; Tazuke et al., 2002; Gilboa et al., 2003; 

Winmill and Hedrick, 2002). Gap junctions are known to allow passage of molecules of 

approximately 1 kDa in mass (Goldberg et al., 2004), which would permit PAPS to move 

from a wildtype oocyte into mutant follicle cells. Moreover, the fact that maternal/zygotic 

mutants for sll produce embryos with segment polarity defects indicates that PAPS is 

generated by the germline, supporting the possibility that PAPS could be transferred from 

the oocyte to the follicle cells (Lüders et al., 2003). Indeed, when we generated 

Drosophila females simultaneously carrying both germline and follicle cell clones mutant 

for papss, we observed the production of dorsalized embryos by those females. Since 

females carrying either papss mutant germline or follicle cells clones alone did not 

produce any dorsalized progeny, this observation indicates that papss gene function must 

be eliminated from both cell types in order to perturb sulfotransferase activity required 

for embryonic DV polarity. In other words, PAPS required for sulfotransferase activity in 

the follicle cell layer can be produced in either the follicle cells themselves or in the 

associated germline cells. Although we have not yet directly demonstrated a role for 

oocyte/follicle cell gap junctions in this process, it is reasonable to assume that those 

structures represent the conduit for movement of PAPS between the two cell types. As 

such, this represents a novel homeostatic mechanism for ensuring that cells participating 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Winmill+RE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Hedrick+MS%22%5BAuthor%5D
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in a developmental process contain sufficient quantities of a crucial small molecule for 

the process to take place. 

Another gene that might have been expected to behave nonautonomously for the 

same reason is sgl, which encodes UDP-glucose dehydrogenase. The product of 

Sugarless activity, UDP-glucuronic acid, is also a small molecule (577 Da) that may be 

capable of passing through gap junctions. Evidence for nonautonomous rescue of sgl 

mutant clones was reported by Strigini and Cohen (2000), who generated mutant clones 

in the wing that lacked sgl activity and found that the extracellular Wingless distribution, 

normally influenced by GAGs, was not affected in the clones. When we generated 

Drosophila females simultaneously carrying both germline and follicle cell clones mutant 

for sgl, no dorsalized embryos were produced by these females. In dissected ovaries, it 

was possible to identify egg chambers that had a mutant germline, as well as patches of 

mutant follicle cells. While we cannot absolutely rule out the possibility that sgl mutant 

follicle cells may obtain some UDP-Glucuronic acid from neighboring wildtype follicle 

cells present in the same egg chamber, the simplest explanation for these results is that 

UDP-glucuronic acid is not required in follicle cells, either for their viability or for the 

regulation of progeny embryo DV polarity. The lack of a requirement for UDP-

glucuronic acid in the follicle cells effectively rules out a requirement for modified HS, 

CS, or DS in DV patterning since each of these GAGs contain glucuronic acid residues 

and require the presence of UDP-glucuronic acid for their synthesis. The dispensible 

nature of HS is also supported by the observation that follicle cell clones mutant for sfl 

and frc do not lead to the formation of dorsalized embryos. Neither sfl nor frc would be 

expected to exhibit nonautonomous behavior. The Drosophila sfl gene encodes N-

deacetylase/N-sulfotransferase (Lin and Perrimon, 1999), a Golgi resident enzyme of 

Type II transmembrane topology like Pipe, and the product of its activity, sulfated HS, is 

too large to pass between cells through gap junctions. The gene product of frc is a 

transporter that mediates the uptake into the Golgi of nucleotide sugars required for HS 

synthesis and its effects on GAG synthesis should also be limited to the cells in which it 

is expressed. Thus, the finding that females carrying ventral follicle cell clones of sfl or 
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frc did not give rise to dorsalized embryos provides additional strong evidence that HS or 

CS/DS GAGs play no role in the function of Pipe in embryonic DV patterning.  

We used a similar strategy to investigate the possibility that HS is the target of Pipe 

activity in the embryonic salivary gland. If the product of Pipe action in the salivary 

gland were a glycosaminoglycan, then the presence of the Alcian Blue-stained material in 

the embryonic salivary glands would also be dependent upon the activity of genes whose 

products have been demonstrated to participate in GAG synthesis and modification in 

Drosophila. In contrast to this expectation, we found Alcian Blue staining to be present in 

the salivary glands of embryos mutant for sgl, sfl or frc. These results argue strongly 

against the possibility that HS, CS or DS GAGs correspond to the substrate of Pipe in the 

embryonic salivary glands. The lack of a requirement for sgl is particularly informative. 

Unlike the situation in the follicle cells, nonautonomous rescue of sgl function cannot be 

invoked to explain the lack of effect of sgl mutations on the Alcian Blue staining in the 

embryonic salivary glands. Because these embryos are both maternally and zygotically 

mutant for sgl, there are no wildtype cells present to supply UDP-glucuronic acid to the 

sgl mutant cells. The finding that these embryos developed a segment polarity phenotype 

provided the evidence that they were depleted of sgl activity. Again, it is important to 

note that the ability of the Alcian Blue-staining material to form in the absence of sgl 

activity also rules out the possibility that Pipe is involved in the sulfation of CS and DS, 

in addition to HS, because UDP-glucuronic acid, the product of Sugarless activity, is 

required for the synthesis of all three of these GAG chains. However, despite the fact that 

the Alcian Blue staining material is not a HS, CS or DS GAG, it is apparently sulfated 

since the sulfation-related genes papss and sll are required for its formation in the 

embryonic salivary glands.  

Two additional pieces of evidence exist that argue against a role for Pipe in the 

sulfation of HS, CS or DS GAGs. First, expression in the follicle cell layer of cDNAs 

corresponding to hamster HS2ST and the human dermatan/chondroitin sulfate 2-O-

sulfotransferase fail to rescue the dorsalized phenotypes of the progeny of pipe/pipe 

mutant females (Zhenyu Zhang and David Stein, unpublished). Second, we have not been 

able to detect heparan sulfate sulfotransferase or dermatan/chondroitin sulfate 
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sulfotransferase activity in vitro using Pipe-ST2 protein expressed in cell culture (Amiri 

and Stein, unpublished). Thus, taken together, our data argue against a role for Pipe in the 

sulfation of uronic acid residues. Nevertheless, the similarity of the Pipe isoforms to 

heparan sulfate 2-O sulfotransferase and dermatan/chondroitin sulfate 2-O-

sulfotransferase suggests that Pipe acts on the 2-O position of a monosaccharide 

component of an as yet unidentified glycoprotein or glycolipid. It should be noted that the 

Drosophila genome contains another gene, CG10234, which encodes a protein that is 

much more similar to vertebrate HS2ST than are the Pipe isoforms 

(http://flybase.bio.indiana.edu/). The product of this gene is likely to represent the bona 

fide Drosophila heparan sulfate 2-O sulfotransferase.  

The existence of multiple Pipe isoforms is an intriguing feature of the pipe gene in 

Drosophila melanogaster. In addition to Drosophila melanogaster, the genomes of 

eleven other Drosophila species have been fully sequenced and are available for BLAST 

analysis. BLAST analysis of the genomes of those eleven Drosophila species 

(http://flybase.net/blast/), using the Pipe-ST2 sequence as a query, indicates that multiple 

isoforms of Pipe exist in all eleven species (Data not shown). In contrast, only a single 

isoform orthologous to pipe is encoded in the genomes of the mosquito 

(http://www.anobase.org/cgi-bin/blast.pl) and the red flour beetle (Tribolium castaneum) 

(http:bioinformatices.ksu.edu/blast/blast.html). The genomes of the honey bee (Apis 

Mellifera) and silkworm (Bombyx mori) also contain only one orthologous pipe isoform 

(http://flybase.net/blast/). In each of these four organisms, the single pipe isoform 

exhibits strong sequence similarity to Drosophila melanogaster Pipe-ST2 (Table 2-2). It 

therefore appears likely that only the pipe-ST2 isoform was present in the common 

ancestor of true flies, mosquitoes, moths and beetles. This suggests that the original role 

of the pipe gene was to act during oogenesis to regulate embryonic DV patterning. In 

order to test this hypothesis, it is necessary to perform expression studies of the pipe 

orthologue in the ovary of each of these species using in situ RNA hybridization and 

functional analysis of the role of the pipe orthologue in DV patterning using RNAi in the 

ovarian follicle cell layer. Multiple Pipe isoforms were likely generated via genomic 

duplication in Drosophila, where they appear to be required for salivary gland 

http://flybase.bio.indiana.edu/
http://www.anobase.org/cgi-bin/blast.pl
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development and/or function. The generation and expression of multiple protein isoforms 

may simply be a mechanism to produce extremely high levels of Pipe protein, and each 

isoform may have a similar enzymatic specificity. Alternatively, however, each isoform 

may have a distinct substrate specificity that contributes uniquely to salivary gland 

development and/or function. Elucidating the functional relationship between Pipe-ST2 

and the other Pipe isoforms that are expressed only in the salivary gland will be an 

essential element of understanding Pipe’s function(s).  

The elucidation of Pipe-ST2 function is crucial for understanding the spatial 

regulation of the serine protease cascade whose ventrally-restricted activity defines 

embryonic DV polarity. The simplest model of Pipe action posits that Pipe-ST2 functions 

as a sulfotransferase, and that the target of Pipe must be sulfated in order to exert its 

effects on DV patterning. Although the Pipe target may be present throughout the follicle 

cell layer, it would be sulfated only in the ventral follicle cells and following its secretion 

it would be deposited into the ventral side of the egg. There it would assemble or activate 

the dorsal group serine protease cascade, leading to ventrally-restricted processing of the 

Spätzle ligand and activation of Toll. While the specific targets of Pipe action in the 

follicle cell layer and the salivary gland may not be the same molecule, the general class 

of glycan on which Pipe acts in the two tissues is likely to be related. Further work is 

needed in order to identify these molecules and define their roles in DV patterning and 

salivary gland function.  

Despite preditions, my research work has ruled out an involvement of HS, CS and 

DS GAGs in Pipe-mediated DV patterning. Further work is necessary for the 

identification of the glycan molecules that are involved in this process. The 

characterization of these molecules will provide unique insights into how specifically 

modified glycan molecules regulate protease activity. 
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MATERIALS AND METHODS 
 

Stocks 

All stocks were maintained and crosses carried out employing standard conditions 

and procedures. Larval cuticles were prepared according to Van der Meer (1977). The 

wildtype stock used was OregonR. Mutant alleles have been described as follows: pipe1 

and pipe2 (formerly pipe386 and pipe664) (Anderson et al., (1985A); pipe4 (Chasan et al., 

1992); pipeZH1 (Sergeev et al., 2001); Df(3L)pipeA13 (Sen et al., 1998); transgenic lines 

carrying the pUAST-pipe-ST2 insertion (Sen et al., 1998); Df(3L)kto2 (Kennison and 

Tamkun, (1988). windRP, windT6, windM88, ndl4, (formerly ndl133) gd7, ea1, snk2 (formerly 

snk229), spz4 (formerly spzrm7), sll7E18, sgl08310,  sfl03844,  frc00073 are described in Flybase 

(http://flybase.bio.indiana.edu/). pipe3, pipe5, pipe6, pipe7, pipe8, pipe9, pipe11 and pipe12 

were gifts of Dr. Kathryn Anderson. pipeC14 was identified in a P-element screen for new 

alleles of the locus (D.S., unpublished). The following mutations were obtained from Dr. 

Jim Kennison, who isolated them in a screen for lethal mutations that fail to complement 

the chromosomal deficiency Df(3L)kto2: l(3)76BDd4, l(3)76BDi2, l(3)76BDj1, 

l(3)76BDk1, l(3)76BDl5, l(3)76BDm6, l(3)76BDn1, l(3)76BDn2, l(3)76BDn3, l(3)76BDn4, 

l(3)76BDo1, {now named Su(z)123 (Birve et al., 2001)}, l(3)76BDq1, {now named 
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asf11(Moshkin et al., 2002)} l(3)76BDr1, l(3)76BDs1, {now named Su(Tpl)s1 (Eissenberg 

et al., 2002)} l(3)76BDt1, l(3)76BDu1, trc2, kto1 . The mutations l(3)76BDn1, l(3)76BDn2, 

l(3)76BDn3, and l(3)76BDn4 have been renamed papss1, papss2, papss3 and papss4, 

respectively. The stock which carries a third chromosome insertion of the D. 

melanogaster variant H2A.F/Z class histone fused to the green fluorescent protein (hGFP) 

(Clarkson and Saint, 1999) was used in the identification of germline and follicle cell 

mitotic clones. This stock was a gift of Dr. Joe Duffy, as was the e22c-Gal4, UAS-FLP 

stock. The stock which carries third chromosome insertions of P{w[+mC]=ovoD1-18}3L 

and P{w[+mW.hs]=FRT(w[hs])}2A was obtained from the Drosophila stock Center in 

Bloomington as were stocks carrying GFP-expressing balancer chromosomes. The stocks 

y w decVA28/FM7; p[dec+2L-21] p{FRT(w[hs])}2A and  

y w decVA28 P[hsFLP, ry+/FM6, ru Pr ca/TM3, Ser were a kind gift of Dr. Trudi 

Schüpbach. 

 

Staining of embryos with Alcian Blue 

 Stocks were constructed in which chromosomes with mutations of interest were 

carried in trans to balancers carrying insertions of Krüppel-Gal4 and UAS-GFP. 

Overnight collections of embryos were dechorionated in 50% bleach, then transferred to a 

glass plate and covered in hydrocarbon 27 oil (Sigma). Stage 12-16 embryos were 

collected and separated into groups containing fluorescent wildtype or non-fluorescent 

mutant embryos using a Leica MZFLIII dissecting microscope equipped for detection of 

GFP.  Sorted embryos were transferred to a solution of 4% formaldehyde in PEMS 

buffer (0.1M Pipes, 2 mM MgSO4, 1mM EGTA, pH 6.9): heptane (4.5 mls:5 ml) and 

fixed for 20 minutes with shaking.  Following fixation, the lower phase containing 

fixative was aspirated. 5 ml methanol were then added and the embryos shaken 

vigorously for 1 minute to devitellinize the embryos. The devitellinized embryos were 

then rinsed several times with methanol and stored in methanol at – 20o C. 

 For Alcian Blue staining, fixed embryos were incubated for 30 minutes each in 

70% methanol: 30% PBT (PBS containing 0.1% Tween-20), 50% methanol: 50% PBT, 
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30% methanol: 70% PBT, and finally PBT. The PBT was then aspirated and the embryos 

were resuspended in a solution of 0.00125% Alcian Blue-tetrakis (Methyl-Pyradinium) 

chloride in 0.3 MgCl2, 0.1 M sodium acetate (CH3COONa), pH 5.8. Following staining 

overnight, the staining solution was aspirated and embryos were destained for several 

hours in a solution of 0.7 M MgCl2, 0.1 M sodium acetate, pH 5.8.   

 

Generation of P-element transformants expressing PAPS synthetase  

 A plasmid carrying a full-length cDNA encoding Drosophila PAPS synthetase 

(Jullien et al. 1997) cloned in pBS (SK-) was obtained from Genome Systems Inc. (St. 

Louis Mo. 63134). The PAPS synthetase (papss) cDNA was excised and subcloned into 

phs-CaSPer (Bang and Posakony, 1992) at the unique XbaI site downstream of the hsp70 

promoter. Transgenic lines carrying phs-CaSPer-papss were generated by conventional 

microinjection (Rubin and Spradling, 1982) with a P-element transposase-expressing 

helper plasmid.   

 

Immunostaining and in situ hybridizations  

A peptide of the sequence AFKYRRIPYPKRSVE, corresponding to amino acid 

residues 9-23 which are common to all Pipe isoforms, was synthesized by SynPep 

Corporation and purified by HPLC. 5.0 mg of peptide were conjugated to Keyhole limpet 

hemocyanin using glutaraldehyde as a cross-linking reagent. Antibodies directed against 

the immunogen were generated in a rabbit at Covance Research Products, Inc. Staining of 

embryos was carried out according to Macdonald and Struhl (1986) using antibody 

preabsorbed against wildtype embryos at a dilution of 1:1000. The rabbit polyclonal 

antibody directed against the Windbeutel protein (Ma et al., 2003) was used at a dilution 

of 1:2000. The rabbit polyclonal antibody directed against the Twist protein (Roth et al., 

1989) was used at a dilution of 1:5000. The rabbit polyclonal antibody directed against 

En* was obtained from Dr. Patrick O’Farrell and was used at a dilution of 1:1000. The 

mouse monoclonal antibody against Engrailed 4D9 was obtained from Developmental 
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Studies Hybridoma Bank and was used at a dilution of 1:25. Primary antibodies were 

used in conjunction with a biotinylated goat anti-rabbit secondary antibody (1:500 

diluted, pre-absorbed against wildtype embryos) and visualized with avidin/HRP 

complex (Vector laboratories).   

To examine pipe-ST2 RNA expression in pipeC14/pipeC14 embryos, the following 

stock was generated: pipeC14/TM3, Sb; Krüppel-Gal4, UAS-GFP.  Progeny embryos 

from this stock were sorted into fluorescent (wildtype) and non-fluorescent 

(pipeC14/pipeC14) groups. Sorted embryos were then subjected to whole mount in situ 

hybridization (Tautz and Pfeifle, 1989) using a digoxigenin-labelled DNA probe 

synthesized using a DNA fragment corresponding to the full-length, mature pipe-ST2 

cDNA, excised as an EcoRI/XhoI fragment from the plasmid pBluescriptSK-pipe-ST2.  

In situ hybridization to ovaries (Hong and Hashimoto, 1995) was carried out using the 

same DNA fragment.   

 

Generation of follicle cell and germline clones 

 To test whether follicle cell expression of genes previously implicated in the 

synthesis or modification of GAGs is required maternally for embryonic DV patterning, 

we generated follicle cell clones that were homozygous for mutations in genes of interest 

by FLP/FRT-mediated site specific recombination (Golic and Lindquist, 1989; Duffy et 

al., 1998; Xu and Rubin, 1993). Clones were generated in females carrying a mutation-

bearing FRT chromosome in trans to an FRT-bearing, but otherwise wildtype 

chromosome. Mosaic females carried a GAG-related gene mutation and the 79D FRT in 

trans to a chromosome carrying the 79D FRT and an hGFP reporter gene (Clarkson and 

Saint, 1999). They carried FLP on the second chromosome, which was expressed under 

the control of a UAS-FLP construct by the somatically-expressed e22c-Gal4 enhancer 

trap insertion (Duffy et al., 1998). Females were put on yeast for one day, 6 days after 

eclosion and dissected to inspect for clones in the egg chamber. Mutant clones were 

identified by the absence of GFP staining in the nuclei. To identify embryos derived from 
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follicles containing mutant clones, we used the follicle cell clone marking system of 

Nilson and Schüpbach (1998).   

 Embryos lacking both maternal and zygotic expression of sgl, sfl, frc and papss 

were generated using the dominant female sterile technique of Chou and Perrimon 

(1996). 48 hr larvae were heat-shocked 1 hour at 37 ℃ on two consecutive days.  

 In some experiments egg chambers containing mutantions in for papss, sgl and sfl 

were generated without using ovoD, according to the protocol of Maines et al. (2003). 

Egg chambers carrying germline and follicle cell clones mutant for papss, sgl and sfl 

were generated in females carrying a GAG-related gene mutation and the FRT79D 

element in trans to a chromosome carrying the FRT79D and a hGFP report gene 

(Clarkson and Saint, 1999). These females also carried hs-FLP on the X chromosome and 

the e22C-Gal4 follicle cell specific enhancer trap and UAS-FLP on the second 

chromosome. Germline site-specific recombination was induced by FLP under the 

control of the heatshock promoter. 48 hr larvae were heat-shocked 1 hour at 37 ℃ on two 

concecutive days. Follicle cell clones were induced by FLP expressed from a UAS-FLP 

under the control of e22c-Gal4 (Duffy et al., 1998). 6 days after eclosion, females were 

put on yeast for one day prior to dissection to inspect ovaries for the presence of egg 

chambers carrying both germline and follicle cell clones. Germline clones were identified 

by the absence of GFP staining in the nurse cell nuclei. Similarly, follicle cell clones were 

identified by the absence of GFP staining in their nuclei. Similar undissected females 

were mated to wildtype males and their progeny embryos were collected after 48hr and 

examined for defects in DV patterning.  

Similarly, in some experiments egg chambers containing both follicle cell and 

germline clones mutant for papss, sgl and sfl were generated using ovoD. These were in 

females carrying a GAG-related gene mutation and FRT79D element in trans to a 

chromosome carrying the FRT79D and an ovoD transgene (Chou and Perrimon, 1996). 

These females also carried hs-FLP on the X chromosome and the e22C-Gal4 follicle cell-

specific enhancer trap and UAS-FLP on the second chromosome. Site-specific 

recombination was induced in the germline heatshock induced FLP. 48 hr larvae were 
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heat-shocked 1 hour at 37 ℃ on two consecutive days. 6 days after eclosion, females 

were mated to wildtype males and their progeny embryos were collected and examined 

for defects in DV patterning. Cellular blastoderm stage embryos were subjected to 

antibody staining using an antibody against Twist, the mesodermal marker. Cutilce 

preparations of fully-developed embryos were also examined for DV defects. 

Fixation and DAPI staining of ovary 

Dissected ovaries from yeast-fed females were fixed in 4% paraformadehyde in 

PBS (130 mM NaCl, 10 mM sodium phosphate, pH 7.2) and heptane for 15 min, 

followed by extensive washing in PBT (PBS, containing 0.1% Tween 20). Ovaries were 

then incubated in DAPI staining solution (1mg/ml in PBS) diluted 1:5000 in PBT for 15 

minutes. After extensive washing, stained ovaries were mounted in a 1:1 mix of glycerol: 

PBS for photography.  
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Chapter 3: Development of an RNAi-based system for 

the examination of candidate DV-related genes 

expressed in the follicle cell layer 

 

INTRODUCTION 

Some of the data described in this chapter have been published previously (Zhu and 

Stein, 2004). 

dsRNA-mediated inhibition of gene expression has become a useful tool for the 

analysis of gene function. In the postgenomic era, RNAi has become a powerful method 

to examine the loss-of-function phenotypes of genes for which no classic mutations exist. 

Initially observed as posttranscriptional gene silencing (PTGS) in plants (Napoli et al., 

1990) and then reported in the nematode Caenorhabditis elegans (Fire et al., 1998), 

double-stranded RNA-mediated interference (RNAi) has been observed in many 

organisms, including insects, fungi, nematodes, parasites, mouse, and human cell lines 

(Fire et al., 1998; Kennerdell and Carthew, 2000). The RNAi pathway is a well-

conserved process in eukaryotes which may be derived from an ancient host response to 

combat RNA viral infections and to stabilize the genome against the invasion of 

repetitive transposable elements (Hannon, 2002). 

The application of RNAi technology to the study of Drosophila has received 

considerable attention because current technologies for isolation of mutations can be 

cumbersome and time-consuming. Several methods have been developed to deliver 

dsRNAs to induce RNAi. For studies of cultured cells, the simplest method is to add 

dsRNA directly to the cell culture medium (Yang et al., 2002; Baeg et al., 2005). This 

method for gene inhibition can last up to 72 hours (Yang et al., 2002), making it very 

useful for studying a variety of cellular functions. For in vivo studies in the context of the 

whole animal, delivery of dsRNA can be accomplished by direct microinjection. This 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Zhu+X%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Zhu+X%22%5BAuthor%5D
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method is quick and easy and can accomplish the elimination of both maternally-loaded 

mRNAs and zygotically-expressed mRNAs. One disadvantage associated with this 

approach is that the effect of gene inhibition does not last until late in development and is 

not inherited (Kennerdell and Carthew, 1998). It is therefore not feasible to use 

microinjection-based introduction of dsRNA to examine the role of genes expressed at 

later stages in the life cycle of the fly (Misquitta and Paterson, 1999). One method that 

can be used to induce RNAi at various stages of development and in diverse tissues is to 

produce the gene-targeting dsRNA in vivo. This can be done by transgenic expression of 

double stranded RNA with homology to the target gene of interest. A number of 

investigators have employed RNAi-mediated gene targeting using transgenically 

expressed dsRNA (Kennerdell and Carthew, 2000; Giordano et al., 2002; Lam and 

Thummel, 2000; Martinek and Young, 2000; Duffy, 2002). One approach has been to ex-

press a transgene that is transcribed in both sense and antisense orientations with 

promoters that flank the cloned insert that is specific to the gene of interest (Giordano et 

al., 2002). An alternative approach has been to express a transgene with an inverted 

repeat configuration, enabling the expressed RNA to “snap-back” into a double-stranded 

hairpin structure (Fortier and Belote, 2000; Kennerdell and Carthew, 2000; Lam and 

Thummel, 2000; Martinek and Young, 2000). Using both of these approaches, 

suppression has been reported to be variable in its effectiveness, depending on the gene 

function being examined. When combined with the binary Gal4-UAS gene expression 

system, RNAi can be expressed in particular tissues at specific times during Drosophila 

development. The availability of this and other methods for conditionally expressing 

transgenic constructs in Drosophila (Duffy, 2002) provides the opportunity to use RNAi 

in instances where it is of interest to assess the tissue-specific requirement for the 

function of a gene whose expression in other tissues or at earlier times during 

development is essential for fly viability.  

The application of RNAi technology to Drosophila is subject to limitations that can 

reduce its usefulness. Inverted repeated (IR) constructs can be very difficult to construct 

due to their intrinsic instability. Genomic sequences containing IR elements are often 

unstable and chromosome rearrangements can lead to the loss of the IR elements. This 
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phenomenon has been reported in mice carrying an inverted repeated construct (Collick 

et al., 1996; Waldman et al., 1999).  

   Another pitfall associated with transgene-mediated RNAi is that gene suppression 

is often incomplete, leading to relatively weak phenotypes. Martinek and Young (2000) 

quantified the suppression of the per locus by transgenic RNAi-mediated knock-down 

and determined that there was only a 50% reduction in the level of per protein. This level 

of suppression was insufficient to produce robust phenotypes. To overcome these types of 

problems, Kalidas and Smith (2002) described a novel strategy for expressed RNAi that 

utilizes a genomic DNA/cDNA hybrid construct. After transcription and splicing of 

RNAs derived from the genomic DNA segment of the hybrid, these molecules were 

predicted to form hairpin dsRNAs that can suppress expression of mRNA target 

molecules in particular tissues. The potency of these constructs, even when present as a 

single transgenic insert, led the authors to speculate that spliced RNAi constructs are 

more efficiently processed and transported from the nucleus and therefore accumulate to 

higher levels in the cytoplasm. However, this technique is limited to genes with an 

amenable intron/exon structure, and its effectiveness is likely dependent on the efficiency 

of splicing for each particular RNAi hybrid generated.  

A more generally applicable technique has been developed by Reichhart et al. 

(2002) and by Lee and Carthew (2003), using “splice-activated” hairpin RNAs. In this 

approach, coding sequences corresponding to the gene of interest are cloned in IR 

orientation upstream and downstream of a DNA fragment containing a known intron that 

undergoes efficient splicing. Following expression of RNAi constructs generated in this 

way, Reichart et al. (2002) observed phenotypes resulting from the suppression of several 

target genes including necrotic, Drosomycin, dFADD, and forked. Similarly, Lee and 

Carthew (2003) observed effective suppression of the white gene using a splice-activated 

dsRNA-expressing transgene.  

Identification of the enzymatic target of Pipe is an important goal towards 

obtaining an understanding of the mechanism of embryonic DV polarity formation. In as 

much as we now know that HS, CS and DS GAGs are not involved in this process, 

various other genes involved in the synthesis of glycoproteins subject to sulfation might 
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participate in the synthesis of the enzymatic target of Pipe and therefore be essential for 

Pipe function in the follicle cell layer. For many such genes, mutant alleles do not exist 

which would facilitate the direct assessment of their effects on embryonic polarity. RNAi 

provides an ideal method to rapidly examine the loss-of-function phenotypes associated 

with multiple genes whose expression in the follicle cell is suspected to be involved in the 

synthesis of the Pipe target. However, prior to the work described here, no technique had 

been described to carry out effective RNAi-mediated inhibition of gene expression in the 

Drosophila follicle cell layer and it was unclear whether this tissue would be amenable to 

study with this approach. This chapter describes the development of an effective RNAi 

method for gene inhibition in the follicle cells. This method can potentially aid in the 

identification of glycan-related genes whose expression in the follicle cell layer is 

required for embryonic DV polarity.  

 

RESULTS 

Design of the RNAi vector 

We used the strategy of Reichart et al. (2002) to construct an expression vector for 

the production of splice-activated dsRNAs for use in studies of genes involved in the 

maternal control of embryonic DV polarity. pUASp-NBa-CS2-BgX was designed to 

enable the convenient cloning of DNA fragments in IR orientation for subsequent 

inducible expression in Drosophila tissues (Figure 3-1). The vector is based on pUASp, 

generated by Rorth (1998), an expression vector enabling Gal4-dependent expression in 

germline and somatic tissues, due to the presence of 14 UAS Gal4 binding sites and the 

basal promoter from the P-element transposase gene. pUASp-NBa-CS2-BgX contains the 

816 nucleotide long seventh intron from the CS2 gene (Gagou et al., 2002), flanked by 

restriction enzyme target sites in the arrangement shown in Figure 3-1. This arrangement 

of sites enables convenient two-step cloning of a DNA fragment with one 

BamHI/BglII/BclI compatible end and one XbaI/ NheI/SpeI compatible end in IR  



 
 

FIGURE 3-1. THE ORGANIZATION OF THE CLONING REGION IN THE RNAI 

EXPRESSION VECTOR PUASP-NBA-CS2-BGX. The positioning of the promoter/ 

enhancer region, CS-2 intron and useful cloning sites in the vector are shown. This figure 

is modified from Rorth (1998).  

 

 

orientation, on either side of the CS2 intron sequences (See Material and Methods for 

detail). 

RNAi-mediated inhibition of Windbeutel protein 

To evaluate the effectiveness of this RNAi system, I examined the ability of dsRNA 

expressed from the pUASp-NBa-CS2-BgX vector to eliminate function of the dorsal 

group gene windbeutel (wind) which like pipe, is known to be expressed and to function 

in the follicle cell layer. wind encodes an endoplasmic reticulum protein with sequence 

similarity to protein disulfide isomerase (Kondolaki and Schupbach, 1998). wind activity 

has been shown to be required for function and correct subcellular localization of Pipe 

protein to the Golgi (Sen et al., 2000; Ma et al., 2003). Thus, RNAi-mediated elimination 

of wind mRNA in the follicle cell layer of females would be expected to lead to a 

perturbation of Pipe function and to the production of embryos with a dorsalized 

phenotype.  
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Our strategy was to express dsRNA targeting the wind transcript under the control 

of the Gal4/UAS binary system (Brand and Perrimon, 1993). To do this I used a set of 

transgenic fly stocks that express Gal4 in the follicle cells. These include lines in which 

Gal4 has been placed downstream of transcriptional signals for alphaTub84B (Tubp-

Gal4) or Actin5C (Act5C-Gal4) promoters, both of which are strongly expressed in the 

follicle cell layer as well as in a variety of other tissues during fly development. We also 
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obtained a number of Gal4-based enhancer trap lines which exhibit Gal4 expression in 

the follicle cell layer during oogenesis. For example, the Gal4-CY2, Gal4-T155, Gal5-39, 

Gal4-C204 and Gal4-3 enhancer trap inserts (Manseau et al., 1997; Queenan et al., 1997; 

Sen et al., 1998, 2000) have been found to express Gal4 in all follicle cells covering the 

oocyte from mid-oogenesis on. 

The Gal4-expressing lines noted above and several additional lines exhibiting 

specific patterns of Gal4 expression during oogenesis were each crossed to flies carrying 

UASp-windRNAi (see Materials and Methods) and for each cross, females carrying both 

transposon inserts were recovered and their embryonic progeny examined. Females 

carrying UASp-windRNAi together with Tubp-Gal4 or Act5C-Gal4 produced mainly 

unhatched embryos. Tubp-Gal4 exhibited a more severe effect on fertility, with 98.4% of 

eggs remaining unhatched (n=3,026 total eggs counted). Females in which UASp-

windRNAi was expressed under the control of the Act5C-Gal4 driver produced 90.3% 

unhatched eggs (n=3,275 total eggs counted). Examination of cuticle preparations of 

unhatched embryos produced by both types of females showed them to be dorsalized 

(Figure 3-2f, h). This was most easily observed through the absence or disruption of the 

cuticular denticle bands that are normally present on the ventral side of embryos from 

wildtype females (Figure 3-2b). Tubp-Gal4 directed RNAi targeting of wind led to the 

most severe dorsalization, with some embryos exhibiting a complete lack of ventral and 

lateral pattern elements, making them indistinguishable from the embryos produced by 

females homozygous for null alleles of pipe (Figure 3-2d). The dorsalized phenotypes of 

embryos produced by Act5C-Gal4/pUASp-windRNAi females (Figure 3-2h) were 

generally less severe than those generated through Tubp-Gal4 expression (Fig. 3-2f). This 

difference in phenotypic severity was quantitatively assessed by determining the relative 

dorsalization of cuticles of unhatched embryos produced by Tubp-Gal4 or Act5C-Gal4 

directed wind-targeted RNAi (Table 3-1), according to the scoring system of Roth et al. 

(1991) (see Materials and Methods). Scored in this way, most of the unhatched embryos 

produced by Tubp-Gal4 driven wind-targeted RNAi were totally (D0, 36%) or strongly 

(D1, 40%) dorsalized, while the majority of embryos produced by Act5C-Gal4-driven 

RNAi were moderately (D2, 26%) or weakly (D3, 69%) dorsalized. As an additional 
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o cuticle  

confirmation that the embryos produced by RNAi-mediated targeting of wind were 

indeed dorsalized, embryos from females of each of the genotypes described above were 

stained with an antibody against the product of twist (Roth et al., 1989), a gene whose 

normal ventral expression in the mesodermal anlagen of the wildtype blastoderm embryo 

(Fig. 3-2a) is activated by dorsal group signaling (Roth et al., 1989). Embryos from 

females expressing wind-targeted dsRNA under the control of Tubp-Gal4 (Fig. 3-2e) or 

Act5C-Gal4 (Fig. 3-2g) exhibited disruptions of Twist staining, consistent with a 

dorsalized phenotype. In contrast to the results observed using Tubp-Gal4 and Act5C-

Gal4, the other follicle cell-specific Gal4 enhancer trap lines tested in this study did not 

lead to the production of dorsalized embryos when combined with the pUASp-windRNAi 

transgene despite being strongly expressed during Stages 9 and 10, the stages at which 

the wind gene has been reported to be expressed during oogenesis (Konsolaki and 

Schüpbach, 1998).  

 

 

 

 

 

Table 3-1 Degree of Dorsalization of Embryonic Cuticles Generated by wind-Targeted RNAi 

% Unhatched embryos  

                                              N

Maternal genotype  (unscored) D0  D1  D2  D3  

UASp-windRNAi/+; Tubp-Gal4/+ (n = 192 embryos) 6  36  40  12  6  

Act5C-Gal4/UASp-windRNAi (n = 249 embryos)  3  0  2  26  69  

 

Degree of dorsalization defined as D0 = completely dorsalized; D1 = strongly dorsalized; D2 = 

moderately dorsalized; D3 = weakly dorsalized. (See Materials and Methods for detailed explanation).  

 



 
 

FIGURE 3-2. DORSALIZED PHENOTYPES PRODUCED BY RNAI-MEDIATED 

DISRUPTION OF WIND FUNCTION. Cellular blastoderm embryos stained with an antibody 

against the ventral-specific marker Twist (a, c, e, g) and cuticle preps (b, d, f, h) are 

shown. (a, b), Embryos from wildtype females. (c, d), Dorsalized embryos produced by 

pipe386/pipe664 
transheterozygous females. (e, f), Dorsalized embryos produced by 

females expressing wind dsRNA under the control of Tubp-Gal4. The embryo in f 

exhibits a D0 phenotype. (g, h), Dorsalized embryos produced by females expressing 

wind dsRNA under the control of Act5C-Gal4. The embryo in h exhibits a D2 phenotype. 

The maternal genotypes of females producing the embryos shown are noted to the left of 

each pair of panels.  
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Ovarian Windbeutel protein levels are reduced in RNAi female flies 

To confirm that the phenotypic effects elicited by Gal4-mediated expression of 

wind dsRNA resulted from an inhibition of Windbeutel expression, I stained ovaries from 

females of the genotypes described above with an antibody generated against the 

Windbeutel protein (Ma et al., 2003). Only females in which the wind dsRNAi construct 

was expressed under the control of the Tubp-Gal4 or Act5C-Gal4 drivers exhibited a loss 

of Windbeutel staining in Stage 9/10 egg chambers (Figure 3-3). Interestingly, egg 

chambers in which Windbeutel expression had been perturbed via Tubp-Gal4 or Act5C-

Gal4-directed RNAi often carried a small number of follicle cells that retained 

expression, demonstrating that the inhibitory effect of RNAi is not uniform throughout 

the follicle layer. In contrast, females in which the wind dsRNA construct was expressed 

under the control of the follicle cell-specific enhancer trap inserts exhibited normal 

Windbeutel staining in Stage 9/10 egg chambers (Figure 3-3). This data confirms that the 

dorsalized phenotypes derived from females flies with Tubp-Gal4 or Act5C-Gal4-

mediated expression of wind dsRNA resulted from a decrease in Wind protein expression 

level. 

 

Expression pattern of the Gal4 transgenic insertions 

It was surprising that several of the follicle cell-specific enhancer trap lines tested 

here failed to mediate inhibition of Windbeutel expression since they had been observed 

to be expressed strongly in the follicle cell layer at the time Windbeutel is expressed 

(Figure 3-4). To elucidate the reason for this, I examined the expression patterns of each 

of these Gal4 enhancer traps using UAS-lacZ as a reporter. Representative images of the 

expression of UAS-lacZ directed in the ovary by the Gal4 drivers used in these studies 

are shown in Figure 3-5. Examination of many X-gal-stained egg chambers enabled us to 

conclude that Tubp-Gal4 and Act5C-Gal4 initiate expression of Gal4 at a slightly earlier 

point in oogenesis than the other Gal4 drivers investigated. All of the Gal4 drivers 

examined exhibited strong uniform expression throughout the follicle cell layers of stage 

9/10 and older egg chambers. In addition, the UAST-lacZ; Tubp-Gal4 and Act5C- 



 
 

FIGURE 3-3. RNAI-MEDIATED INHIBITION OF WINDBEUTEL EXPRESSION BY 

VARIOUS GAL4 DRIVER LINES. Ovarioles from fixed ovaries, stained with an antibody 

directed against Windbeutel. The genotypes of females from which the ovaries were 

obtained are noted in each panel. 
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FIGURE 3-4. EXPRESSION OF WINDBEUTEL PROTEIN DURING OOGENESIS. A fixed 

ovariole was stained with an antibody directed against Windbeutel. Windbeutel starts to 

appear at stage 9 during oogenesis and is strongly expressed at stage 10. 

 

 

Gal4/UAST-lacZ females showed consistent staining in the follicle cells of Stage 8 egg 

chambers. UAST-lacZ; Tubp-Gal4 females produced some egg chambers that stained as 

early as Stages 6 or 7. In contrast, Gal4-CY2/UAST-lacZ, UAST-lacZ;Gal4-T155, and 

UAST-lacZ;Gal4-3 females produced very few egg chambers that stained with X-gal as 

early as Stage 8, and those Stage 8 egg chambers that did stain displayed a patchy pattern 

that was enriched in the posterior half of the egg chamber. 

While examining the effects of various Gal4 enhancer traps on RNAi-mediated 

gene inhibition, I identified an additional enhancer trap, PG45 (hereafter called dmyc-

Gal4), which is expressed at high levels in follicle cells beginning at early stages in 

oogenesis (Figure 3-6) (Bourbon et al., 2002). This line carries an insertion of the Gal4-

carrying transposon in the dmyc locus (Bourbon et al., 2002; Maines, 2003). dmyc-Gal4 is 

able to direct very strong RNAi-mediated inhibition of wind expression when combined 

with the UASp-windRNAi transgene insert. Females carrying pUASp-windRNAi 

together with dmyc-Gal4 produced completed dorsalized (D0) embryos (Figure 3-7). All 

progeny embryos failed to hatch (n = 192). The embryos produced by dmyc-

Gal4/pUASp-windRNAi females lack ventral and lateral pattern elements, and the 

dorsalized phenotype of these embryos is indistinguishable from that of embryos 

produced by females homozygous for null alleles of dorsal group genes. Most of the 
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embryos produced by dmyc-Gal4 driven dsRNA targeting wind were totally dorsalized 

(D0).  

Additional evidence for the utility of RNAi-mediated inhibition of gene 

expression 

      As an additional test of the effectiveness of RNAi for identifying follicle cell-

expressed genes in DV patterning I tested the ability of RNAi to perturb expression of 

slalom, which is also known to be essential for this process. Females carrying follicle cell 

clones homozygous for loss-of-function mutations in sll give rise to dorsalized progeny 

embryos. Kamiyama et al. (2003) reported three independent RNAi transgenic inserts 

targeting sll that were lethal when expressed under the control of the Act5C-Gal4 

insertion. I obtained these transgenic lines and tested the effects of RNAi-mediated 

inhibition of sll activity on embryonic DV polarity. In these studies dsRNA targeting sll 

was expressed under the control of the Tubp-Gal4, Act5C-Gal4 or dmyc-Gal4 drivers. I 

was able to obtain adult flies carrying each of the three driver lines together with each of 

the three UAS-sllRNAi inserts. Female flies carrying dmyc-Gal4 and UAS-sllRNAi did 

not produce dorsalized embryos. However, female flies carrying either Tubp-Gal4 or 

Act5C-Gal4 together with UAS-sllRNAi were not able to produce dorsalized embryos. 

These observations indicate that while RNAi was capable of inhibiting sll expression, 

only the dmyc-Gal4 enhancer trap produced levels of dsRNA sufficiently early or in 

sufficient quantities to mediate this effect. Surprisingly, we did not observe lethality 

when the UAS-sllRNAi inserts were combined with any of the Gal4 drivers tested, 

including Act5C-Gal4, which Kamiyama et al. (2003) reported to be lethal in 

combination with the sll RNAi constructs. The reason for this discrepancy is unclear.   

 



 
 

FIGURE 3-5. EXPRESSION PATTERNS OF VARIOUS GAL4 DRIVER LINES. Ovarioles 

from fixed ovaries stained with X-Gal are shown. The blue color indicates the expression 

of lacZ and hence, Gal4. The genotypes of females from which the ovaries were obtained 

are noted in each panel.  

 

 115



 
 

FIGURE 3-6. EXPRESSION PATTERN OF DMYC-GAL4-DIRECTED LACZ AND THE 

EFFECT OF DMYC-GAL4-DIRECTED RNAI ON WIND PROTEIN LEVELS IN THE 

OVARIAN FOLLICLES. Ovarioles from fixed ovaries stained with X-Gal and with an 

antibody against Windbeutel are shown. The blue color indicates the expression of lacZ 

and hence, Gal4. The genotypes of females from which the ovaries were obtained are 

noted in each panel. 
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FIGURE 3-7. DORSALIZED PHENOTYPES PRODUCED BY RNAI-MEDIATED 

DISRUPTION OF WIND FUNCTION DRIVEN BY DMYC-GAL4. Blastoderm embryos stained 

with an antibody against the ventral-specific marker Twist (A, C) and cuticles (B, D) are 

shown. (A, B), Embryos produced by pipe386/pipe664 transheterozygous females. (C, D), 

Eembryos produced by females expressing wind dsRNA under the control of dmyc-Gal4. 

The embryos in B and D exhibit a D0 phenotype. The maternal genotypes of females 

producing the embryos are shown to the right of each pair of panels. 

 

DISCUSSION 

The results described here indicate that it is possible to accomplish effective 

transgenic dsRNA-mediated suppression of gene expression in the follicle cell layer 

leading to detectable phenotypes in progeny embryos, providing that the correct 

combination of Gal4 drivers and expression vectors are used. It is unclear why several 

enhancer trap lines tested in this work failed to mediate the inhibition of Windbeutel 

expression. The simplest explanation for the ability of Tubp-Gal4, Act5C-Gal4 and dmyc-

Gal4 but not the other Gal4 drivers tested, to affect an RNAi phenotype, is a quantitative 

difference in the levels of Gal4 protein (and consequently, wind dsRNA) produced by the 
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driver lines at mid-oogenesis. In that scenario, the levels of Gal4 protein (and wind 

dsRNAi) generated by the Gal4-CY2, Gal4-T155, and Gal4-3 would not meet a threshold 

necessary to perturb Windbeutel expression and DV patterning. Alternatively, the slightly 

earlier expression of Gal4 protein directed by the Tubp-Gal4, Act5C-Gal4 and dmyc-Gal4 

drivers might provide them with a “head start” (compared to the other Gal4 drivers) in 

accumulating sufficient wind dsRNA to facilitate the destruction of endogenous wind 

mRNA produced at later oogenic stages. Tubp-Gal4, Act5C-Gal4 and dmyc-Gal4 initiate 

their expression earlier during oogenesis than the other Gal4 drivers tested here. In order 

to distinguish between these possibilities, it would be necessary to determine directly the 

concentration of wind dsRNA produced by the Gal4 driver lines at various stages of 

oogenesis.  

The Gal4 drivers with which I was able to observe RNAi-mediated interference of 

wind expression were three that are also expressed at other times in the life of the fly. 

Although wind is expressed during embryogenesis (Sen et al., 2000), its function is not 

essential for fly viability, so that RNAi-mediated elimination of wind function prior to 

adulthood would not be expected to affect survival. However, for genes that are essential 

for viability the necessity of using strong and widely expressed Gal4 drivers in order to 

accomplish efficient dsRNA expression might limit the utility of this approach for studies 

of gene function at later times in development, owing to early RNAi-mediated lethality. 

Interestingly, we were able to obtain flies carrying both dmyc-Gal4 and pUAS-sllRNAi 

which exhibited RNAi phenotypes consistent with interference with gene expression 

specifically in the follicle cell layer. The sll gene is essential for viability so it is unclear 

why the widely-expressed dmyc-GAL4 driver did not kill the flies in combination with 

pUAS-sllRNAi. Potentially, sll expression levels in other tissues in which the gene 

product is essential may be too high for effective knockdown by dmyc-Gal4.  

Alternatively, dmyc-Gal4 may exhibit exceptionally high levels of expression in the 

follicle cell layer. Indeed, the d-myc gene is expressed abundantly in the follicle layer and 

is essential for fly fertility due to the requirement of this gene for the growth of follicle 

cells (Maines et al., 2003). An alternative explanation for the recovery of dmyc-Gal4; 

pUAS-sllRNAi flies may be related to the variability of effectiveness of RNAi from fly to 
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fly. In the case of the Tubp-Gal4; pUASp-windRNAi flies the vast majority of embryos 

produced were dorsalized. Nevertheless, we did observe a background of hatching 

escaper embryos, indicating that Gal4-directed RNAi is not 100% effective. dmyc-Gal4; 

pUAS-sllRNAi flies that survived to adulthood may have been ones in which interference 

with sll gene expression was not operating at peak effectiveness, in comparison with 

other flies. Nevertheless, our ability to observe RNAi in dmyc-Gal4; pUAS-sllRNAi 

provides us with some confidence that RNAi phenotypes can be examined in the follicle 

cells of flies in which the expression of other genes required for viability is being 

targeted. Moreover, because of the intrinsic temperature sensitivity of the Gal4 protein, 

which is more active at higher temperatures, it should be possible to obtain flies carrying 

Tubp-Gal4, Act5C-Gal4 or dmyc-Gal4 together with pUASp-RNAi constructs targeting 

vital genes by carrying out the crosses at low temperature (18°C), then shifting the flies to 

higher temperature (25–29°C) once adults have been obtained. In additional experiments, 

I obtained a UAST-O-Fut1-IR transgenic line targeting the protein O-Fucosyltransferase-

1 (Okajima and Irvine, 2002). Flies carrying this transgenic insert together with Tubp-

Gal4 or Act5C-Gal4 could not be recovered when incubated at room temperature or 

25°C. However, at 18°C I obtained adult flies carrying both transgenic insertions.  

Taken together, my results stress the importance of optimizing conditions for 

RNAi. In particular, for investigations in which inducible RNAi is to be used to test the 

function of a candidate gene of interest in a specific tissue, it is essential to validate that 

the chosen expression system is capable of accomplishing RNAi in that tissue by testing 

for RNAi-mediated elimination of a gene known to function there. One must also be 

cognizant of the possibility that a particular combination of RNAi expression construct 

and Gal4 driver may be lethal. For that reason, it is useful to have several Gal4 driver 

lines that can be used in the generation of RNAi phenotypes, one of which may enable 

the recovery of adult flies in combination with the RNAi expression construct. Finally, if 

flies carrying the RNAi expression construct cannot be obtained in combination with any 

of the useful Gal4 driver lines, even when cultured at low temperatures, in addition to the 

Gal4 binary system there exist other approaches for tissue-specific expression of cloned 
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genes (or dsRNA) in Drosophila which could potentially be applied to the study of RNAi 

phenotypes in the follicle cell layer (Duffy, 2002). 

Despite these caveats, however, the development of an efficient RNAi system in 

the ovarian follicle cell layer should provide a useful tool to test for potential roles in DV 

patterning of candidate genes for which no classical genetic mutants exist, or for genes 

that when mutated lead to lethality prior to adulthood. 

 

ACKNOWLEDGMENTS  

I thank Dr. Joe Duffy for supplying strains and unpublished information. DNA 

corresponding to the CS-2 intron was a gift of David Gubb. Pernille Rorth provided 

pUASp. I thank Norbert Perrimon, Trudi Schüpbach, and Leslie Stevens for providing fly 

strains and David Ferrari for providing the antibody directed against Windbeutel protein. 

I thank Jason Goltz for assistance in the preparation of figures. 

MATERIALS AND METHODS 

Fly Stocks and Maintenance  

All stocks were maintained and crosses carried out employing standard conditions 

and procedures. For studies of RNAi-mediated inhibition of wind gene function, flies 

were cultured at 25°C. Larval cuticles were prepared according to Van der Meer (1977). 

For scoring the degree of dorsalization in embryonic cuticles, the classification of Roth et 

al. (1991) was used. D0 embryos are completely dorsalized, lacking Filzkörper (posterior 

tracheal structures) and ventral denticles. Strongly dorsalized D1 embryos lack ventral 

denticles but carry the dorsolaterally-derived Filzkörper. Moderately dorsalized D2 

embryos carry Filzkörper as well as ventral denticles of reduced width, compared to that 

seen in wildtype embryo. The weakly dorsalized D3 embryos exhibited fusions of ventral 

denticle bands, characteristic “twisted” phenotypes, or head defects.  
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Fly stocks carrying the Tubp-Gal4 and Act5C-Gal4 driver lines were obtained from 

Dr. Joe Duffy. The Gal4-CY2 and Gal4-T155 transgenic lines were from Dr. Trudi 

Schüpbach. Dr. Leslie Stevens provided the Gal4-3 transgenic line. Dr. Alain Vincent 

provided the PG45 Gal4 enhancer trap element carrying an insertion in the d-myc locus. 

Details regarding additional follicle-cell-expressed Gal4 enhance trap driver lines tested 

in this study are available upon request. The UAST-lacZ reporter-containing line was 

provided by Dr. Norbert Perrimon. The pipe386 and pipe664 mutant stocks used in the 

generation of dorsalized embryos are described in Sen et al. (1998). The wildtype strain 

used in these studies is a w/w derivative of Oregon R.  

 

Generation of pUASp-NBa-CS2-BgX and pUASp-windRNAi  

pUASp-NBa-CS2-BgX was constructed according to a strategy outlined by 

Reichart et al. (2002) for splice-activated RNAi. The following two 

deoxyribonucleotides: 5’-GTATACGCGGCCGCTAGCGAATTCGGATCCAGG-

TAAGTGGGAGTCGC-3’ and 5’-

GCTCTAGATACGTAAGATCTCCTGAAAAAAAAAACAG-3’ were used for PCR-

mediated amplification of the 816 nucleotide-long seventh intron from the chitin 

synthetase-2 (CS2) gene. The PCR fragment generated was digested with NotI and XbaI 

and sub-cloned into similarly digested pUASp. This led to incorporation of the CS2 

intron, flanked by the restriction enzyme target sites in the arrangement shown in Figure 

3-1. This arrangement enables convenient two-step cloning of a DNA fragment with one 

BamHI/BglII/BclI compatible end and one XbaI/NheI/SpeI compatible end in IR 

orientation, on either side of the CS2 intronic sequences.  

For the generation of pUASp-windRNAi, the two oligonucleotides: 5’-

GAAGATCTGCATATTTTGGTGACT-CTGCTCC-3’ and 5’-

GCTCTAGAGTTCCTCCTTTTCCGGCGCTG-3’ were used for PCR-mediated 

amplification of a 766 nucleotide-long segment of the coding region from the windbeutel 

gene. The PCR fragment was cut with BglII and XbaI and subcloned, in antisense 

orientation, into BamHI/NheI-digested pUASp-NBa-CS2-BgX, upstream of the CS2 
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intron. The resultant plasmid was digested with BglII and XbaI and the BglII/XbaI-cut 

PCR fragment was cloned downstream of the CS-2 intron, in sense orientation. Our 

decision to focus on pUASp in these studies, rather than the more commonly used 

expression vector pUAST (Brand and Perrimon, 1993), was based on the potential utility 

of pUASp for expression of dsRNAs in the germ-line, a tissue in which pUAST cannot 

be effectively expressed.  

The pUASp-windRNAi vector was introduced into the Drosophila genome by 

conventional P-element-mediated transformation, following microinjection (Rubin and 

Spradling, 1982). Two of four independent insertions of the pUASp-windRNAi vector 

obtained led to the generation of dorsalized embryonic phenotypes in combination with 

the Tubp-Gal4 and Act5C-Gal4 driver lines. An insertion on the second chromosome was 

used in the generation of all ovaries and embryos shown in this study.  

In additional investigations, a NotI/XbaI fragment from pUASp-windRNAi, 

corresponding to the CS2 intron flanked by wind-derived sequences, was subcloned into 

the P-element-based expression vector, pUAST (Brand and Perrimon, 1993). The 

resultant plasmid, pUAST-windRNAi, was introduced into the Drosophila genome as 

described above. Four of six independent insertions of UAST-windRNAi obtained were 

observed to produce dorsalized embryos, in combination with Tubp-Gal4, Act5C-Gal4 

and dmyc-Gal4 but not with the other enhancer trap lines examined in this work (data not 

shown). Insofar as the pUAST expression vector has been shown to be incapable of 

supporting the expression of cloned DNAs in the Drosophila germline, these 

observations support the notion that the RNAi-dependent phenotypes that we have 

observed are due to the expression of wind dsRNA in the follicle cell layer, where both 

pUASp and pUAST can both be efficiently expressed. The pUASp-windRNAi and 

pUAST-windRNAi transgenic lines that did not produce RNAi phenotypes are likely to 

carry transgene insertions at genomic locations that do not support high levels of 

expression.  
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Antibody Staining of Embryos and Ovaries 

Whole-mount antibody staining of embryos and ovaries was carried out as 

described by Roth et al. (1989). The rabbit polyclonal antibody directed against the Twist 

protein (Roth et al., 1989) was used at a dilution of 1:5,000. The rabbit antibody directed 

against the Windbeutel protein (Ma et al., 2003) was used at a dilution of 1:2,000. The 

primary antibodies were used in conjunction with a biotinylated goat anti-rabbit 

secondary antibody (1:2000 diluted, preabsorbed against wildtype embryos) visualized 

with avidin/HRP complex (Vector Laboratories, Burlingame, CA).  

 

Beta-Galactosidase Staining of Ovaries  

Dissected ovaries from yeast-fed females expressing the UAST-directed lacZ under 

the control of various Gal4 drivers were fixed in 1% glutaraldehyde in PBS (130 mM 

NaCl, 10 mM sodium phosphate, pH 7.2) for 15 min, followed by extensive washing in 

PBT (PBS, containing 0.1% Tween 20). Ovaries were then incubated in staining solution 

(150 mM NaCl, 10 mM sodium phosphate, pH 7.2, 1 mM MgCl2, 3.1 mM potassium 

ferrocyanide, 3.1 mM potassium ferricyanide, 0.3% Triton X-100, 0.2% X-Gal). Stained 

ovaries were mounted in a 1:1 mix of glycerol: PBS for photography.  
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