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MICHAEL BLAIR DINKINS 
Modulation of a Conserved Cathepsin B-Iike Extracellular Matrix Protein Impacts 
Wing and Egg Formation in Drosophila melanogaster 
(Under the direction of ELLEN K. LEMOSY, M.D., Ph.D.) 

Conserved in Bilaterian species, the tubulointerstitial nephritis antigen (TIN -ag) 

family of cathepsin B-like extracellular matrix proteins has been proposed to have roles 

in cell adhesion and regulation of basement membrane assembly based on in vitro 'studies . 

of mammalian family members. Here we examined the single Drosophila ortholog, 

CG3074, and found conservation of its basement membrane localization as well as a role 

in cell adhesion. RNAi knockdown -resUlted in wing blistering and held-out wings 
. ! ··. .· . 

i· 
, following eclosion, consistent with defects in adhesion of wing epithelia and tendon cells 

to the underlying extracellular matrix, but no defects were detected during pupal 

- . -development. We were unable to demonstrate a genetic or physical interaction with 

laminin and CG3074 but did detect genetic interac¥ons with ·integrins and dystroglycan 

in the wing. A serine substitutes ·for cysteine in all TIN-ag family members at the 'active 

site' of the cathepsin B-like domain and is predicted to render the .protein inactive as a 

protease. Overexpression of the mutant CG3074 S213C, in which the 'catalytic' cy~teine 

of cathepsin is restor~d, resulted in gain-of-function defects in egg formation and larval 

development. We provide genetic and biochemical evidence that these ~efects arise from 

a neomorphic activity of the S213C protein that supports a role of this highly conserved 

domain in wildtype CG3074 function. These studies broaden our understanding of TIN-

ag family function and identify tissue and pathway models for future studies. 
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I. Introduction 

A. Statement of the problem and specific aims 

Development of animal body plans with complex strUctures from simpler 

structures requires coordination of extracellular signals, intracellular integration of those 

signals, and appropriate morphogenetic responses of the targeted cells. Throughout 

development, cells must execute instructions for appropriate proliferation, shape changes, 

and migrations in order to generate the tissues require.d for a viable organism. The 

extracellular matrix (ECM) is essential for establishing structural scaffolding and 

migratory substrata, compartmentalization of tissues, and regulation of intercellular 

signals among other roles. Integrins are heterodimeric ECIY! receptors consisting of 

transmembrane alpha and beta subunits that function in cell adhesion and migration 

(Hynes, 2002). Acting as force transducers of the ECM that convert physical information 

. into biochemical signals, integrins play essential roles in tissue/organ morphogenesis 

during development, cellular adhesion and proliferation throughout life, and pathologies 

including cardiovascular disease and remodeling (De ·Arcangelis and Georges-Labouesse, 

2000; Silver and Siperko, 2003; Thiery, 2003; Manso et al., 2006). The variety of 

potential matrix-integrin interactions underscores the importance of the matrix 

microenvironment for establishing favorable conditions for the development and 

maintenance of tissues and organs .. Thus, it is of interest to understand more about how 

variation in the ECM can function in the control of tissue development. While the 

1 
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published literature is replete with developmental studies on well-established integrin 

ligands (i.e., laminins, fibronectins, collagen), other molecules are beginning to emerge 

as major contributors in cell signaling· and adhesion with mammalian tubulointerstitial 

nephritis antigen (TIN-ag) as an intriguing candidate (Chen et al., 1996). 

Our laboratory has identified a secreted protein, designated CG3074 (CG -

computed. gene), in the ECM of Drosophila ovaries (Fakhouri et al., 2006) that is an 

ortholog of mammalian TIN-ag. T;IN-ag-related proteins contain anN-terminal cysteine

rich, epidermal growth factor-like motif common to several ECM glycoproteins (type I 

collagen, mucin, von Willebrand Factor) and a C-terminal cathepsin B-like domain 

(Nelson et al., 1995). Mouse TIN-ag has been sho~ to· be necessary for the 

development of ren~ tubules in an ex vivo ~odel (Kanwar et al., 1999), and evidence 

from cell culture and the mouse :decidual endometri~ support a role for TIN -ag as a 

novel integrin ligand (Chen· et al., 1996; Tajiri et al., 2009). The following specific aims 

were designed to address, in a simplified Drosophila model with a single ortholog of 

TIN-ag (CG3074), the relevance of TIN-ag to organismal development and its potential 

involvement as an integrin ligand: 

1. To determine the consequences of CG3074 loss of function on Drosophila 

development. 

2. To elucidate in vivo requirements of the conserved cathepsin ~ 'active 

site' domain in CG307 4 function. 

3. To test the interaction of CG3074 with Drosophila integrins and ECM 

components. 
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B. Literature review. 

Major components of the, basement membrane and developmental insights 

The extracellular matrix (ECM) is a diverse milieu of carbohydrates, proteins, and 

minerals in tissues that are located outside of the cell membrane. The ECM not only 

provides structural support for tissues and cells but also plays. key roles in cell 

differentiation, migration, adhesion, proliferation, and survival. Basement membranes 

are a thin, specialized ECM layer in metazoans that make contact with epithelia, 

endothelia, and muscle tissue. They serve as a scaffold, compartmentalization barrier, 

and signaling platform to influence cell polarity among other functions (Kramer, 2005; · 

Hynes, 2009). While basement membranes were once simply viewed mainly as substrata · 

for cell adhesion, today they are understood to play more active roles in development and 

homeostasis. Tissue-specific components [of particular interest is tubulointerstitial 

nephritis TIN-ag in the kidney (Nelson et al., 1998)] and variations in the local 

concentration of various components (Butkowsld et · al:, 1991; Wex et al., 2001; 

Yurchenco et al., 2004; Larsen et al .. , 2006; Kniegel and Miosge, 201 0) co~tribute to 

· · these roles. An increasing bo~y of evidence supports the concept. that tension within 

various. basement membranes influences tissue differentiation mediated largely by 

integrins, receptors .. for ECM· molecules. (Katsrimi et al., 2005; Schwartz and DeSimone, 

2008) in both development (Ingber, 2006) and disease (Huang and Ingber, 2005; Paszek 

et al., 2005). Thus, the relative composition of a given tissue's basement membrane 

appears to be vital to that tissue's development and homeostasis. 

Basement membranes, based on all metazoans studied to date, nearly ubiquitously 

contain the following secreted glycoproteins: laminins, collagen IV, the heparan sulfate 
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proteoglycan perlecati, and nidogen (Timpl, 1996; Kramer, 2005; Kruegel and Miosge, 

201 0). Basement membranes contain additional macromolecules that, while widespread, 

are not thought to be ubiquitous such as fibulin and fibronectin (Erickson and Couchman, 

2000). Other heparan sulfate proteoglycans such as agrin are found in basement 

membranes of various tissues (Denzer et al., 1997; Tatrai et al., 2006; Kirn-Safran et al., 

2009). Smaller non-structural matricellular proteins such as osteonectin (SP ARC -

secreted protein acidic and rich in cysteine) also localized to basement membranes 

(Mayer et al., 1991 ), and have been shown to regulate a variety of processes (Francki and 

Sage, 2001; ~artinek et al., 2007). Several other lesser studied proteins, including TIN

ag, have been found to localize to ·basement membranes: MAEG (MAM- and EGF

containing gene) (Osada et al., 2005),-usherin (Bhattacharya etal., 2002), and lactadherln 

(Ensslin and Shl.J!, 2007) are three such examples of proteins recently found to localize to 

basement membranes in various tissues and appear to play roles in adhesion. 

Laminins are large (>800 kD) heterottlmeric .glycoproteins consisting of one each 

ofan a, (3, andy chain that self-assemble into trimers in the secretory pathway (Cheng et 

al., 1997; Kumagai et al., 1997) and following secretion, interact at the cell surface with 

dystroglycans, integrins, and other membrane components (e.g. sulfated glycolipids) and 

self-polymerize into a nascent ECM scaffold (Henry and Campbell, 1998; Lohikangas et 

al., 2001; Li et al., 2005) upon which other basement membrane components integrate 

(Yurchenco et al., 2004). Laminins are the essential component for the formation of 

basement membranes, though the developmental stage at which embryonic lethality 

occurs in laminin knockouts and mutants differs across various phyla. Targeted deletion 

of the laminin gamma 1 chain from mice resulted in failure of embryonic basement 
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membrane formation at the blastocyst stage as well as differentiation of the extra 

embryonic endoderm. (Smyth et al., 1999). In contrast, while Drosophila and C. elegans 

embryos required latninin for development. ·of various tissues and organs, it was not 

required for. early em:bryonic events such as gastrulation (Huang et al., 2003; Kao et al., 

2006; Urbano et al., 2009), even upon removal of the maternally provided laminin in 

. . flies. In more complex metaz~ans (e.g., ~ammals) that contain multiple alpha, beta, and 

gamma, chains, different combinations of laminin monomers can assemble into trimers 

that have tissue-specificity, and mutations m specific lamiilln chains result in an array of 

tissu~-specific phenotypes and pathologies depending on the tissue distribution of a 

particular chain (Yurchenco et al., 2004;, Durbeej, 2010; Kruegel and Miosge, 2010). 

Collagen IV is generally regarded as a ubiquitous heterotrimeric basement membrane 

component (an exception noted in C. elegans; Graham et al., 1997). In mammals, three 

different collagen IV proteins (a 1-a6) can be assembled from six different monomers 

(Khoshnoodi et al., 2008; Gordon and Hahn, 201 0). While collagen IV is the only core 

basement membrane molecule to undergo stabilization through covalent bonds, it appears 

to be dispensable for basement. membrane assembly (Poschl et al., 2004; Yurchenco et 

al., 2004). Though a knockout mouse for any collagen IV gene hasn't been made, 

targeted deletion of the hsp4 7 gene, a chaperone that regulates folding of collagen, results 

in embryonic lethality at day 11.5 in mice, which is consistent with a role for collagen in 

providing mechanical stability to basement membranes, for example in blood vessels 

(Nagai et al., 2000; Koide et al., 2002), and in late embryogenesis in C. elegans (Guo et 

al., 199.1 ). Like laminin, one of collagen IV' s main functions is cell adhesion ·mediated 

through both integrin and non-integrin receptors (Khoshnoodi et al., 2008), but it can also 



6 

influence tissue morphogenesis through its interaction with bone morphogenetic proteins 

across phyla (Vukicevic et al., 1994; Wang et al., 2008) as well as angiogenesis following 

proteolytic degradation to expose cryptic binding sites that bind to different classes of 

integrins (Xu et al., 200 I; Serini et al., 2008). 

Perlecan is a large ( 400 kD) proteoglycan that contains a variable number of 

sulfated glycosaminoglycan chains, usually heparan sulfate or chondroitin sulfate 

(Noonan and Hassell, 1993; Couchman et al., 1996), that can act as a ligand for integrins 

and dystroglycans for cellular adhesion. With evolutionary conservation, perlecan also 

modulates signal transduction mediated by extracellular ligands such as basic fibroblast 

growth factor (Aviezer et al., 1994), vascular endothelial growth factor (Zoeller et al., 

2009), and hedgehog (Lindner et al., 2007) to influence everything from mitosis and 

angiogenesis to patterning and epithelial polarity (Mirouse et al., 2009). 

Developmentally, perlecan is not required for the formation of a basement membrane, but 

like collagen IV is necessary for maintenance of basement membrane integrity under 

mechanical stress; in both mice and zebrafish, loss of perlecan results in failed 

angiogenesis and various myopathies (Costell et al., 1999; Sasse et al., 2008; Zoeller et 

al., 2008). Nidogens are globular proteins (----150 kD) produced mainly by mesenchymal 

cells that incorporate into basement membranes (Dziadek,. 1995) and interact in ternary 

complexes with laminins, collagen IV, and perlecan {Timpl et al., 1984; Aumailley et al., 

1989). Nidogen was once thought to be a critical component during basement membrane 

assembly b,ased on its ability to mediate formation of ternary complexes with laminin and 

collagen IV (Aumailley et al., 1993). However, experiments ·in C. elegans showed that 

loss of nidogen function was not detrimental to basement membrane . assembly or 
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integrity throughout the organism (Kang_ and Kramer, 2000) but did impair axon 

guidance and formation of the neuromuscular junctions (Ackley et al., 2001; Ackley et 

al., 2003). In mice, which contain two similar nidogen genes, deletion ofnidogen-1 was 

only associated with basement membrane defects in brain capillaries and in the lens while 

. :)~1 other basement membranes appeared normal, though consistent with the data from C. 

elegans, loss of nidogen-1 in mice associated with poor motor control and seizures 

(Murshed et al., 2000; Dong et al., 2002) and with reduced capacity for wound healing 

(Baranowsky et al., 2010). Similar, nidogen-2 knockout mice also displayed no overt 

phenotypes, even in endothelial cell basement membranes where it is most highly 

expressed (Schymeinsky et al., 2002). When both nidogen genes are deficient, mice die . 

perinatally due to poor lung d~velop111~nt and reduced cardiac integrity associated with 

changes in the .:hasement membranes. However, these defects were not present in all 

basement membranes (Bader et al., 2005). 

lntegrins and ligand binding 

Inteirlns are transmembrane obligate heterodimers composed of non-covalently 

associated a and J3 chains that perform a variety of functions; most notably in cell 

adhesion and adhesion-related signaling. , Through various effector proteins, integrins 

provide a link to relay information from the extracellular matrix to the cytoskeleton and 

thus act as signaling centers that can control cellular extensions and migration (Schwartz, 

201 0). Integrins were independently characterized in the mid-1980s by different groups 

with Drosophila genetics (Brower et al., 1984; Wilcox et al., 1984), immune cells 

(Hemler et al., 1985), "'platelets (Parise and Phillips, 1985), and mammalian cell culture 
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(Horwitz et al.:~ 198S) studying cell adhesion. As with many ECM molecules that 

contribute to the basement membrane, most metazoan species have multiple integrin 

chains that interact with different ECM molecules. The human genome, for example, 

encodes for 18 alpha and 8 beta subunits, which are known to associate in various 

combinations to produce at least 24 functional integrins (Berman et al.., ·2003). The 

degree of integrin diversity is positively correlated to ECM complexity; in humans, 18 

lamitiins have been described. (Durbeej~. 201 0). By comparison, the Drosophila genome 

.contains 5 alpha and 2 beta subunits (Brower, 2003) concomitantly with only 2 laminin 

species (Martin et al., 1999). 

In more complex species, integrins appear to have diverged into four categories: 

laminin-b~ding, collagen-binding, ROD-binding, and leukocyte specific (Hughes, 2001; 

Hynes, 2002; .Berman et ru., 2003; Takagi, 2007). Fibronectin containing an RGD 

(arginine, glycine, aspartic acid) sequence was identified as the prototypical integrin 

ligand, and RGD sequences'are found in various other integrin ligands such as vitronectin 

and fibritiogen; however, only about one-third of all known integrins bind to proteins 

containing an RGD sequence (Humphries et al., 2006). Interestingly, certain laminin 

isoforms contain a non-conserved RGD sequence in both mammals (Aumailley et al., 

1990) and in Drosophila (Martinet al., 1999; Schock and Perrimon, 2003). This laminin 

RGD sequence is active in promoting adhesion, migration, and neurite outgrowth through 

ROD-binding integrins in mouse cell culture (Tashiro et al., 1991) and solid-phase 

binding assays (Sasaki and. Timpl, 2001 ). In Drosophila, there are known laminin

binding and RGD-bh!ding integrins, respectively, PS 1 and PS2 integrin (PS-position 

specific). The alpha chains of each Drosophila integrin are homologous to several alpha 
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integrins in mammals that . bind either laminins or RGD-containing proteins (Hughes, 

2001 ). However, there are no known collagen-binding integrins present in Drosophila or 

C. elegans. · There are, however, two uncharacterized alpha integrin chains ( aPS4 and 

aPSS) in Drosophila whose heterodiniers could serve as collagen· receptors. While 

certain collagens (e.g. collagen I) possess an RGD sequence, RGD-binding integrins are 

not known. ~o interact with these collagens in the~ native conformations (Davis, 1992). 

lntegrins typically bind to GFOGER motif in collagen. 

The other well-known integrin ligand motif is the LDV sequence found· in certain 

alternatively spliced isoforms of fibronectin and the transmembrane subfamily of lg

domain proteins that is recognized by leukocyte-~pecific integrins (Clements et al., 1994; 

Wagner and Muller, 1998; Mayadas and Cullere, 2005). Additionally, integrins can also 

recognize cryptic sites of extracellular matrix molecules following proteolysis such as 

fibrinogen, perlecan, collagen XVIII that function during angiogenesis, leukocyte 

migration, and other processes that require extracellular matrix remodeling (Wickstrom et 

al., 2002; Vorup-Jensen et al., 2005; Suhr et al., 2009). 

Drosophila as a model for cell adhesion and tissue morphogenesis 

Drosophila are historically one of the most studied multicellular organism in all 

of the life sciences. The development of powerful genetic tools coupled with their 

fecundity, relatively short life cycle, and well-characterized tissue development makes 

Drosophila an attractive model organism for study of developmental and cellular biology, 

including cell adhesion, for which flies have been used more than 30 years (Mittenthal, 

1979). Of particular· interest with the current study are the Drosophila wing and ovary, 
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both of which h~ve: been extensively used as models of cell adhesion. Briefly, the 

Drosophila life cycle is similar to most insects. 'Adults lay eggs in which the embryo 

develop~ over the following 20-22 hours (at 25°C) and then hatches as a first instar larva. 

Over the next 4 days, the larvae molt twice, and when third instar larvae reach a critical 

weight, they undergo metamorphosis over approximately another next 4 days. When 

cotp.plete, the adult ecloses from the puparium formed at the onset of metamorphosis. 

The Drosophila wing develops from an invagination of lateral.ectoderm from the 

thoracic region during embryogenesis, forming a single-cell layer epith.elial 'imaginal 

disc' that proliferates from approximately 20 cells to 50-75,000 cells during larv~l life. 

The wing disc contains the cells that will proliferate during larval and pupal development 

to form the wing blade, the wing margin, hinge, and the dorsal portion of th~ adult fly's 

thoracic segment called the notum (Se~ Fig. 2.3A,B). It is essentially a two-dimensional, 

folded epithelial sac of columnar cells patterned by gradients of Wingless (Wnt) and 

Decapentaplegic (BMP) in three dimensions (anterior-posterior, dorsal-ventral, and 

proximal-distal) with the proximal-distal axis beirig arranged concentrically with the most 

distal structures (wing blades and margin) located at the center of the disc and the 

proximal structUres at the periphery of the disc (Cohen, 1993; Klein, 2001). 

Approximately two hours after the onset ofpupariation (the first 12 hours following the 

larval-pupal transition), cells of the wing margin begin to shorten as the apices of 

neighboring cells expand to drive folding of the wing pouch into a bilayer with the basal 

sur~ace of the cells apposed, . a process found to be regulated by integrin-ECM 

interactions (Doini~guez-Gimenez et al., 2007). By 12 hpurs following pupariation, the 

~g. epithelium has expand~d and flatte~ed, basal junctions· have formed, and the wing 
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has begun to secrete cuticle (Fristrom et al., 1993). During pupation, which occurs about 

12 hours following larval pupariation, the wings undergo a final mitosis during the next 

12 hours as the wing blades become separated again by a rapid influx of hemolymph. 

Extracellular matrix is synthesized again, and the wing blades again become reapposed as 

basal cytoplasmic extensions through the matrix to meet processes from the other wing 

blade, except for vein regions and undergo additional surface area expansion and folding. 

A second separation step occurs approximately 60 hours after the onset of pupariation 

and additional ECM is synthesized prior to eclosion (Fristrom et al., 1993). Following 

eclosion, the epithelial cells delaminate from the wing blades and migrate toward the 

hinge region and into the body of the adult, and the remaining cuticular wing surfaces 

bond together through the ECM deposited prior to eclosion (Kiger et al., 2007). 

The distribution of various ECM proteins and integrins in the Drosophila wing is 

well defined and stereotypical. Both laminins and collagen IV are present along the basal 

surface of the wing disc eversion following pupariation and persist basally through both 

periods of wing layer separation and apposition during the pupal period but finally 

become restricted to the vein cells in the fmal stages of development (Murray et al., 1995; 

Urbano et al., 2009). Other ECM _proteins known to have roles in mediating adhesion of 

the wing blades include two PS2 integrin ligands, tenectin (Fraichard et al., 201 0) and 

tiggrin (Zhang et al., 201 0). While the localization of tenectin is not known, tiggrin is 

associated with the interface between the dorsal and ventral intervein cells of the wing 

blades but not vein cells where laminin and collagen IV ultimately localize (Zhang et al., 

201 0). Though dystroglycan mutants have been shown to affect vein formation 

(Kucherenko et al., 2008), integrins are the primary cell adhesion receptor known in the 



12 

Drosophila wing and were actually first described using the wing as a model (Wilcox et 

al., 1981 ). The dorsal wing epithelium expresses the PS 1 inte~ (laminin-binding 

class), and the ventral epithelium expresses the PS2 class (RGD-binding) (Brower et al., 

1984). Interestingly, while laminin and integrins are associated with most wing epithelial 

cells early during pupal development, in the adult they adopt a complementary 

localization pattern. Integrins are expressed on intervein cells with laminin and collagen 

IV localized to vein cells, which do not express integrins (Fristrom et al., 1993; Urbano et 

al., 2009), which suggests PS 1 integrins are binding to an unknown ligand at least in the 

late pupal stages and adult wing. 

The Drosophila ovary, in addition to being our laboratory's focus for the study of 

dorsoventral patterning and the tissue in which we identified CG3074 (Fakhouri et al., 

2006), has also been a widely used model in thousands of studies, including roles of the 

basement membrane and cell adhesion molecules (Gutzeit et al., 1991; Deng et al., 2003; 

Horne-Badovinac and Bilder, 2005; Schneider et al., 2006; Fernandez-Minan et al., 

2007). In Drosophila, the ovary is a bundle of 15-20 ovarioles, which are essentially a 

small 'assembly line' of egg chambers. Each egg chamber originates from a germarium 

containing the germline stem cells and somatic stem cells that respectively give rise to the 

oocyte/nurse cell complex and follicular epithelium that surrounds the germline. Each 

egg chamber begins with a 16-cell germ line that becomes enveloped by the somatic 

follicle cells, and egg chambers within a given ovariole are separated by 7-8 stalk cells 

that differentiate from the rest of the follicle cells (Xi et al., 2003). One ofthe germline 

cells is destined to become the posterior positioned oocyte, based on sorting of cells with 

differing concentrations of the cell-cell adhesion molecule cadherin (Godt and Tepass, 
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1998), while the remaining 15 cells act as 'nurse' cells to the oocyte. The follicle cells 

that surround the germline serve two main purposes: patterning of the oocyte and 

secretion of the eggshell (van Eeden and St Johnston, 1999; Waring, 2000). Each egg 

chamber's follicular epithelium secretes its own basement membrane, which itself has 

been used as a model to study mechanisms of protein sorting and secretion (Denef et al., 

2008). The follicle cells, based on anterior-posterior patterning, differentiate into 

subpopulations that each play a different role in oogenesis: anterior-most polar cells, the 

immediately adjacent border cells, stretched cells, centripetal cells, main body cells, and 

posterior-most polar cells (See Fig. 1.1; Spradling, 1993; Home-Badovinac and Bilder, 

2005). During the course of oogenesis, different populations of these specialized follicle 

cells undergo shape changes and migrations important for morphogenesis of various 

components of the eggshell. The anterior-most follicle cells (border and polar cells) 

undergo an epithelial to mesenchyme transition, invade the nurse cells of the germ line, 

and migrate to an anterior position on the oocyte where they will help form the micropyle 

of the eggshell that allows sperm entry (Prasad and Montell, 2007; Zhao et al., 2008). 

The centripetal cells cells extend inward between the nurse cells and anterior side of the 

oocyte next to the border cells. Near the end of oogenesis as the nurse cells begin 

dumping their cytoplasm into the oocyte, additional patterning of the dorsal main body 

follicle cells occurs to defme two additional subpopulations that undergo stereotypical 

shape changes and J)ligration to form a pair of dorsal appendages present at the dorsal

anterior end of each egg (Dorman et al., 2004; Berg, 2005). Many of these 

morphogenetic processes are dependent upon integrin-ECM interactions between the 

follicular epithelium and its underlying basement membrane. In the ovary, integrins are 
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essential for organizing the actin cytoskeleton of the follicular epithelium during oocyte 

anterior-posterior elongation; eggs containing large mutant integrin clones lost their 

characteristic basal actin polarity and were laid shortened and rounded (Bateman et al., 

2001; Wahlstrom et al., 2006). With the fly ovary as a model, recent studies have also 

shown that integrins play a role in regulating cell polarity (Fernandez-Millan et al., 2008), 

spindle orientation to maintain the follicular epithelium as a monolayer (F emandez

Minan et al., 2007), the invasive migration of border cells (Llense and Martin-Blanco, 

2008), and the anchoring and proliferation rates of stem cells in the germarium (O'Reilly 

et al., 2008). 

One of the advantages of using Drosophila is the ease of transgene expression 

using the Gal4/UAS system (Brand and Perrimon, 1993). The system utilizes the Gal4 

transcription factor from yeast that expressed under control of endogenous promoters 

following insertion of a Gal4-containing transposable element into the fly genome. It is 

inactive in Drosophila unless it encounters a UAS sequence (upstream activation 

sequence, also derived from yeast, located upstream of a transgene or RNAi sequence. In 

the experiments in this study, we used strains expressing Gal4 under control of the 

ubiquitously expressed actin 5C (Act-Gal4) and tubulin-P genes (tubP-Gal4) as well as 

several strains providing tissue-selective expression of the Gal4 (i.e., c323-Gal4, 

expressed in the follicle cells during the latter half of oogenesis). The Gal4 binds to UAS 

sequences to promote transcription of the transgene or RNAi construct located just 

downstream. 
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Tubulointerstitial nephritis antigen and homologs 

Tubulointerstitial nephritis antigen (TIN -ag) is the mammalian designation for a 

conserved matricellular glycoprotein consisting of both an N-terminal cysteine-rich 
I 

domain and a cathepsin B-like domain in which the cysteine of the catalytic triad is 

substituted with a serine (Nelson et al., 1995; Kumar et al., 1997). Mammalian genomes 

also encode for a TIN-ag homolog, referred to in published literature as either TIN-ag 

related protein (TIN-ag RP), TIN-ag-like 1, adrenocortical zonation factor 1 (AZ-1), 

lipocalin-7, and Arg1 (for androgen responsive gene-1; Bromme et al., 2000; Kobayashi 

et al., 2001; Wex et al., 2001; Mukai et al., 2003; Li et al., 2007). TIN-ag was named 

after an antigen targeted in patients with the autoimmune disease tubulointerstitial 

nephritis (TIN), inflammation of the renal tubules and their surrounding interstitial space. 

While the majority of human cases of acute TIN result from an- allergic reaction to drugs, 

a significant portion of TIN cases result from an autoimmune disorder where antibodies 

target the tubular basement membrane and can be induced in animals following 

immunization with tubular basement membrane (Wilson, 1989; Wuthrich and Sibalic, 

1998). 

In 1990, two non-collagenous proteins similar in composition to known basement 

membrane proteins laminin and entactin (58 kD and less prevalent 50 kD) were isolated 

from rabbit kidneys that reacted with anti-tubular basement membrane antibodies from 

individuals with TIN. It was estimated that these TIN-ag isoforms represented 

approximately 10% of the mass of tubular basement membranes (Rutkowski et al., 1990). 

Following isolation of the protein, early immunohistochemical studies showed 

localization ofTIN-ag to basement membranes in the renal cortex (but not medulla), skin, 
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cornea, and small intestine. Within the renal cortex, anti-TIN -ag staining was present in 

the basement membranes of Bowman's capsule, distal tubules, and peri tubular capillaries 

but was most concentrated in the proxin;1al tubules and absent from the gJomerulus 

(Butkowski et al., 1991). Additionally, several reactive isoforms were seen on 

immunoblots from various mammalian species ranging from 35 kD to 300 kD, always 

with the 58 kD isoform being most predominant, possibly indicating either a common 

epitope with other extracellular matrix (ECM) components or covalent linkage 

(Butkowski et al., 1991). Though later studies have not revealed any such covalently

linked complexes, TIN -ag has been shown using solid phase binding assays to interact 

directly and saturably with laminin and collagen (but not heparin) in the low micromolar 

range. Interestingly, TIN-ag was able to inhibit the in vitro polymerization oflaminin but 

not type IV collagen in turbidity assays (Kalfa et al., 1994). 

TIN-ag was first cloned from a rabbit kidney eDNA library, where it was first 

shown to possess homology to cathepsin B as well as contain a motif similar to epidermal 

growth factor common to several well-known ECM glycoproteins including some chains 

of laminin, a.1 chain of type I collagen, and von Willebrand factor (Nelson et al., 1995). 

Because of its high concentration in proximal tubule basement membranes, TIN -ag was 

investigated for its ability to mediate cell adhesion. Cells dep.ved from both proximal 

tubules and aortic endothelium were able to adhere to TIN-ag-coated plastic dishes (Kalfa 

et al., 1994). The HK-2 proximal tubule cell line bound in a concentration-dependent 

manner to TIN-ag-coated plates. This interaction of these cells with TIN-ag was 

comparable to both laminin and collagen in adhesive strength, and antibody inhibition 
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studies suggested that a3 f31 and a5 f33 integrins were involved in the ability of these cells 

to adhere to TIN-ag (Chen et al., 1996). 

During metanephric development in the mouse, TIN -ag was found to be heavily 

expressed in the basement membranes of ureteric bud branches and neo-epithelia at day 

13, indicating a possible role in mesenchyme-epithelial transitions and the distal 

convolution of the S-shaped bodies; the distal convolution is the primordia for the 

glomerulus (Kumar et al., 1997). Confirmed by immunostaining and Northern blotting, 

TIN -ag expression declined as embryogenesis progressed, becoming localized to the 

renal cortex by day 17 of development and increasing post-natally (Kumar et al., 1997). 

Similarly in humans, TIN-ag was reported to be present in the basement membranes of 

Bowman's capsule during glomerulogenesis as well as in the proximal tubule but was not 

seen in ureteric bud branches or S-shaped bodies, indicating species-related expression 

differences (Nelson et al., 1998). The only published work to date to address loss of 

TIN-ag function was performed with ex vivo day 13 mouse metanephroi. Kanwar et al., 

1999 incubated embryonic kidneys with either TIN-ag antisense RNA or anti-TIN-ag 

antibodies and observed a decrease in development of S-shaped body precursors to 

tubules accompanied by a reduction in TIN-ag (but not heparan sulfate proteoglycan) 

mRNA and protein synthesis while development of the glomeruli was relatively 

unaffected (Kanwar et al., 1999). These data indicate that TIN-ag selectively mediates 

differentiation of renal tubules in the extracellular environment. 

The human TIN-ag was cloned in 2000, revealing that the gene shared more than 

85% homology with the rabbit and mouse genes. In contrast to mice and rabbits, human 

TIN-ag mRNA was found exclusively in the adult and fetal kidney (Ikeda et al., 2000). 
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However, another report presents con:fli9ting data, showing expression in human small 

instestine and an alternatively sliced isoform that lacks a portion of the EGF -motifs and 

some of the cathepsin B-like domain (Zhou et al., 2000). Additionally, a TIN-ag 

homolog was reported by the same group possessing approximately 50% homology to 

TIN-ag and was referred to as TIN-ag-RP (for related protein) (Bromme et al., 2000). 

TIN-ag-RP was found to be more widely expressed than TIN-ag. With Northern 

analysis, TIN-ag-RP was detected at relatively high lev~ls in blood vessels, placenta, 

skeletal and cardiac muscle, and kidney. Moderate expression ofTIN-ag-RP was shown 

in the thyroid, adrenal gland, lymph nodes and trachea, and relatively low expression in 

GI tract including the liver, testis, ovary, and spleen (Wex et al., 2001). Interestingly, 

with immunohistochemistry, expression ofTIN-ag-RP was shown to be highly expressed 

in vascular smooth muscle cells but undetectable in uterine smooth muscle, which could 

indicate that transcripts seen in multiple tissues at low levels could be due entirely to the 

mRNA in the vascular smooth muscle (Wex et al., 2001). Additionally, while TIN-ag

RP mRNA was barely detectable in normal colon, it was highly expressed in two 

different colon adenoma samples as well as a highly invasive colorectal cancer cell line, 

indicating a possible role in tumorigenesis (Wex et al., 2001 ). 

A potential regulatory role in tissue differentiation was postulated for TIN-ag-RP 

. when it was found that the undifferentiated cell zone and the cells of the zona 

glomerulosa in the adrenal gland expressed TIN -ag-;RP but not in the zona reticularis that 

expresses steroid 11 ~ hydroxylase (Cyp 11 ~-1; Mukai et al., 2003). Clonal cell lines 

confirmed that cells not expressing TIN-ag-RP maintained Cyp11~-1 expression and vice 

versa: Cyp11~-1 was undetectable in cells that expressed TIN-ag-RP (Mukai et al., 
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2003). More detailed examination showed TIN-ag-RP to be localized to the basement 

membrane along the adrenocortical sinusoids and capillaries as well as the ECM 

surrounding vascular smooth muscle but not cardiac muscle cells. TIN-ag-RP could also 

bind to both collagens I and IV and to the first type III repeat of fibronectin (Li et al., 

2007). These data suggested that TIN-ag and TIN-ag-RP share similar functions. 

Indeed, it was also shown that TIN-ag-RP could mediate integrin-dependent cell adhesion 

and spreading of adrenocortical and coronary artery smooth muscle cells (Li et al., 2007). 

Moreover, this study revealed that TIN-ag-RP could modulate cell spreading on collagens 

and fibronectins; both adrenocortical and coronary artery smooth muscle cells exhibited 

enhanced adhesion and spreading when TIN-ag-RP was pre-incubated in wells coated 

with either ECM substrate (Li et al., 2007). Further studies on TIN-ag-RP have shown 

that it is expressed during early mouse development (post-implantation) in 

extraembryonic tissues, particularly in Reichart's membrane, where it interacts with 

laminin (Igarashi et al., 2009). Additionally, TIN-ag-RP was shown to be expressed in 

the uterine luminal epithelium on days 1-2 of pregnancy. Following implantation, the 

levels of mRNA and protein increased in decidualized endometrium, which forms the 

maternal part of the placenta {Tajiri et al., 2009). TIN-ag-RP was also found to be 

associated with integrins expressed in the cells surrounding the implanted embryos, 

further suggesting a role for TIN-ag-RP in cell adhesion and integrin signaling (Li et al., 

2007) similar to that seen with TIN-ag (Chen ·et al., 1996). However, there have been no 

reports of further attempts to study loss of function of either TIN -ag homolog (Kanwar et 

al., 1999). 
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Abstract 

Integrins are heterodimeric transmembrane receptors that modulate cell adhesion, 

migration and signaling. Multiple integriil chains contribute to development and 

morphogenesis of a given tissue. Here, we analyze the expression of Drosophila integrin 

alpha chains in the ovarian follicular epithelium, a model for tissue morphogenesis and 

cell migration. We find expression throughout development of the beta chain, ~PS. 

Alpha chains, however, exhibit both spatial and temporal expression differences. aPS 1 

and aPS2 integrins are detected during early and mid-oogenesis on apical, lateral, and 

basal membranes with the ~PS chain while aPS3-family integriils ( aPS3, aPS4, aPS5) 

-are expressed in anterior cells late in oogenesis. Surprisingly, we find that aPS3-fJily 

I 
integriils are dispensable for dorsal appendage morphogenesis but play a role in the ftnal 

I 

length of the egg, suggesting redundant functions of integrins in a simple tissue. We also 

demonstrate roles for aPS3 ~PS integrin in border cell migration and in stretch cells. 

20 
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Introduction 

The Drosophila ovary comprises 15-17 smaller ovarioles that produce individual 

egg chambers in an assembly line-like fashion, and provides an excellent model system in 

which to study basic mechanisms of cellular and tissue morphogenesis (Spradling, 1993; 

Home-Badovinac and Bilder, 2005). Each egg chamber consists of 16 germline cells, 

including the oocyte and 15 nurse cells that support its development, surrounded by an 

epithelial layer of somatic follicle cells. The follicle cells have two main roles during the 

latter half of oogenesis: communication with the oocyte that is essential for patterning the 

egg chamber and early embryo, and formation of the eggshell (van Eeden and St 

Johnston, 1999; Waring, 2000). During eggshell formation, a sequence of migrations and 

cell shape changes involving subpopulations of the follicle cells (see Fig. 1.1) results in 

envelopment of the oocyte and synthesis of specialized eggshell structures such as the 

dorsal respiratory appendages, the micropyle required for sperm entry, and the door-like 

operculum that allows hatching of the larva (Berg, 2005; Home-Badovinac and Bilder, 

2005). The cell-cell and cell-matrix adhesive interactions involved in regulating the 

polarization, movements and functions of the follicle cell epithelium are of interest to 

understanding how this dynamic cell type contributes to formation of a functional egg. 

Here we consider ~e roles of integrins, major adhesion receptors that bind to 

extracellular matrix (ECM) ligands and that have been extensively characterized in 

mammalian model systems (Hynes, 2002; Arnaout et al., 2005). Integrins are obligate 

heterodimers comprising transmembrane alpha and beta subunits, which through various 

effector proteins, connect to and regulate the actin cytoskeleton, cell migration, 

proliferation, and survival (Mitra and Schlaepfer, 2006; Delon and Brown, 2007). 
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Integrins play a key role in the development and remodeling of a variety of vertebrate 

tissues including the brain (Schmid and Anton, 2003), kidney (Chen et al., 2004), and 

vasculature (Serini et al., 2006) as well as progression of tumors (Guo and Giancotti, 

2004). However, expression of multiple integrin chains is a factor complicating the study 

(Dinkins et al., 2008) of basic integrin functions during development. For example, a 

recent report revealed expression of ten alpha and four beta subunits in the mammalian 

sclera (Metlapally et al., 2006). Given the difficulty of genetic analysis in mammals, it 

would be prohibitively complicated to gain insight into· how multiple integrin chains are 

coordinated in a single tissue to control developmental processes. 
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Basal 
Apical 

Figure 1.1. Illustration of major events during Drosophila egg chamber 
morphogenesis.· (Top) During Stage 9, most follicle cells migrate posteriorly to cover 
the oocyte in a columnar epithelium (main body follicle cells) that synthesizes the main 
part of the eggshell, while a small number of thin stretch cells (green) overlie the 
germline nurse cells. Border cells (yellow) separate .from the anterior follicle cell 
epithelium and migrate between nurse cells to take up a position at the anterior end of 
the oocyte by the beginning of Stage 1 OA. (Middle) In Stage 1 OB, centripetal cells 
migrate between the oocyte and nurse cells to complete the covering of the anterior end 
of the egg, and floor cells (red) and roof cells (blue) are specified that will undergo shape 
changes to form two tubes that migrate anteriorly (bottom, Stage 12), secreting the 
dorsal appendage matrix into their lumens. Stretch cells initially coat the outside of the 
germline cell cluster (middle), but wrap processes completely around each degenerating 
nurse cell in Stage 1 OB-12 (bottom). The border cells and centripetal cells contribute to 
the formation of the micropyle and operculum. 
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While in humans there are 18 alpha and 8 beta subunits combining to form at least 

24 integrin dimers (Berman et al., 2003), the Drosophila genome encodes five alpha and 

two beta subunits (Brower, 2003), making genetic manipulation more tractable. The 

myospheroid (mys) gene encodes the predominantly utilized beta subunit (f3PS) in the fly 

(MacKrell et al., 1988) while the f3v subunit is restricted to the gut (Y ee and Hynes, 

1993). The three characterized fly alpha subunits, a.PS 1 (encoded by multiple edematous 

wings, mew; cytological position 11E3-11E8 (Brower et al., 1995), a.PS2 (inflated, if; 

15A5-15A7; Wilcox· et al., 1989), and a.PS3 (scab, scb; 51E10; Stark et al., 1997; 

Grotewiel et al., 1998), represent three unique structural families of integrins. 

Phylogenetic analyses indicate that PS 1- and PS2- but not PS3-type integrins are present 

in vertebrates and have diversified whereas the PS3-type integrins are the only class to 

show gene duplication in Drosophila (Hughes, 2001 ). These duplications include genes 

encoding two unstudied alpha chains, a.PS4 (51Ell; CG16827) and a.PS5 (59E4; 

CG5372), where the a.PS4 gene is adjacent to the 3' end of scab (Adams et al., 2000). 

PSI integrin (a.PSlf3PS) binds laminin (Gotwals et al., 1994) while PS2 integrin 

(a.PS2f3PS) binds ROD-containing ligands such as tiggrin (Fogerty et al., 1994), and the 

ligand for PS3 integrin ( a.PS3 f3PS) has not been well established. Genetic data and 

immunolabeling suggest laminin as one candidate, which is supported by the spreading of 

a fraction of PS3 integrin-expressing S2 cells (-20%) on plates coated with a fragment of 

Drosophila a.1,2laminin (Schock and Perrimon, 2003; Narasimha and Brown, 2004). 

Studies in Drosophila have utilized its advanced genetics to answer questions 

regarding the role of integrins during morphogenetic processes in embryonic 

development (Schock and Perrimon, 2003; Narasimha and Brown, 2004; Levi et al., 
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2006; Wada et al., 2007). In the ovary, genetic analyses demonstrate a requirement for 

both PS 1 and PS2 integrins in basal actin polarization in the egg chamber's follicUlar 

epithelium as loss of function mys, mew or if clones resulted in short, rounded eggs 

(Duffy et al., 1998; Bateman et al., 2001 ). Other published work has focused on the 

functional significance of PS 1 and PS2 integrins interacting with the ECM in the 

basement membrane of the follicle cell epithelium (Schneider et al., 2006; F emandez

Minan et al., 2007; Schotman et al., 2008). 

Examination of integrin chains in the well-defined egg chamber model should 

provide insight into how tissues coordinate expression and localization of multiple 

integrin chains during a developmental program. In the current study, we have utilized 

immunohistochemistry, in situ hybridization, clonal analyses, and RNAi to _examine the 

subcellular localization, tissue-level spatial expression, and functional roles of alpha 

integrin subunits in the latter half of Drosophila oogenesis when the major tissue 

remodeling occurs via cell migrations and morphology changes. We confirm a recent 

report that ~PS is localized to lateral and apical membranes of follicle cells in addition to 

their basal membranes (Femandez-Minan et al., 2007) and extend this result to show that 

aPS1, aPS2 and aPS3 localize to these membranes in a developmentally dynamic way, 

suggesting novel roles of integrins during oogenesis. We also provide evidence that 

multiple alpha subunits cooperate to establish the overall size of the mature egg. 

Results and Discussion 

Apical, Lateral, and Basal ~PS, aPSl and aPS2 During Oogenesis: 

Monoclonal antibodies available through the Developmental Studies Hybridoma Bank 
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aJlow examination of ~PS, aPS 1 and aPS2 integrin protein localization (Brower et al., 

1984 ). Using a standard protocol for formaldehyde fixation and immunostaining, we 

expected to see strong staining of ~PS at the basal side of the follicle cells (Bateman et 

al., 2001), and possibly no staining of aPSl and aPS2 as these monoclonals were 

characterized as aldehyde-sensitive (Brower et al., 1984). However, we found significant 

localization of ~PS along lateral and apical follicle cell membranes in addition to basal 

membranes in egg chambers through Stage lOA (Fig. 1.2A-D), which was verified by 

clonal analysis of the my?l2 null allele (Fig. 1.2E). Migratory border cells also expressed 

~PS protein at intercellular junctions (Fig. 1.2C; Llense and Martin-Blanco, 2008). The 

basolateral staining was prominent and punctate in character, while the apical staining 

was more dynamic, expressed evenly through early oogenesis and peaking in Stages 9 

and 1 OA columnar follicle cells overlying the oocyte while downregulating in the most 

posterior follicle cells (Fig. 1.2C). After Stage 1 OA, the remaining follicle cell 

populations began downregulating apically localized ~PS, while maintaining lateral and 

basal localization during dorsal appendage morphogenesis (Fig. 1.2E-G). Neither ~PS 

nor a subunits were detected in the germline. These results confirm observations on the 

lateral (Pinheiro and Montell, 2004) and apical localization of ~PS (Femandez-Minan et 

al., 2007; Denef et al., 2008). Similar staining was observed in mid-oogenesis using the 

aPS 1 antibody (Fig. 1.2H -K), while the aPS2 antibody showed no reactivity with 

formaldehyde-fixed tissue (not shown). Later in oogenesis, during the elongation of the 

oocyte and dorsal appendages, the aPS 1 · antibody showed little or no staining in the 

forming dorsal appendages in contrast to continued strong basolateral ~PS staining of 

these follicle cells (Fig. 1.2F ,K). 



Figure 1.2. ~PS and aPSJ are dynamically localized to apical, lateral, and basal 
follicle cell membranes in fiXed tissue. All images are oriente.d with anterior to the left. 
(A-G) ~PS integrin was visualized with monoclonal antibody CF.6Gll in Stage 6 (A), 
Stage 9 (C,D), Stage lOA (B), Stage JOB (E,G), and Stage 13 (F) egg chambers. Arrows 
(A, C,D) indicate apical membrane localization. Arrowheads indicate basal (A, C,D, G) or · 
lateral (F) membrane localization. Asterisks (C) denote downregulation of apical 
integrin. Presence of GFP (E) marks ~PS-null clones. Strong staining between forming 
dorsal appendages (F) is of stretch cells engulfing nurse cell remnants.. (H-K) aPSJ 
integrin was visualized with monoclonal antibody DK.JA4 in Stage JOB (H-J) and Stage 
13 (K) egg chambers. Arrows (H) indicate lateral membrane localization. Scale bars =. 

20 Jlm. 
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Figure 1.2. PPS and aPSJ are dynamically localized to apical, lateral, and basal 
follicle cell membranes inftxed tissue. 
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To further explore the lateral and apical staining patterns, we turned to antibody 

staining of unfixed, unpermeabilized ovaries followed by fixation and dissection of egg 

chambers (based on Brower et al., 1984). Under these conditions, all three antibodies 

exhibited robust and specific (as verified by clonal analyses; not shown) staining of 

follicle cell membranes (Fig. 1.3A-C). Apical staining, especially of ~PS and a.PS 1, was 

particularly prominent at the apicolateral border, but punctate staining could be seen 

along the entire apical surface in follicle cell cross-sections (Fig. 1.3D-F) and in a 

tangential section showing an apical lawn of punctae (Fig. 1.3G). Consistent with ~PS 

staining (Fig. 1.2C), both apical a.PS 1 and a.PS2 were downregulated in the most 

posterior follicle cells during Stage 9 (Fig. 1.3B-C, asterisk). Temporally, apical staining 

peaked at Stage 9 and then was greatly diminished in Stage 1 OB except in dorsal anterior 

patches where the dorsal appendage primordia are formed at this stage (Fig. 1.3H-I). 

Basolateral staining of a.PS 1 persisted in dorsal appendage-forming follicle cells at later 

developmental stages, but was diminished in intensity compared to Stages 9 and 10 and 

often entirely absent (Fig. 1.3J,K). The presence of a.PS1 and a.PS2 is consistent with 

published data demonstrating that large clones of either mew or if resulted in short, 

rounded eggs (Bateman et al., 2001). Schotman and colleagues (Schotman et al., 2008) 

also examined a.PS 1 by immunostaining ·and fluorescent in situ hybridization and found 

strong basolateral staining during epithelial remodeling but noted that a.PS2 was not 

expressed by follicle cells. This discrepancy with our data may lie in the fact that, 

although a.PS2 was not required for maintainence of the follicular epi.thelium as a 

monolayer (Femandez-Minan et al., 2007), these authors were using aldehyde-fixed 

tissue when probing for a.PS2. Indeed, we were also unable to detect a.PS2 under similar 
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conditions, consistent with the aPS2 antibody being strongly aldehyde-sensitive (Brower 

et al., 1984) while our aPS2 results· with unfixed tissue are consistent with both aPS 1 

and ~PS staining. 



Figure 1.3o ~PS.l' aPSJ, aPS2 immunolocalization in unfiXed egg chambers. PPS 
integrin (A,D, G)~ aPSJ integrin (B,E,H,J,K), and aPS2 integrin (C,F,LL) were singly 
l~beled with monoclonal antibodies (CF.2C7 for aPS2) in Stage 9 (B-C), Stage lOA 
(A,D-F), Stage 1 OB (G-LL) and Stage 13 (J,K) egg chambers. (G) Tangential section 
through the Stage 1 OB follicle cell epithelium demonstrating staining along lateral cell 
margins and in an apical lawn. (H,J) Cross-sections highlight apical integrin 
localization in dorsal, anterior dorsal appendage primordia. (J,K) Anterior end of late
stage egg chambers showing autofluorescence of chorion at high detector gain, but 
reduced (K) to absent (J) lateral, but no apical, staining of aPS1. Asterisks (B, C) denote 
downregulation of apical integrin. The position of the oocyte is labeled with a lower case 
io ' in close-up images. Scale bar = 20 pm. 



30 

Figure 1.3. fJPS, aPSJ, aPS2 immunolocalization in unfiXed egg chambers. 
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There is precedent for apical localization of integrins in epithelia, generally in cell 

types where the apical surface can contact other cells. For example, apical integrins are 

seen in the retinal pigment epithelium in frogs (Chen et al., 1997) and mice (particularly 

avf3s) where they are involved in circadian phagocytosis of shed outer segments of 

adjacent photoreceptor cells with which they closely interact (Finnemann et al., 1997; 

Nandrot et al., 2006). Vascular endothelial cells bear integrins on their luminal surfaces 

that are involved in functional interactions with plasma proteins and circulating cells 

(Conforti et al., 1992), and sea urchin blastulae also require apical integrins to organize 

their cortical actin network (Burke et al., 2004). In the fly Stage 9 and lOA egg chamber, 

apically localized integrins could be involved in interactions of the follicle cells with the 

oocyte or in assembly of the vitelline membrane (Spradling, 1993; Waring, 2000), while 

in Stage 1 OB and 11, they could be involved in interactions, shape changes, or 

movements occurring during formation of the epithelial tubes that will synthesize the 

dorsal respiratory appendages (Berg, 2005). Lateral distribution of J3PS integrin has been 

noted in several developing epithelial tissues in Drosophila such as wing, gut, and 

salivary glands (Fristrom et al., 1993), although the binding partners for integrins in 

lateral cell-cell adhesion are not known. In various mammalian cell culture models, 

integrins were found to localize to sites of epithelial cell-cell contact (Lampugnani et al., 

1991; Yanez-Mo et al., 2001) though a clear role for integrins in epithelial cell-cell 

adhesion in vivo remains elusive. In two of the Drosophila epithelia, gut and wing, cells 

lacking integrin function become flattened or cuboidal rather than columnar (Newman 

and Wright, 1981; Dominguez-Gimenez et al., 2007), implicating integrins in the 

maintenance of columnar morphology. A similar role could be played in the follicle cell 
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epithelium overlying the oocyte, which establishes a columnar morphology in Stage 9 

that has greatest height in Stage 1 OA and then flattens again in Stage 1 OB (Spradling, 

1993). Indeed, it has been recently shown that newly synthesized basolaterally localized 

integrins are involved in the transition from columnar to cuboidal morphology in the 

follicular epithelium (Schotman et al., 2008). It would be interesting to see if vitelline 

membrane assembly or oocyte interactions are also affected in mys, mew, or if clones. 

Upregulation of PS3-Family Alpha Integrin Chains During Follicle Cell 

Movements in Late Oogenesis: We had noted in these studies that the a.PS 1 and a.PS2 

chains were poorly expressed after Stage 1 OB, and data from previous clonal stUdies 

suggested that loss of PPS resulted in more severe defects in dorsal appendage formation 

than did loss of either a.PSl or a.PS2 function (Duffy et al., 1998; Bateman et al., 2001). 

These observations suggested that other alpha chains might be functioning together with 

PPS in the morphogenesis of dorsal appendages. Thus, we next examined the expression 

of the remaining Drosophila alpha chains, a.PS3, a.PS4, and a.PS5, using RNA in situ 

hybridization. 

In contrast to a.PSJ and a.PS2 mRNA expression at low levels in early egg 

chambers (not shown), we were unable to detect any PS3-family mRNAs until mid

oogenesis when a.PS3 mRNA appeared in border cells and in stretch cells at stage lOA 

(Fig. 1.4A). The a.PS3 mRNA was also strongly expressed at Stages 1 OB and 11 in two 

dorsal patches at the anterior end of the oocyte, corresponding to the cells that will form 

the dorsal appendages (Fig. 1.4C; Ward and Berg, 2005) and persisted through Stage 13 

(Fig. 1.4E). Thus, the expression of a.PS3 is limited to specific sub-populations of 

follicle cells. The a.PS5 mRNA was expressed in all follicle cells overlying the oocyte 
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during Stages 11 and 12, with the most intense staining developing in Stage 12 in cells 

covering the anterior end of the oocyte and in cells forming the dorsal appendages (Fig. 

1.4B,D). After completion of oocyte enlargement, aPS5 mRNA in main body follicle 

cells was downregulated at Stage 13 but strongly persisted in the dorsal appendage 

forming cells (Fig. 1.4F). The aPS4 mRNA was not strongly expressed, in contrast to 

the adjacent aPS3 gene, and could only be weakly detected during Stages 12 and 13 in 

follicle cells at the anterior end of the oocyte that form the operculum and micropyle (Fig. 

1.4G,H). 
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Figure 1.4. mRNA expression of the aPS3, aPS4, and aPS5 integrin chains during 
late oogenesis. Antisense labeling of aPS3 (A, C,E), aPS4 (G,H), and aPS5 (B,D,F) 
mRNA in Stage lOA (A), Stage 11 (B,C), Stage 12 (D), and Stage 13 (E-H) egg chambers. 
Except for a dorsal view in C, all other images are lateral views. Arrows (A, C) denote 
staining of stretch cells. Asterisk (A) denotes staining of border cells. Scale bar = 20 p.m. 
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We were able to further examine the expression and localization of the aPS3 

chain in the follicle cell epithelium using an antibody raised against a C-terminal peptide 

common to both aPS3 splice isoforms (Wada et al., 2007). Using this antibody, we 

could not detect aPS3 protein in early wild-type egg chambers through Stage 1 OA (Fig. 

1.5A), consistent with mRNA expression slightly preceding protein translation. We 

confirmed the reactivity of the antibody with aPS3 by staining early egg chambers 

expressing VAS-scb in all follicle cells. This overexpressed aPS3 was enriched at 

basolateral but not apical membranes during Stages 9 and 1 OA egg chambers (Fig. 1.5B, 

C), similar to the lateral staining seen for endogenous ~PS, aPS 1 and aPS2 chains at 

these stages (Figs. 1.2 and 1.3). 

In later stages, aPS3 immunostaining was detected in three subsets of cells. At 

Stages lOB and 11, the primordial dorsal-appendage cells exhibited apical localization of 

aPS3 protein (Fig. 1.5D), similar to what was seen for aPS 1 and aPS2 (Fig. 1.3H, I), and 

also had a diffuse punctuate cytoplasmic staining that was not present in follicle cells 

immediately posterior to the roof cells or on the ventral side of the oocyte. Although the 

aPS3 mRNA in situ hybridization pattern was most consistent with expression in the 

entire roof cell population that will form the dorsal portion of the outgrowing tubes 

(Ward and Berg, 2005), the antibody staining pattern was strongest along the anterior and 

medial margins of the dorsal appendage primordia (Fig 1.5H), co-localizing with ~PS 

protein, which was present on all cell membranes (Fig 1.5H"). It is possible that aPS3 

mRNA is selectively translated or its protein membrane-localized in roof cells that are in 

direct contact with the adjacent floor cells that form an anterior and medial hinge shape at 

the margin of each appendage primordium and migrate under the roof cells in the center 
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of each dorsoanterior patch to form the base of the outgrowing tubes (Ward and Berg, 

2005). Later, in Stages 12 and 13 egg chambers, weak staining was detected at the lateral 

membranes of cells surrounding the outgrowing dorsal appendages (Fig. 1.5E). 

Other anterior cell types also upregulate expression of a.PS3, including border 

cells, stretch follicle cells and possibly centripetal follicle cells (Home-Badovinac and 

Bilder, 2005). Using the stretch cell-specific l(1)3ArG150 Gal4 driver (Bourbon et al., 

2002), we verified that a.PS3 protein is absent at Stage 1 OA (Fig. 1.5C) and begins to 

appear during Stage 1 OB (Fig. 1.5D), co-localizing with UAS-CD8-GFP. This staining 

persisted as stretch cells enveloped the individual nurse cells that are dumping their 

contents into the oocyte (Tran and Berg, 2003) until the end of oogenesis (Fig. 1.5E,F). 

Finally, in some but not all Stage 13 egg chambers, staining could also be detected in a 

posterior patch of follicle cells overlying the oocyte (not shown), consistent with the 

mRNA expression pattern (Fig. 1.4E) .. To verify that the a.PS3 immunostaining was 

specific, we expressed UAS-scb RNAi in stretch cells with the l(l)3ArG150 driver and 

saw much reduced labeling of stretch cell membranes (compare Fig. 1.5D and E with G 

and G' inset). 



Figure 1.5. aPS3 protein is detected in stretch cells, border cells, and in dorsal 
appendage primordia. Colored text corresponds to the respective staining in images as 
labeled. Genotypes are indicated by white text. (A) A Stage 1 OA wild-type egg chamber. 
(B) A Stage 9 egg chamber expressing a scb eDNA. (C,D) A Stage lOA (C) and early 
Stage 11 (D) egg chamber showing expressing a plasma membrane localized GFP in the 
stretch cells. In Stage 1 OA (A, E) there is no staining of stretch cell membranes with anti
aPS3, while this staining is strongly up regulated in Stage 1 OB (not shown) and 11 (D '). 
(E) An early Stage 13 egg chamber undergoing dorsal appendage elongation. Anti-lacZ 
marks rhomboid-expressing floor cells (rho-lacZ), and arrow points to weak staining of 
lateral membranes of roof cells with anti-aPS3. (F) A late Stage 13 egg chamber in 
which nurse cells have almost completely degenera'ted; stretch cells lying between the 
forming dorsal appendages still stain strongly with anti-aPS3. (G) Stage 13 and Stage 
11 (inset) egg chambers expressing scb RNAi in stretch cells show strongly reduced 
antibody staining in these cells. (H) Confocal projection of the left dorsal appendage 
primordium in an early Stage 11 egg chamber illustrating apical localization of 
aPS3~PS integrin. Scale bar= 20 pm. 
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Figure 1.5. aPS3 protein is detected in stretch cells, border cells, and in dorsal 
appendage primordia. 
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Together these observations show that two of the PS3-family alpha chains, a.PS3 

and a.PS5, are strongly upregulated in late oogenesis and particularly within follicle cells 

contributing to formation of specialized anterior eggshell structures. Many of these cells 

are undergoing cell shape changes and migrations, and it is possible that this class of 

integrins is specialized for signaling required for coordinated cell movements or for 

interaction with matrix substrates used in the course of these movements. Indeed, 

embryonic cell migrations during germband extension, dorsal closure, and organization 

of pericardia! cells require the a.PS3 chain, although the molecul_ar mechanisms and 

specificity underlying a.PS3 involvement in migration are not understood (Stark et al., 

1997; Narasimha and Brown, 2004). Switches from integrins promoting stable 

attachment to integrins promoting cell migration are well-established for epithelial-to

mesenchymal transitions of mammalian cancer cells (Hood and Cheresh, 2002; Maschler 

and Ritsch, 2005), and can be promoted by growth factors such as TGF-~ and IGF-1 

(Heino and Massague, 1989; Marelli et al., 2006). In the Drosophila egg chamber, the 

Notch and Dpp signaling pathways regulate gene expression and cell behavior hi anterior 

follicle cells in late oogenesis (Twombly et al., 1996; Dobens et al., 2005), and could be 

involved in class switching of integrins through upregulation of PS3-family alpha 

integrin chains in these cells. 

PS3-Family Integrins Make a Small Contribution to Overall Egg Chamber 

Size and Border Cell Migration but are Dispensable for Major Morphogenetic 

Programs: To experimentally verify a requirement for a.PS3 or a.PS5 in dorsal 

appendage morphogenesis, we generated clones in the follicular epithelium using 

functional null alleles for scb and a.PS5 (see Experimental Procedures). In egg chambers 
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containing large scb clones, the dorsal appendage primordia appeared to be normally 

· patterned, one on each side of the dorsal midline consisting of broad-expressing roof 

cells (Fig. 1.6C') and rhomboid-expressing floor cells (Fig. 1.6C' ') and capable of 

completing their morphogenetic program described elsewhere in detail (Fig. 1.6B; Ward 

and Berg, 2005). Egg chambers containing a majority of scb null follicle cells underwent 

normal early development with respect to major cell movements (Fig. 1.6A,B) but were 

found to be about 10% shorter along their A-P axis length than egg chambers without 

large scb clones (Table I). 
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Figure 1.6. scb in stretch cells plays a role in egg axis length but is dispensable for 
dorsal appendage morphogenesis. Colored text corresponds to the respective staining 
in images as labeled In C, the colored text refers to the white color in each respective 
images (C '' ', merge) Genotypes are indicated by white text. Genotype in A (stage 1 OA) 
applies also to B (Stage 13) and C (Stage 11). {A-C) Egg chambers containing scb loss 
of function clones marked by absence ofGFP. Egg chambers in A and B contained GFP
positive cells in other optical sections (not shown). The small green dots in C, C ', and 
C" outline the GFP-containing clone and is represented in C ' " by white dots. (D) A 
Stage 11 egg chamber containing a large clone with loss of scb and aPS5. (E) Bar 
graph representing the mean ± standard deviation A-P axis egg length from flies 
expressing stretch cell-specific scb or mys RNAi. Different superscripts (a,b) denote 
statistical significance (p<0.01; see Experimental Procedures). 
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To further address the functional roles of PS3-family integrin alpha subunits 

during oogenesis, we expressed RNAi in the follicular epithelium using constitutive 

drivers (Act5C-Gal4 and dmP045
). Expression of UAS-scbRNAi was lethal under these 

drivers in addition to hsp70-Gal4 following two consecutive heat shocks, indicating that 

scb function is essential for survival of adults. Lethality was never observed following 

heat shock of parent stocks (hsp70-Gal4 and UAS-scbRNAi homozygotes). However, 

flies expressing UAS-aPS4 and aPS5 RNAi under either constitutive driver were viable, 

fertile, and lacked any obvious morphogenetic defects (Dinkins and LeMosy, 

unpublished data). Egg chambers were grossly normal with some minor reduction in the 

mean length of the egg's A-P axis, consistent with results from eggs containing scb 

clones as well as published data for the requirement for PS 1 and PS2 integrins in egg 

elongation (Bateman et al., 2001 ), though loss of PS4 and PS5 integrins only resulted in a 

5-10% reduction in egg length. Table 1 contains the mean value of A-P axis length of 

laid eggs containing scb and aPS5 clones and expressing aPS4 and aPS5 RNAi and 

genotype controls. For a particular PS3-family alpha chain, Gal4-mediated expression of 

the respective RNAi construct resulted in females producing shorter eggs (p<0.01, Table 

1) than parent stocks for all lines tested except females expressing Act5C-Gal4>UAS

aPS5RNAi, which is a weaker driver of RNAi in .the follicular epithelium than dmP045 

(Fakhouri et al., 2006). Consistent with a minor role for PS5 integrin, late stage egg 

chambers containing large clones doubly mutant for both scb and aPS5 were not 

significantly different from egg chambers containing only large scb clones. We conclude 

that the PS3-family integrins, particularly aPS3, in the follicular epithelium have a minor 

contribution to the oocyte A-P length. 
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Table 1 A-P axis length of laid eggs with PS3-family integrin loss of function. 

Egg length ± std dev, 11m Statistica I 
Genotype differences, 

(n) p<0.01a 

1 hsFLP; FRT42B scb I FRT42B hGFP 478.1 ± 24.1 (70) 2, 3, 5-10, 12 

2 hsFLP ; FRT 42 B scb I CyO 517.6 ± 18.0 (70) 1, 3, 4, 9, 11 

3 Act5C-Gal4 I CyO 531.5 ± 20.0 (33) 1, 2, 4-8, 12 

4 Act5C-Ga 14 I + ; UAS-a.PS4RNAi 489.6 ± 28.0 (33) 2, 3, 6, 9, 10, 12 

5 dmPG45 1 + ; UAS-a.PS4RNAi 503.7 ± 20.6 (33) 1, 3, 9, 11 

6 FM7 I + ; UAS-a.PS4RNAi 515.3 ± 15.2 (33) 1, 3, 4, 11 

7 Act5C-Gal4 I+ ; UAS-a.PS5RNAi 507.1 ± 15.6 (33) 1, 3, 11 

8 dmPG45 I+ ; UAS-a.PS5RNAi 500.9 ± 16.0 (33) 1, 3, 9, 11 

9 FM7 I+ ; UAS-a.PS5RNAi 523.9 ± 15.3 (33) 1, 2, 4, 5, 8, 11 

10 dmPG45 I FM7 516.1 ± 13.7 (33) 1, 4, 11 

11 hsFLP; FRT42B scb a.PS5 I FRT42B hGFP 479.44 ± 18.4 (38) 2, 3, 5-10, 12 

12 hsFLP; FRT42B scb a.PS51 CyO 509.82 ± 14.4 (38) 1, 3, 4, 11 

aDenotes genotypes (by row number) producing eggs with statistical differences at 
P<0.01 for the Bonferroni, Tukey-Kramer, and Kruskal-Wallis multiple comparisons 
tests. For example, the genotype in row 1 0 differs statistically from the genotypes in rows 
1,4, and 11. 
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Given its expression in stretch cells and border cells (Fig. 1.4A, 1.5D-H), we 

hypothesized that RNAi knockdown of scb would respectively result in egg chambers of 

reduced length and altered migration of border cells. We expressed UAS-mysRNAi and 

VAS-scbRNAi in stretch cells under control of l(l)3ArG150 and observed a modest but 

significant decrease in A-P axis length of laid eggs in each compared to genotype 

controls (Fig. 1.6E; p<0.01). The mean value obtained for loss of function of PS3 

integrin in stretch cells was similar to the mean of the population of eggs carrying large 

scb clones. These results suggest that stretch cell integrins are involved in the process of 

nurse cell dumping (Wheatley et al., 1995), possibly by contributing to squeezing of the 

nurse cells as the stretch cells envelop them. Alternatively, it is possible that 

compromised adhesion of stretch cells to their basement membrane or to the enveloped 

nurse cells is required for optimum organization of the basal actin network in the main 

body follicular epithelium (Bateman et al., 2001 ), though a mechanism whereby this 

could occur is not clear. 

To address the role of PS3 integrin in border cell migration (Fig. 1.4A, 1.5D), we 

expressed UAS-mysRNAi and UAS-scbRNAi in border cells using slbo-Gal4 with and 

without VAS-puc2A, which encodes active JNK phosphatase and downregulates 

signaling through the JNK pathway (Martin-Blanco et al., 1998). Loss ofmys (Fig. 1.7D

F) or scb (Fig. 1.7G-I) resulted in border cells lagging behind the most posterior main 

body follicle cells migrating toward the oocyte whereas control border cells only 

expressing GFP were either ahead (Fig. 1. 7B) or parallel with the trailing edge of the 

posteriorly migrating follicle cells (Fig. 1. 7 A). At Stage 1 OA, border cells should have 

completed their migrations at the anterior face of the oocyte (Fig. 1.7C). Occasionally, 
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one or two border cells expressing integrin RNAi would dissociate from the cluster and 

be left behind (Fig. 1.71). We conclude that integrins located at cell-cell contacts in 

border cells (Pinheiro and Montell, 2004; Llense and Martin-Blanco, 2008) are required 

for timely migration. Consistent with published data, expression of UAS-puc2A in 

border cells resulted in loss of cluster integrity (Llense and Martin-Blanco, 2008) where 

cells covered a larger surface area and often extended long processes during the 

migratory period (F,ig. 1.71-L). However, border cells expressing Puc2A with or without 

'q 

integrin RNAi were able to complete their slower migration and contribute to micropyle 

formation (data not shown). Expression of UAS-mysRNAi or UAS-scbRNAi in border 

cells also expressing UAS-puc2A produced a range of results. In some instances, border 

cells with compromised JNK signaling and integrin deficiency were severely lagging in 

onset of migration (Fig. 1. 7M,P) and characterized by loss of cell-cell adhesion in the 

cluster (Fig. 1. 70,R). In other egg chambers, the border cells appeared to migrate in a 

morphologically normal cluster with proper timing (Fig. 1. 7N, Q). This discrepancy 

could simply be the result of variation in .knockdown of integrins by RNAi and/or timely 

expression of the puc2A transgene. Our r~sults suggest that PS3 integrin plays a role in 

timely border cell migration and that its activity is influenced by JNK signaling. 

Consistent with these observations, it was recently shown that JNK signaling positively 

regulates expression of scb as well as ~PS protein levels during dorsal closure of 

Drosophila embryonic epidermis (Homsy et al., 2006) and that the zippering of these 

cells is negatively affected in both JNK and scb loss of function mutants (Wada et al., 

2007). In border cells expressing UAS-puc2A, we were unable to detect aPS3 protein 

using the available antibody (not shown). Other studies in Drosophila support a model 
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where integrin signaling is integrated through JNK signaling during wing development 

(Lee et al., 2003; Kadrmas et al., 2004), which are consistent with studies of various cell 

culture models (Liu-Bryan et al., 2005; Cui et al., 2006 Katsumi, et al., 2005). 
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Figure 1. 7. Loss of a.PS3J3PS integrin in border cells delays migration and disrupts 
cluster integrity upon downregulation of JNK signaling. Stage 9 (A,B,D,E,G,J,M,P,Q) 
and Stage 1 OA (C,F,H,I,K,L,N, O,R) egg chambers all expressing slbo-Gal4, UAS-GFP 
(green), which labels border cells, posterior polar cells, and follic;le cells at the anterior 
end of the oocyte. UAS-transgenes and RNAi expressed in border cells for each row are 
indicated on the left image. Magenta pseudocolored counterstains are shown only to 
visualize other cell positions: Texas-Red Phalloidin (A,B, C,J,M,P) and Anti-Armadillo 
(Drosophila J3-catenin; D,E,F, G,H,I,K,L,N, 0, Q,R). Yellow bars (A,D,F) indicate relative 
position of border cells to anterior-most migrating follicular epithelium. Note how 
border cells expressing mys or scb RNAi appear to migrate relatively slowly and can lose 
cell-cell contacts. (I) Loss of cell-cell contacts and separation can be more prominent 
with co-expression of UAS-puc2A (O,R - both z-projections to illustrate absence of long 
GFP-filopodia). 
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Experimental Procedures 

Fly Stocks and Genetics: We used Oregon R for wild-type integrin staining 

patterns and mRNA in situ hybridization, and the following Gal4 insertion lines to drive 

transgenes and RNAi: P{GawB}l(1)3AtPGtso, P{GawB}dmP045, tubP-Gal4, Act5C-Gal4, 

hsp70-Gal4, and slbo-Gal4. We obtained the following lines from the Vienna Drosophila 

RNAi Center: VAS-mysRNAi, VAS-scbRNAi, UAS-aPS4RNAi, UAS-aPS5RNAi 

(Dietzl et al., 2007). Mutant and transgenic lines used were mysM2 (null, Jannuzi et al., 

2002), mewM6 (null, Brower et al., 1995), i/2 (null, Brabant and Brower, 1993), scb2 (loss 

of function, Tearle and Niisslein-Volhard, 1987), P{lacW}l(2)SH1114sHtn4 (lethal 

insertion in the first coding exon of the aPS5 gene from the Szeged Drosophila Stock 

Centre, (Oh et al., 2003), VAS-scab (Wada et al., 2007), rho-lacZ (Ward and Berg, 

2005), and VAS-puc2A (active form of JNK phosphatase (Martin-Blanco et al., 1998), 

UAS-CD8-GFP, and UAS-GFPs6sT. To produce scb and scb, aPS5 follicle cell clones, 

we recombined chromosomes bearing the integrin lesions with FRT42B and generated 

yw hsFLP; FRT42B 'integrin allele' I FRT42B GFP.nls. Females were heat shocked 

twice a day for 60 minutes, for 4 consecutive days at 3 7°C, and egg chambers were 

dissected for immunohistochemistry. Mutant integrin clones were noted by the absence 

ofGFP. To produce mys, mew, and if clones, we generated flies ofthe genotype 'integrin 

allele' FRT19A I UAS-GFPRNAi FRT19A ; UAS-GFPs65T, hsFLP I + ; tubP-Gal4 I + 

(Levi et al., 2006). Integrin null clones were noted by the presence of GFP. 

Immunohistochemistry: Ovaries from Oregon R (OR) females were fixed in 6% 

formaldehyde in devitellinizing buffer (V erheyen and Cooley, 1994) for 10 minutes 

under a layer of heptane, blocked with 2.5% normal goat serum in PBS containing 0.5% 
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BSA and 0.3% Triton X-100 (PBT-N), and then incubated with primary antibodies in 

PBT-N at 4°C (15-18 h). Ovaries were then incubated with secondary antibodies in PBT

N (2 h) at room temperature, washed, and mounted in an antifade solution. For 

immunostaining of unfixed ovaries, all incubations were at 4 °C. Ovaries were incubated 

15 min at with 5% normal goat serum in Ringer's buffer (Verheyen and Cooley, 1994) 

followed by primary antibody in the same solution overnight. Following 5 washes over 

30 minutes in cold buffer, ovaries were incubated with secondary antibodies for 1 h. 

Fallowing another 5 washes, ovaries were fixed as described above, washed in PBS, and 

mounted in antifade solution. The rabbit anti-aPS3 antibody was kindly provided by Dr. 

Shigeo Hayashi (Wada et al., 2007) and used at a dilution of 1:1000. Monoclonal anti

Broad, anti-Armadillo, anti-PPS (CF.6G11), anti-aPS1 (DK.1A4), and anti-aPS2 

(CF.2C7) supernatants (DSHB; Brower et al., 1984) were diluted 1:10 for primary 

incubation. Anti-LacZ (Rockland Immunochemicals) was used at a dilution of 1:500. 

Secondary antibodies, including Alexa488- and 546-conjugated goat anti-mouse lgG 

(Jackson ImmunoResearch), Alexa-488-conjugated anti-rabbit IgG (Molecular Probes), 

and Cy5-conjugated anti-rabbit IgG (Jackson Immunochemicals) were used at a dilution 

of 1:200. Texas-Red phalloidin was used to label actin during the secondary incubations. 

Whole-mount egg chambers were viewed with a Zeiss LSM51 0 confocal laser scanning 

microscope in the MCG Cell Imaging Core Facility. The confocal pinhole was set to 1 

Jlm, and images were acquired with a CCD camera and processed with the Zeiss LSM 

image examiner and Adobe Photoshop. Measurement of Stage 13 egg chambers 

containing large clones was performed using the Zeiss LSM image examiner software. 
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RNA in situ hybridization: A scab eDNA (LP12257) encoding the S isoform of 

aPS3 was obtained from the Drosophila Genomics Resource Center. This eDNA differs 

from the L isoform scab eDNA by only 370 bp (of 4294 bp) and in situ probes will 

hybridize_ with both isoforms. Exons 1 and 2 of aPS4 and aPS5, respectively, were 

cloned from OR genomic DNA and inserted into the pBSII-SK- vector. Templates were 

linearized with appropriate restriction enzymes, and digoxygenin (DIG)-labeled sense 

and antisense RNA probes were synthesized using the MegaScript T3 and T7 kits, 

respectively (Ambion). In situ hybridization on paraformaldehyde-fixed OR egg 

chambers was performed at 56°C according to Lehmann and Tautz (Lehmann and Tautz, 

1994). Detection was conducted with alkaline phosphatase-conjugated anti-DIG Fab 

fragments (Roche) preabsorbed against fixed egg chambers and NBT/BCIP (Roche). Egg 

chambers were examined with DIC optics at a Zeiss AxioSkop II microscope fitted with a 

Zeiss MRC5 camera. Images were acquired using Axio Vision software and processed 

using Adobe Photoshop. Sense probes generally gave no signal ,or very light background 

in all cells, depending on color reaction development times. 

Egg measurements and statistical analyses: Laid eggs from controls or females 

expressing RNAi constructs were placed on their lateral side and imaged with the Zeiss 

Axioskop 2 microscope with a lOX objective. Using the objective calibration and 

Axio Vision software, we measured the distance from the micropyle to the posterior-most 

point of the eggshell. In Table 1, data are presented as mean length of the A-P axis± 

standard deviation. Data were analyzed by one-way analysis of variance and differences 

among the groups were determined by both parametric (Bonferroni, Tukey-Kramer) and 

non-parametric' (Kruskal-Wallis) tests as some of the data were not normally distributed. 
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Differences at p<O.Ol were considered to be significant, and statistical results among the 

three multiple comparison tests were identical with respect to genotypes showing 

significant differences. 
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III. Unpublished Research 

Chapter 2: Modulation of a conserved cathepsin B-like extracellular matrix protein 
impacts wing and egg formation in Drosophila melanogaster 

Abstract 

Conserved in bilaterian species, the tubulointerstitial nephritis antigen (TIN -ag) 

family of cathepsin B-like extracellular matrix proteins has been proposed to have roles 

in cell adhesion and regulation of basement membrane assembly based principally on in 

vitro studies of mammalian family members. Here we examined the single Drosophila 

ortholog, CG3074, and found conservation of its basement membrane localization as well 

as a role in cell adhesion. RNAi knockdown resulted in wing blistering and held-out 

wings following eclosion, consistent with defects in adhesion of wing epithelia and 

tendon cells to the underlying extracellular matrix, but no defects were detected during 

pupal development. We were unable to demonstrate a genetic or physical interaction 

with laminin and CG3074 but did detect genetic interactions With integrins and 

dystroglycan in the wing. A serine substitutes for cysteine in all TIN -ag family members 

at the 'active site' of the cathepsin B-like domain and is predicted to render the protein 

inactive as a protease. Overexpression of the mutant CG3074 S213C, in which the 

'catalytic' cysteine of cathepsin is restored, resulted in gain-of-function defects in egg 

formation and larval development. We provide genetic and biochemical evidence that 
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these defects arise from a neomorphic activity of the S213C protein that supports a role 

of this highly conserved domain in wildtype CG3074 function. These studies broaden 

our understanding ofTIN-ag family function and identify tissue and pathway models for 

future studies. 

Introduction 

Development of complex tissues requires coordination of extracellular signals, 

intracellular integration of those signals, and appropriate morphogenetic responses of the 

targeted cells. The extracellular matrix (ECM) environment is paramount not only to 

establishing structural scaffolding and migratory and adhesive substrata but also serves to 

regulate intercellular signals and provides barriers for compartmentalization such as 

basement membranes. In addition to the major ECM proteins such as laminins, 

fibronectin, and collagens, a variety of matricellular proteins such as thrombospondins, 

SP ARC, and tenascins have been found to modulate matrix architecture, cell adhesion, 

and cell signaling during development and in responses to injury (Bomstein and Sage, 

2002; Bomstein, 2009). Their multiple and direct interactions with structural matrix 

proteins, cell surface adhesion and signaling receptors, growth factors and proteases are 

critical for these modulatory roles. New matricellular prote!ns continue to be identified, 

e.g., two classes of integrin ligands, the epimorphins/syntaxin 2 (Hirai et al., 2007; Miura 

et al., 2007) and a group of proteins containing EGF repeats and discoidin domains that 

includes SED 1 (Andersen et al., 2000). These two protein classes contribute to diverse 

developmental events including epithelial-mesenchyme interactions (Takebe et al., 2003; 

Tulachan et al., 2006), branching morphogenesis (Ensslin and Shur, 2007; Chen et al., 
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2009), and angiogenesis (Silvestre et al., 2005; Neutzner et al., 2007). The variety of 

potential cell-matrix interactions underscores the importance of the matrix 

microenvironment for establishing favorable conditions for the development and 

maintenance of tissues and organs. A more thorough understanding of the developmental 

roles of lesser-studied matricellular proteins may provide further insight into how the 

ECM regulates cellular differentiation and tissue morphogenesis (Guilak et al., 2009; 

Rozario and Desimone, 2009). 

In adult mammals, the expression of one such little-studied protein, 

tubulointerstitial nephritis antigen (TIN -ag), is largely restricted to the kidney with low 

expression in .small intestine, skin, and cornea (Butkowski et al., 1991). The paralogous 

TIN-ag related protein (TIN-ag-RP; also referred to as adrenal zonation factor-1, AZ-1, 

lipocalin 7, and TIN-AGL; Mukai et al., 2003) is expressed more broadly including 

tissues such as adrenal glands (Li et al., 2007), vascular smooth muscle, heart, and 

kidneys (Wex et al., 2001 ), ~s well as in the uterus and placenta following implantation 

(Igarashi et al., 2009; Tajiri et al., 2009). The mammalian TIN-ag proteins localize to the 

basement membrane and have been shown to act as potent adhesive substrates for 

appropriate cell types in vitro, with adhesion blocked by anti-integrin antibodies (Chen et 

al., 1996; Li et al., 2007). TIN-ag binds specifically and saturably to both collagen IV 

and laminin but not heparin and interferes with laminin polymerization in vitro in a 

concentration-dependent manner (Kalfa et al., 1994). Addition of a relatively small 

concentration of TIN-ag-RP to cell culture wells coated with the adhesive substrates 

fibronectin, collagen I, or collagen· potentiates cell adhesion (Li et al., 2007). These 

published results suggest that TIN -ag family meinbers have the potential to modulate cell 
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adhesion as well as b~sement membrane assembly and/or tension in vivo, perhaps 

providing optimal conditions for formation of supracellular structures such as tubes (e.g., 

endothelial cells during angiogenesis; Deroanne et al., 2001). However, only a single 

developmental functional study has been reported to date, using a mouse embryonic 

kidney ex vivo culture model, which demonstrated a requirement for TIN-ag in the 

development of renal tubules and ureteric bud branches, while glomerular development 

was unaffected (Kanwar et al., 1999). No other published data exist examining the 

functional role of any TIN-ag protein in vivo. 

Our laboratory became interested in a TIN-ag family member, CG3074, during 

studies of extracellular matrix proteins of the Drosophila melanogaster ovary where it 

was dynamically expressed in migrating follicle cell populations (Fakhouri et al., 2006). 

Drosophila melanogaster is an attractive species for exploring the fundamental role of 

this TIN -ag family member because, in addition to powerful genetic tools and well

characterized developmental tissue models, the Drosophila genome contains only a 

single ortholog ofTIN-ag in CG3074 while the gene in mammalian species is duplicated 

(Bromme et al., 2000; Ikeda et al., 2000). In this study, we explore the conservation of 

basement membrane targeting and localization of trans genically expressed V 5-His6-

tagged CG3074, and demonstrate phenotypes using in vivo RNAi that support a 

conserved role for CG3074 in cell adhesion. We also investigate the function of the well

conserved cathepsin B protease-like domain in which three of four "active site" residues 

are conserved while the catalytic cysteine residue is substituted with serine, a feature 

shared by all TIN-ag family members. Results support conservation of catalytic site 

architecture for a non-catalytic function such that point mutation of the noted serine to 
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cysteine confers gain of function to CG307 4. These studies extend our knowledge about 

the functions of the TIN -ag family proteins, and establish model tissues and pathways in 

the Drosophila system in which these functions can be further explored in vivo. 

Materials and Methods 

Fly Strains: Fly stocks were maintained in cornmeal-molasses-yeast agar at ...... 22° 

unless otherwise indicated. For wildtype, we used the Oregon Red (OR) strain. In this 

study, mutant strains included a series of hopscotch alleles (hopM4
, hopM75

, hopMsv) 

provided by D. Harrison (McGregor et al., 2002), cragcJIOJ FRT19A provided by T. 

·s~hiipbach (Denef et al., 2008), lanblDEF provided by M. Martin-Bermudo (Urbano et 

al., 2009), my.fj42 provided by F. Schock (Wilcox et al., 1989), myJKl provided by A. 

Ghabrial (Jannuzi et al., 2002), and Dg043 provided by R. Ray (Mirouse et al., 2009). 

The Gal4 driver strains PG45/FM7 (Bourbon et al., 2002), Act5C-Gal4/Cy0 (Ito et al., 

1997), and tubP-Gal4/TM3 (Lee and Luo, 1999) were provided by D. Stein. The 

UbiGFP FRT19A ; e22c-Gal4, UAS-FLP (Duffy et al., 1998) was provided by T. 

Schupbach, and the Act>CD2>Gal4, UAS-GFP strain for FLP-OUT clones (Pignoni and 

Zipursky, 1997) was provided by L. Nilson. The strain P{GawB}l(1)3ArG150 (Bourbon 

et al., 2002) that expresses Gal4 in ovarian stretch cells was provided by C. Berg, and 

c323-Gal4 was obtained from Bloomington Stock Center (Bloomington, IN). Other 

insertion-bearing strains included viking-GFPG454 (Morin et al., 2001) provided by L. 

Cooley, UAS-CG3074-RNAi (Dietzl et al., 2007) provided by the Vienna Drosophila 

RNAi Center, UAS-vps35 (Belenkaya et al., 2008) provided by X. Lin, and the 93F 

(Ruohola et al., 1991) and PZ80 (Karpen and Spradling, 1992) enhancer trap lacZ lines 
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and lOX-STAT GFP reporter line (Bach et al., 2007) provided by D. Harrison. We 

_ produced a series of insertion strains by phiC31-mediated transgenesis by co-injecting the 

pUASP vector containing an attB sequence with phiC31 integrase mRNA (integrase 

plasmid and attB sequence DNA provided by Michele Calos; (Groth et al., 2004) into the 

strain VK0031 carrying an attP insertion on chromosome 3L (V enken et al., 2006) 

obtained from the Bloomington Stock Center. The strains produced include the pUASP 

vector alone with no transgene or pUASP containing transgenes encoding wildtype 

CG3074-V5 and S213A, S213C, and S213C, H366A point mutants. 

RNA in situ hybridization and RT -PCR: A full-length CG3074 eDNA 

(GM06507) was obtained from the Drosophila Genomics Resource Center and subcloned 

into pBS-SKII. Templates were linearized with appropriate restriction enzymes, and 

digoxygenin (DIG)-labeled sense and antisense RNA probes were synthesized using the 

MegaScript T3 and T7 kits, respectively (Ambion). In situ hybridization on 

paraformaldehyde-fixed OR egg chambers was performed at 56°C according to Lehmann 

and Tautz (Lehmann and Tautz, 1994). Detection was conducted with alkaline 

phosphatase-conjugated anti-DIG Fab fragments (Roche) preabsorbed against fixed egg 

chambers and NBT/BCIP (Roche). Egg chambers were examined with DIC optics at a 

Zeiss AxioSkop II microscope fitted with a Zeiss MRC5 camera. Images were acquired 

using Axio Vision software and processed using Adobe Photoshop. Sense probes gave no 

signal or very light background in all cells, depending on color reaction development 

times. 

For RT-PCR, third instar larvae were homogenized in TRizol reagent 

(Invitrogen), and total RNA was isolated according to the manufacturer's instructions. 
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For reverse transcription, we primed 1.0 Jlg of total RNA with oligo-dT from the 

SuperScript III RT kit (Invitrogen) and used 1 J.1L of resulting eDNA solution for PCR. 

All RT-PCR reactions were verified by a negative control lacking RT enzyme that never 

produced any visible bands (not shown). 

Immunostaining, Western blotting, and antibodies: For immunostaining, 

ovaries were dissected into cold Ringer's solution followed by fixation for 20 minutes 

with 4% formaldehyde in devitellinizing buffer under a layer of heptane (V erheyen and 

Cooley, 1994). Pupal wings were fixed overnight at 4°C in 4% paraformaldehyde, 

washed in PBS supplemented with 0.5% BSA and 0.3% Triton X-1 00 (PBT), and cuticles 
/ 

were removed with fme forceps. Following washing and blocking in PBT plus 2.5% 

normal goat serum, ovaries and wings were incubated in PBT -N containing primary 

antibodies overnight ("'15-18 hr) at 4°C. Secondary antibody incubations were at room 

temperature for 2 hours in PBT -N following thorough washing. Samples were 

equilibrated in an antifade solution and images were captured on a Zeiss LSM51 0 

confocal microscope with the pinhole was set to 1 IJ.m. Images were processed with the 

Zeiss LSM image examiner and Adobe Photoshop. Primary monoclonal antibodies and 

dilutions were as follows: anti-V 5 (Invitrogen; 1 :2000), anti-~-integrin (DSHB; 1 :20), 

anti-a-spectrin (DSHB; 1 :20), anti-fasciclin III (DSHB, 1 :20), anti-Orb (DSHB; 1 :20), 

and anti-lacZ (Rockland lmmunochemicals; 1 :500). The polyclonal anti-How (1 :500) 

was provided by T. Volk (Nabel-Rosen et al., 2002), and the anti-~-laminin chain (1 :500) 

was obtained from Abeam (Goto et al., 2001). Secondary antibodies, including Alexa 

488- and 546-conjugated goat anti-mouse lgG, Alexa 488-conjugated anti-rabbit lgG (all 

from Molecular Probes), and Cy5-conjugated anti-rabbit IgG (Jackson ImmunoResearch) 
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were used at a dilution of 1:200. Texas-Red phalloidin was used to label F-actin during 

the secondary incubations. For Western blotting, we used IRDye700DX anti-mouse IgG 

and IRDye800 anti-rabbit secondary antibodies that were visualized using the Odyssey 

infrared imaging system (Licor). 

S2 cell transfections and adhesion assays: Drosophila S2 cells were maintained 

at room temperature in Schneider's medium (Invitrogen). For How-CG3074 mRNA 

interaction studies, we transfected 3 x 106 S2 cells in 6-well plates using Lipofectin 

(Invitrogen). For controls, we transfected cells with 1.5 J.Lg per well ofpMT-CG3074-V5 

containing either the wildtype 3'UTR or a 3'UTR in which the two ACUAA sequences 

were mutated to AGGAA. For interaction experiments, we co-transfected cells with 4.5 

j..Lg of plasmid DNA: 1.5 J.Lg of either WT or mutant pMT-CG3074-V5, 1.5 f.ig of a 

plasmid expressing Gal4 from an actin promoter, and 1.5 J.Lg of a plasmid carrying VAS

How-L or UAS-How-S, where the L isoform contains a nuclear retention signal 

(provided by T. Volk; Nabel-Rosen et al., 2002). To induce expression of CG3074-V5, 

we supplemented serum-free medium with 0.7 mM Cu2S04. Media was collected to 

analyze secretion ofCG3074-V5, cleared of cells and debris, and an equal volume of2X 

Laemmli sample buffer (LSB) was added. Cells were resuspended directly in LSB for 

analysis of How and intracellular CG3074-V5. 

For cell adhesion assays, we stably transfected S2 cells with the copper-inducible 

CG3074 vector with a polyhistidine tag and induced expression for 72 hours in serum

free medium. Media was collected and concentrated using Centriprep YM-30 filters 

(Millipore) followed by dialysis in 300 mM NaCl/50 mM Na3(P04)2 buffer at pH 8.0 

before loading onto a column of nickel-NTA agarose and eluted with imidazole. As 
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reported for purification of mammalian TIN-ag family members (Li et al., 2007 andY. 

Kanwar, personal communication), the yield and concentration of purified CG3074 was 

quite low (at least 20-fold lower than for other proteins we have purified from S2 cells 

using the same protocol), which greatly limited our ability to perform detailed and 

extensively controlled adhesion studies. Tagged CG3074 protein (100 J.!L of ----10 J.tg/mL) 

was used to coat untreated 96-well plates. Wells were washed with PBS and blocked 

with 0.1% heat-denatured BSA followed by further PBS washes. 5 x 105 cells were 

added to each well for two hours at room temperature. Unattached cells were then 

removed by shaking and washing twice with PBS followed by fixation in 3% 

paraformaldehyde (PF A) for 20 minutes before staining fixed, adherent cells with 1% 

toluidine blue in 3% PFA. Cells were washed with PBS to remove dye and were 

solubilized with 2% SDS and the absorbance read at 620 nm (Lightner and Erickson, 

1990). For controls, heat-denatured BSA or nickel-purified proteins isolated from 

conditioned media from untransfected S2 cells were used to coat wells instead of 

CG307 4 protein. 

Results 

Evolutionary conservation of Drosophila CG3074 with other TIN-ag family 

members: We became interested in the TIN-ag family of proteins when conducting 

proteomics studies of extracellular matrix proteins in the fly ovary (Fakhouri et al., 2006), 

where one such protein identified was CG3074 having 41% overall similarity with human 

TIN-ag-RP and 38% similarity with human TIN-ag. While mammalian species each 

have two related proteins, we noted only one ortholog in genomes of non-mammal 
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bilaterians but no proteins with TIN -ag domain architecture were found in recently 

sequenced genomes of sponges or cnidarians (Fig. 1.1A; Putnam et al., 2007; Chapman et 

al., 2010; Srivastava et al., 2010). TIN-ag orthologs contain a signal sequence, followed 

by an N -terminal cysteine-rich domain containing overlapping motifs similar to those 

found in vitronectin, follistatin, and von Willebrand Factor, and a C-terminal domain 

related to the catalytic domain of the lysosomal cysteine protease cathepsin B in which 

three active-site residues Q23, H199 and N219 (rat cathepsin B numbering) are 

conserved while the essential catalytic cysteine, C29, is substituted by a serine that is 

predicted to render the site non-functional as a protease (Fig. 1.1B; Jia et al., 1995; Ikeda 

et al., 2000; Zhou et al., 2000; Wex et al., 2001). However, conservation of"active site" 

residues suggests that this site may have an important non-catalytic binding function in 

secreted TIN-ag family members, e.g., ·as seen for the serine protease-like hepatocyte· 

growth factor (HGF) binding to its receptor Met (Kirchhofer et al., 2004 ). 
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Figure 2.1. CG3074 is an ortholog of the tubulointerstitial nephritis antigen (TIN-ag) 
subfamily of cathepsin B-like matricellular proteins. (A) Phylogenetic tree constructed 
using DNAstar MegAlign set for Clustal V alignment. (B) Sequence homology of 
CG307 4 with orthologs from humans and major model organisms. Shown in red in each 
section are examples of proteins to which TIN-ag family members share homology 
(vitronectin, von willebrand Factor, cathepsin B). Conserved residues within the TIN-ag 
family are· shown in green (cysteine) and blue (all others). The conserved serine 
substitution in the cathepsin B domain is shown in violet and marked with an asterisk 
Numbers to the right indicate amino acid position. Orange numbers in the bottom 
section indicate the number of residues omitted to display all three residues of the 
'catalytic-triad' common to cysteine pro teases and the TIN-ag family. 
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CG3074 is dynamically expressed in epithelia and mesoderm and is a 

diffusible component of the basement membrane: We previously showed that the 

CG3074 mRNA is dynamically expressed during mid-late oogenesis in subpopulations of 

follicle cells, most strikingly in a ring of follicle cells surrounding the oocyte-nurse cells 

border and later in floor cells as the dorsal appendage-forming cells are specified and are 

migrating (Fakhouri et al., 2006; Fig. 2.2A). In the embryo, CG3074 is first strongly 

expressed at gastrulation in epithelial and mesodermal cells participating in tissue folding 

and movements (Fig. 2.2D-E). This apparent association of CG3074 expression with 

tissue morphogenesis is again seen during dorsal closure (Fig. 2.2F). 

To determine if the fly CG3074 protein behaves as a basement membrane protein 

as predicted from published data on mammalian TIN-ag family members, we expressed 

V5-tagged protein in the ovary using the follicle cells drivers e22c-Gal4 or c323-Gal4 

drivers (Manseau et al., 1997). CG3074-V5 co-localized with the major basement 

membrane components laminin and collagen IV (Fig. 2.2I-K), as well as perlecan (not 

shown), at the basal surface of the follicular epithelium. Endogenous CG3074 was first 

isolated in the insoluble matrix fraction of whole ovary extracts following extensive high 

detergent washes (Fakhouri et al., 2006). Here, the V5-tagged wild-type and 8213 point 

mutant forms of CG3074 also showed stable incorporation into this matrix (not shown). 

Although tagged CG3074 could be found tightly associated with the matrix, it was 

somewhat diffusible within the basement membrane after secretion. This was shown by 

expression in small follicle cell clones using the FLP-out technique, where CG3074-V5 

was detected several cell diameters from the edge of the clone (Fig. 2.20), and by 
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expression only in anterior stretch cells, where CG3074-V5 was also detected in the 

basement membrane of main body follicle cells overlying the oocyte (Fig. 2.2H). 

To further confirm that CG3074 behaves like known basement membrane 

proteins in Drosophila, we expressed CG3074-V5 in follicular epithelia containing 

mitotic clones null for crag, which encodes a protein that regulates the basal trafficking 

of secreted basement membrane proteins but not of apical proteins or of transmembrane 

proteins targeted basolaterally (Denef et al., 2008). Consistent with published results 

(Denef et al., 2008), we found CG3074-V5 and laminin co-localized incorrectly on the 

apical surface of crag-null follicle cells (Fig. 2.2L-N), but never in wildtype clones, 

indicating that CG3074 is trafficked in epithelial cells similar to known basement 

membrane proteins. 
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Figure 2.2. CG3074 mRNA is dynamically expressed and its protein is localized to the 
basement membrane of the follicular epithelium. In all panels, orientation is with 
anterior end to the left; panels A, B, and F are dorsal views, panel D is a ventral view, 
and panels C and E are lateral views. (A-F) In situ hybridization of CG3074 mRNA. 
CG3074 is expressed in dorsal appendage-forming 'floor cells' in Stage I I egg chambers 
(A). In embryos, the sense probe (B) only yielded low background staining. CG3074 
mRNA was detected at low and variable levels in early embryos and prior to completion 
of cellularization (C), suggesting there may be a maternal contribution. CG3074 mRNA 
was strongly expressed in cells undergoing movements during gastrulation (D,E) and 
dorsal closure (F). (G-H) CG3074-V5 protein is diffusible after secretion. (G) In FLP
OUT clones (marked with nuclear GFP), CG3074-V5 (red) was found more than IO cell 
diameters from site of synthesis (white arrow). (H) CG3074-V5 (green) was expressed in 
stretch cells using PGI50-Gal4 (left half of egg chamber) but was also found in the 
basement membrane of main body follicle cells (white arrow). (I-N) CG3074 is localized 
to the basement membrane. CG3074-V5 (red) co-localized with laminin (green; I) and 
collagen IV (viking-GFP in K). The serine at position 2 I 3 is not required for secretion 
as the S2I3A mutant protein was also co-localized with laminin (J). CG3074 is 
incorrectly secreted apically (M) in crag null clones (GFP negative) along with laminin 
(violet in L; merge inN). Scale bar- 50 pm. 
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CG3074 RNAi expression causes held out wings and wrinkling/blistering of 

the wing blade and reveals a genetic interaction with cell adhesion receptors: We 

initially attempted to assess CG3074 loss of function by generating a homologous 

recombination deletion of the CG3074 coding sequence using ends-out targeting (Fig. 

82.1 ). While we recovered one homozygous lethal recombinant that failed to complement 

Df(2R)7171, a deficiency uncovering CG3074 and its neighboring genes (Adams et al., 

2000), we were not able to rescue these homozygotes by expression of CG3074 genomic 

or eDNA transgenes. RT-PCR revealed lack of mRNA expression both of CG3074 and 

ofthe downstream gene CG5625 (vps35) oriented tail-to-tail with the CG3074 gene, and 

whose coding sequence lies approximately 600 bp downstream from the 3 'UTR of 

CG3074. The genomic sequence ofvps35 was intact in homozygotes and contained no 

point mutations within the coding region, suggesting we may have deleted a 3' enhancer 

within the CG3074 coding sequence required for vps35 expression. Indeed, the zygotic 

lethal phenotype (fully penetrant fat body melanization of third instar larvae, delayed 

pupariation, and lethality during metamorphosis) was in agreement with data published 

for vps35 mutants (Korolchuk et al., 2007; Belenkaya et al., 2008; Franch-Marro et al., 

2008). However, neither expression of a VAS-vps35-myc transgene alone nor co

expression with UAS-CG3074-V5 transgenes (i.e. double rescue) were able to rescue this 

homologous recombinant using the ubiquitous Act-Gal4 driver. Similar difficulties in 

establishing a clean null for CG3074, not affecting vps35 expression, were encountered in 

screens for imprecise excision ofP elements within the first large intron ofCG3074 (Fig. 

82.1 ). These difficulties have precluded a definitive examination of the null phenotype at 

this time. 



67 

We therefore moved to examine the consequences of knockdown by global 

somatic cell expression of UAS-CG3074-RNAi (Dietzl et ·al., 2007) under control of 

either Act5C- or tubP-Gal4 drivers. No defects were observed in embryonic or larval 

development, and the adult flies were viable and fertile. However, with 100% penetrance 

the adults had a 'held out wings' phenotype where the wings were held at a near-90° 

angle to the A-P axis (Baehrecke, 1997; Zaffran et al., 1997). The wing blades showed 

defects ranging from small to severe blistering, wrinkling, and melanization (Fig. 2.4 B

E), which became manifest within minutes after eclosion, as the wings unfolded in young 

adult flies (Fig. 2.3C-E). For a more detailed analysis, we examined the gross 

architecture of pupal wings expressing CG3074 RNAi up to 44h following pupariation 

yet could not detect any discemable differences when immunolabeling with anti-~

integrin and anti-~-laminin (Fig. 2.3G). These data strongly suggested a conserved role 

for CG3074 in cell adhesion (Chen et al., 1996; Li et al., 2007), in this case of the dorsal 

and ventral epithelial sheets that adhere to an intervening matrix between the wing blades 

'(Brown et al., 1993). Consistent with this phenotype, CG3074 mRNA was expressed 

throughout the wing disc prior to the onset of metamorphosis, although more strongly in 

the notum than the wing pouch (Fig. 2.3A-B). RT-PCR demonstrated correct targeting of 

the CG3074 gene, with significant reduction of the CG3074 mRNA in larvae and adult 

flies expressing the CG3074 RNAi but not in the Gal4 and UAS-CG3074-RNAi parent 

stocks or in flies heterozygous for lethal mutations in the held out wings (how) gene (Fig. 

2.3F, see below). Concurrent over-expression of CG3074-V5 could not rescue the 

CG3074 RNAi phenotype (not shown); however, under these conditions we were unable 

to detect the V5-tagged protein on Western blots of third instar larvae (Fig. 2.3J) or by 
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immunolabeling of the follicular epithelium (Fig. 2.3H-I), suggesting that the RNAi is 

robust in its downregulation ofCG3074 expression. 

The wing blade phenotypes seen with CG3074 RNAi resemble those observed for 

mutations in integrin subunits and their known ECM ligands. Moreover, some ~-integrin 

mutant alleles (e.g., myospheroid, mys0
j
42

) also cause an incompletely penetrant held-out 

wings phenotype (Wilcox et al., 1989; Zusman et al., 1993; Lo and Frasch, 1997; Bunch 

et al., 1998; Walsh and Brown, 1998; Martinet al., 1999; Dominguez-Gimenez et al., 

2007). We tested for genetic interactions of CG3074 with laminin, integrins, and 

dystroglycan by expressing CG3074 RNAi in genetically sensitized backgrounds. 

Reduction of the ~-integrin chain and laminin levels by half using the null my?i2 and 

lan~JDEF alleles, respectively (Jannuzi et al., 2002; Dominguez-Gimenez et al., 2007; 

Urbano et al., 2009), did not enhance or suppress the wing-blistering phenotype of flies 

expressing CG3074 RNAi, nor did a double heterozygous background for null alleles for 

the a.PS1 (me~6) and a.PS2 integrin subunits (i/27e) that contribute to integrin function 

in the wing (not shown and Fig. 2.4A for lan~JDEF). However, when we expressed 

CG3074 RNAi in males hemizygous for a hypomorphic ~ integrin allele (mys0
j
42

) or in 

flies heterozygous for a null mutation in dystroglycan (Dg043
), there was an enhancement 

of the wing blistering phenotype that tended toward larger blisters, wrinkling, and 

melanization of the wings (p<0.001, chi-square goodness-of-fit; Fig. 2.4A). These data 

indicate a genetic interaction between CG3074 and integrins and dystroglycan, which 

suggest CG3074 may be acting as a direct ligand for one or the other cell adhesion 

receptor. 
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OR Act-Gal4 > UAS.CG3074 RNAi 
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Figure 2.3. RNAi against CG3074 results in extensive wing blistering and a 'held-out 
wings' phenotype. (A, B) In situ hybridization of CG3074 mRNA indicated expression 
throughout the wing discs in wandering 3rd instar larval just prior to pupariation (A , 
sense; B, antisense). (C-E) Photograph series of a single fly expressing CG3074-RNAi 
under control of Act-Ga/4 between 5 and 90 minutes following eclosion documenting the 
appearance of the wing blister phenotype. (G) Transverse sections through pupal wings 
dissected at 40h post-pupariation. (F, H-J) Silencing was confirmed by RT-PCR of third 
instar larval mRNA (F, lane 2) using CG3074-specific primers with a GAPDH control, 
immunostaining of egg chambers (H, CG3074-V5 alone; I, co-expression ofCG3074-V5 
and CG3074-RNAi), and (J) western blot analysis of third instar larvae showed that 
CG3074 RNAi was capable of greatly reducing levels offull-length CG3074 and a major 
cleavage product. 
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• Shredded/Melanized 

• Wrinkled/Blistered 

Large Blister 

• Small Blister 

• No Defect 

Act-Gal4/+ /an~1DEF/Act-Gal4 mys "i42fY 0g043/Act-Gal4 
UAS-CG3074 RNAi/+ UA5-CG3074 RNAi/+ Act-Gal4/+ UAS-CG3074 RNAi/+ 

UAS-CG3074 RNAi/+ 

B c 

Figure 2.4. CG3074 RNAi reveals genetic interactions with cell adhesion receptors. 
(A) Distribution of wing blister phenotypes in flies expressing CG3074 RNAi alone 
(n=414) or in a genetically sensitized backgrounds with 50% reduction of laminin 
(lanf3JfdeJJ, n=250) and dystroglycan function (Dg043

, n=242) and a single hypomorphic 
allele of p integrin (my/nf421

, n=218),. Wings were scored according to severity of 
phenotype: no defect (B), small blisters covering less than half the wing blade (C), large 
blisters covering more than half of the wing blade with major disruption of the wing 
blade (D), wrinkling of the wing (E, bottom, such wing apprearance were the result of 
blistering throughout the wing with the apposing wing blades not being severely 
ballooned or separated) and melanization and/or shredding of the wing (E, top). Data 
were analyzed by the chi-square goodness-of-fit test (d/=12; p<O.OOJ). 
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CG3074 has cell adhesion activity in vitro: The mammalian TIN-ag family 

members have been reported to mediate adhesion of relevant cell types in culture, and 

this adhesion can be disrupted by pre-incubation of cells with antibodies that block 

integrin function surface (Chen et al., 1996; Li et al., 2007). Similarly, we could 

demonstrate that CG3074-V5-His6 protein isolated from cultured media by Ni++ column 

chromatography served as an adhesive substrate for S2 cells (1.27 ± .32 arbitrary units, 

au), while no adhesion (p<0.05) was mediated by BSA (0.14 ± .06 au) or by proteins 

isolated by Ni++ chromatography of culture media from identically treated but 

untransfected cells (0.11 ± .03 au). However, in contrast to previous studies in which 

specific alpha integrin subunits had to be transfected into the S2 cells in order to observe 

adhesion to their subs1:fate ECM proteins (Fogerty et al., 1994; Gotwals et al., 1994; 

Schock and Perrimon, 2003; Fraichard et al., 2010) we found similar levels of adhesion 

to CG3074 substrate using untransfected S2 cells (1.47 ± .32 au) compared to those 

transfected with aPS 1 (1.06 ± .42 au), aPS2 (1.28 ± .44 au), or aPS3 (1.08 ± .41 au) 

subunit genes. Small amounts of aPS2 and aPS3 mRNA could be detected by RT-PCR 

along with ~ integrin mRNA in our untransfected S2 cells (not shown), so it is possible 

this level of endogenously expressed integrin was sufficient to mediate adhesion on 

CG3074 in our studies (see Discussion). 

CG3074 mRNA appears to be a target of the How RNA binding protein: The 

appearance of a classical held-out-wing phenotype where wings are held at a 90° angle 

relative to the A-P axis raised the possibility that CG3074 RNAi might be mis-targeting 

how mRNA, which encodes for a KH-domain RNA-binding protein that regulates 

development by influencing mRNA nuclear export or retention/degradation (Nabel-
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Rosen et al., 1999; Nabel-Rosen et al., 2002). We found that flies expressing CG3074 

RNAi showed no differences in total levels of either How isoform (Fig. 2.5B), indicating 

that their how-like wing phenotype was not due to loss of How protein. Instead, the 

presence of two consensus How-binding sequences in the 3'UTR of CG3074 mRNA 

(ACUAA; Fig. 2.5A; Israeli et al., 2007) suggested conversely that CG3074 might be 

regulated by How during wing development. 

To test whether How could regulate CG3074 mRNA availability for protein 

translation and secretion, we used a previously published 82-cell model (Nabel-Rosen et 

al., 2002; Nabel-Rosen et al., 2005; Israeli et al., 2007). Constructs expressing CG3074-

V5 either with a wildtype 3 'UTR or with a 3 'UTR in which both How-binding sequences 

were mutated (AGGAA) yielded similar levels ofCG3074-V5 protein in cells and media 

(Fig. 2.5C). When co-transfected with a construct containing How-S, which promotes 

nuclear export, there was no difference observed between the two CG3074 constructs in 

the level of CG3074 secreted into the medium. However, when How-L containing a 

nuclear retention signal (Nabel-Rosen et al., 2002) was co-transfected with CG3074-VS 

containing the wildtype 3'UTR, there was a marked decrease iri both secreted and cell

associated CG3074-V5. This suppression of CG3074 expression was dependent on the 

presence of the How binding sites, as it did not occur when How-L was co-transfected 

with the CG3074 construct containing the mutant 3'UTR (Fig. 2.5C). These results 

indicate that How protein can regulate CG3074 through its 3'UTR. We verified this in 

the follicular epithelium by expressing UAS-How-L under control of the follicle-cell 

driver c323-Gal4 (Manseau et al., 1997). While we could detect endogenous CG3074 
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Figure 2.5. CG3074 expression is regulated by Held Out Wings (How). (A) The 3 'UTR 
ofCG3074 contains two consensus How binding sites (ACUAA). (B) How protein levels 
are similar in wildtype flies and in flies expressing CG3074 RNAi. (C) 82 cells were 
transfected alone with plasmids containing either CG307 4-V5 with a wildtype 3 'UTR or 
with ACUAA sites mutated or co-transfected with either How-S or How-L. CG3074-V5 
protein synthesis and secretion were reduced in cells co-transfected with How-L and 
CG3074-V5 with a wildtype 3 'UTR but not the mutant 3 'UTR. (D) In situ hybridization 
indicates degradation of CG307 4 mRNA following expression of UAS-How-L in the 
follicular epithelium with c323-Gal4 but not in controls. 
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mRNA by in situ hybridization in wildtype ovaries, we were unable to detect mRNA in 

' 
flies expressing How-L in the follicular epithelium (Fig. 2.5D}. 

Mutation of CG3074 serine 213 to cysteine confers gain-of-function 

phenotypes: Studies to date of mammalian TIN-ag proteins have focused largely on 

expression, interaction with laminin, and its role in integrin-mediated cell adhesion 

(Kalfa et al., 1994; Chen et al., 1996; Wex et al., 2001; Li et al., 2007; Igarashi et al., 

2009; Tajiri et al., 2009), but the function of the conserved cathepsin B-like domain has 

not been addressed in the literature. The conservation of the 'active site' residues in the 

TIN-ag family, including the characteristic serine where a cysteine would normally be 

present in cathepsin proteases, suggests this domain is critical to TIN-ag/CG3074 

function. We initially sought to test whether serine 213 in CG3074 was essential for 

functional rescue of a null allele. However, because our CG3074 knockout was 

confounded by the loss of vps35 expression, we have been unable to perform such 

experiments. We reasoned that, because of the high degree of conservation of the 

cathepsin B domain of CG3074 (and other TIN-ag proteins) with cathepsin B (see Fig. 

2.1B), an S213C point mutation in CG3074 may confer proteolytic activity similar to 

cathepsin B, which would provide a measure of the importance of this domain 

architecture to the function of the wildtype protein. Thus, we generated a transgenic 

strain bearing an insertion ofUAS-CG3074-V5 S213C. 

Constitutive global overexpression ofwild-type CG3074-V5 or of an S213A point 

mutant using Act5C-Gal4, tubP-Gal4, or PG45-Gal4 drivers had no adverse effects on 

viability or fertility of adult flies. In contrast, overexpression ofCG3074-V5 S213C in an 

otherwise wildtype background resulted in dominant larval or ovary phenqtypes 
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depending on the strength of the constitutive Gal4 driver employed. Such dominant 

phenotypes could result from a new proteolytic activity of the "restored" cathepsin B-like 

domain, acting on proteins normally interacting with CG3074 or more indiscriminately, 

from unproductive interactions that compete with endogenous wildtype CG3074 blocking 

its function. When tubP-Gal4 was used as activator, approximately 85% of the larvae 

expressing CG3074-V5 S213C died during the first two larval instar stages. Surviving 

third instar larvae were small and sluggish, and often had a melanized fat body indicating 

an ectopic immune response (Hoffmann, 1995 and data not shown). Fewer than 5% of 

third instar larvae expressing the S213C mutant protein survived to undergo 

metamorphosis, and all adults died within 2 days of eclosion while the percentage of flies 

eclosing that expressed wildtype (54.4%, n=858) and S213A CG3074 (58.4%, n=691) 

was only slightly less compared to flies bearing the vector-only insertion (77 .9%, n=3 71 ). 

Restricted expression of CG3074 S213C in muscle (24B-Gal4), hemocytes (hemolectin

Gal4), fat body (larval serum protein 2-Gal4), or nervous system (c305-Gal4) had no 

apparent effects on viability. 

Lethality was also observed upon robust global expression of CG3074 S213C 

using PG45-Gal4 but not with the weaker constitutive Act5C-Gal4 driver. Larvae and 

adult flies expressing CG3074-V5 S213C under control of Act5C-Gal4 were viable and 

fertile although females of this genotype laid eggs that were shorter along their anterior

posterior (A-P) axis than wild type eggs. These eggs also had shortened dorsal 

appendages, a phenotype that appeared to be fully penetrant. Using the Zeiss Axi~skop II 

software, we measured the_A-P axis length of eggs laid by females expressing CG3074-

V5 S213C and found them to be 16-18% shorter on average than eggs laid by parent 
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stocks and flies expressing the wildtype CG3074-V5 (p<0.001; Fig. 2.6A). Likewise, 

dorsal appendages were approximately 40% shorter in flies expressing CG3074-V5 

S213C compared to wildtype (Fig. 2.6B and compare 2.6C-E). Co-expression of 

CG3074 RNAi to knock down expression of the CG3074-V5 S213C restored the egg and 

dorsal appendage lengths to wildtype measurements (Fig. 2.6A,E), providing further 

demonstration that these phenotypes were due to expression of S213C. 

Known mutants for ECM proteins and receptors that manifest in shortened egg 

phenotypes show disruptions of the basal actin network in the follicle epithelium that is 

normally oriented perpendicular to the A-P axis throughout egg development (Gutzeit et 

al., 1991; Bateman et al., 2001; Frydman and Spradling, 2001; Mirouse et al., 2009). Egg 

chambers expressing CG3074-V5 S213C initially showed a normal perpendicular 

orientation of their basal actin network (Fig. 2.6J) but, as they proceeded through 

vitellogenic stages when they elongate along their A-P axis, the basal actin network 

within individual cells became mis-oriented relative to the A-P axis (Fig. 2.6M). This 

suggests that CG3074-V5 S213C expression disrupts ECM-cell interactions or a 

signaling event downstream of adhesion that is important for maintenance of epithelial 

planar polarity in the follicle cells. Basal actin defects were not observed in egg 

chambers expressing the wildtype CG3074-V5 and havirig normal egg length (Fig. 2.6H

I, K-L). 
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Figure 2.6. Strong, global expression of CG3074 S213C results in eggs shortened 
along their A-P axis. Histograms indicating the average length +/- standard deviation 
of laid eggs (A) and dorsal appendages (B) of indicated genotypes. Asterisks indicated 
statistical differences (p<O.Ol; one-way ANOVA and Bonferroni t-test). (C-G) Examples 
are shown of laid eggs for indicated genotypes along with sample measurements taken 
with the Axioskop II Zeiss software. (H-M) Texas Red-phalloidin labeling of the actin 
cytoskeleton of freshly dissected egg chambers of wildtype flies and flies expressing 
either CG307 4-V5 or CG307 4-V5 S213C. Following the initiation of oocyte elongation, 
the S213C-expressing egg chambers show their basal actin network to be disorganized 
(M) instead of having a consistent polarity perpendicular to the A-P axis as seen in 
wildtype egg chambers (K. L). 
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A subset of ovarioles in Act5C>CG3074-V5 S213C females contain fused egg 

chambers. While the most easily observable phenotype associated with Act5C-Gal4-

driven expression of UAS-CG3074-V5 S213C was short eggs, we also observed a 

varying subpopulation of ovarioles in dissected ovaries contained fused egg chambers 

(Fig. 2.7 and S2.3); approximately 30% of ovarioles per ovary contained fused egg 

I 

chambers. The phenotype is dose-dependent; when two copies of the S213C transgene 

were present, females were infertile with fusions detected in 100% of ovarioles. 

Compared to wildtype egg chambers, which are separated from one another by a 

morphologically distinct stalk (Fig. 2. 7C), fused egg ·chambers often appeared in an 

ovariole as one large compound chamber where follicular epithelia surrounding each 

germline cyst were in contact with one another (Fig. 2. 7D). The normal position of the 

oocyte at the posterior of each egg chamber (visualized with anti-Orb antibody; Fig. 

2.7A) was often disrupted in the CG3074 S213C-expressing ovarioles, including 

germline cysts in which the oocyte was displaced from the posterior pole (Fig. 2.7B) and 

occasionally containing more than one full germline cyst with two oocytes (not shown). 

Egg chamber fusions typically result from defects in their separation from one 

another by an extended stalk made up of specialized follicle cells. In hopscotch (hop; 

Janus Kinase, JAK) mutants, the number of these specialized stalk cells is reduced and 

replaced with an increased number of polar ·cells over the pair normally located at both 

anterior and posterior ends of the egg chamber, due to misregulation of differentiation of 

a common precursor (McGregor et al., 2002)~ To examine these cell populations in egg 

chambers expressing wildtype CG3074-V5 or CG3074-V5 S213C, we used antibody and 

lacZ markers, specifically anti-a-spectrin and 93F lacZ enhancer trap for stalk cells and 
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anti-Fasciclin III and PZ80 lacZ enhancer trap for polar cells (Fig. 2.7; see Methods). 

While stalk cells in egg chambers expressing wildtype CG3074-V5 appeared normal 

(Fig. 2.7C,E), stalk cells in CG3074-V5 S213C fused egg chambers were often absent 

(Fig. 2. 7D,F) or, when present, were flattened between egg chambers rather than forming 

a true stalk (Fig. 2.7F and S3B) or were in ectopic locations (Fig. S3C). Expansion of a 

strongly expressed Fas III domain (Fig. 2.7H') suggested additional polar-like cells were 

present as well as ectopic polar-like cells (Fig. 2. 7H). In PZ80 lacZ females expressing 

CG3074-V5 S213C, we could clearly identify more than two ~-gal positive cells in 

clusters (as many as 5-6; Fig. 2.71-J") indicating an increase in the polar cell population. 

In contrast to results with the S213C mutant, expression ofwildtype CG3074-V5 in either 

a 93F or PZ80 lacZ background did not result in alterations to stalk and polar cell 

populations (Fig. 2.7E,I). These results demonstrated that CG3074-V5 S213C expression 

resulted in a fusion phenotype very similar to that of loss-of-function mutations in the 

JAK/STAT pathway and suggest that the basement membrane_ can modulate JAK/STAT 

signaling. 



Figure 2. 7. Expression of CG3074 S213C is also associated with egg chamber fusions 
resembling hopscotch (hop) phenotypes. All red staining is Texas Red-phalloidin . 
labeling of actin. (A, C,E, G,LK) Egg chambers from Act5 C-Gal4> UAS-CG 307 4-V5 flies. 
(B,D,F,H,J,L) Egg chambers from Act5C-Gal4> UAS-CG3074-V5 S213C flies. (F',I',J') 
Single sections showing actin staining of projections shown in F,LJ to clearly indicate 
boundaries of egg chamber epithelia. Anti-Orb labeling shows mislocalization of the 
oocyte within egg chambers expressing CG3074 S213C (B) compared to the posterior 
localization of the oocyte expressing the wildtype protein (A). (C) Stalk cells separate 
egg chambers in flies expressing the wildtype CG3074 while S213C flies contain. egg 
chambers that are often fused together with no strong spectrin-positive stalk cells present 
(D). The 93F-lacZ line expressing ~-galactosidase in stalk cell populations in flies 
expressing wildtype CG3074 (E) but in flies expressing the S213C mutant, stalk cells are 
often absent between egg chambers (F; within oval; white arrows in C,E,F indicate 
present stalk cells). (G) Polar cells labeled with anti-fasciclin III are located at the 
anterior and posterior termini ofwildtype CG3074-expressing egg chambers as expected 
(G) but in S213 C-expressing flies, polar cells are found in ectopic locations (H) and are 
often increased in number (H'). PZBO-lacZ marks polar cells in egg chambers. In flies 
expressing wildtype CG3074, there are two polar cells found at each termini (I) while 
flies expressing CG3074 S213C show additionallacZ-positive polar-like cells at termini 
(J; white arrowhead - 3 cells; yellow arrowheads also indicate lacZ-positive cells 
totaling 4; J'' shows an example of an egg chamber with 5 polar-like cells). (K) Using a 
GFP reporter with a 10-Stat binding site promoter, flies expressing wildtype CG3074 
exhibit the expected gradient of the JAK-STAT activity, being highest at egg chamber 
termini while flies expressing CG3074 S213C exhibit pathway activity in ectopic 
locations (L, L '). 
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Figure 2. 7. Expression of CG3074 S213C is also associated with egg chamber fusions 
resembling hopscotch (hop) phenotypes. 
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A moderate hopscotch mutant exhibits short egg and egg fusion phenotypes 

and enhances the CG3074-V5 S213C fusion phenotype: In direct comparisons in our 

hands, ovarioles from moderately hypomorphic hopM75 /hopMsv females very closely 

resembled those in flies expressing CG3074-V5 S213C with fusion of egg chambers , 

lacking a clear population of a.-spectrin-positive stalk cells (Fig. 2.8C). Moreover, laid 

eggs from hopM75 /hopMsv females were similar to that from females expressing CG3074-

V5 S213C, with the average length of the A~P axis and dorsal appendages being 

statistically different from wildtype flies and parent stocks (Fig. 2.6A-B,G; p<0.001). 

The milder hypomorphic hopM4/hopMsv flies showed a low frequency (··--5%) of fusion 

events (Fig. 2.8B) consistent with published data (McGregor et al., 2002); egg length 

from these females was comparable to wildtype (data not shown). 

Because of these phenotypic similarities during oogenesis between flies 

expressing CG3074-V5 S213C and moderately hypomorphic hop females, we used a 

GFP reporter downstream of 10 STAT b~ding sites to monitor the JAK/STAT pathway. 

In flies exPfessing the wildtype CG3074-V5, GFP was expressed most strongly in stalk 

cells and at the anterior. and posterior termini of early egg chambers and became 

-~"",progressively weaker toward the center of the egg chamber, as expected (Fig. 2. 7K; Xi et 

al., 2003). In fused egg chambers from CG3074-V5 S213C-expressing flies, we detected 

both instances with very reduced GFP (Fig. 2. 7L ') as well as examples of elevated and 

often ectopic GFP (Fig. 2.7L). The elevated and ectopic GFP may be due to the presence 

of additional and ectopically localized polar-like cells, which are the source of the ligand 

Unpaired that activates the JAK-STAT pathway (Harrison et al., 1998), while reduced 
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GFP is more consistent with the similarity of the S213C phenotype to hop loss-of-

function alleles. 

To assess a possible gen~tic interaction with hop, we expressed wildtype 
I 
I , 

CG3074-V5 or CG3074-V5 S213C! in the moderate hopM75 /hopMsv. When the wildtype 
i 

CG3074-V5 was expressed in hop¥75/hopMsv flies (Fig. 2.8D), there appeared to be a 
I 

somewhat increased proportion df egg chamber fusions over the hopM75 /hopMsv 

background alone, though this j difficult to quantitate due to variability between 

I 

females. These flies maintained fertility and viability. However, when the S213C 
I 

I 

protein was expressed in hopM75 /hdpMsv flies, both viability and fertility were severely 
I 

I 

affected. These adult flies survive(!i fewer than 10 days and never laid any eggs. The 
I 

penetrance of egg chamber fusion ~as near 100% (Fig. 2.8E), and follicle cells appeared 

to be vigorously invasive as no c1Jm germline was visible in these egg chambers and 
I , 

follicle cells were not present in ~ single monolayer. These data indicate a genetic 
I 

I 

interaction between the gain of fundtion CG3074 S213C and the Drosophila JAKJSTAT 

pathway. 



Fig. 2.8. A hypomorphic hopscotch (hop) phenotype enhances the fusion and invasive 
behavior of follicle cells expressing CG3074-·V5 S2J.3C All egg chambers are labeled 
for spectrin (green) and actin (red). (A) Flies expressing CG3074-V5 S213C undergo 
egg chamber fusions but can still lay viable but shortened eggs. Fusion events also occur 
in both mild (B; hopM4/hopMs~ and moderate (C; hopM75

/ hopMS~ hypomorphic hop 
mutants with increased severity and frequency in stronger alleles. (D) Expression of 
wildtype CG3074-V5 in the moderate hop background resulted in a large numbe~ of egg 
chamber fusions, but flies could still lay viable eggs containing yolk. (E) Expression of 
the S213C mutant CG3074-V5 in the moderate hop background resulted in complete 
infertility and follicle cells that were vigorously invasive (white arrows). 
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Fig. 2.8. A hypomorphic hopscotch (hop) phenotype enhances the fusion and invasive 
behavior of follicle cells expressing CG3074-V5 S213C. 



84 

The CG3074 S213C gain of function phenotypes in the ovary depend upon 

the conserved cathepsin B-like active site. We hypoth~sized that the gain-of-function 

phenotypes associated with expression of CG3074-V5 S213C resulted from a 

neomorphic proteolytic activity conferred by the S213C mutation, given the conservation 

in TIN-ag family members of the other residues present in the catalytic site of cysteine 

proteases. We tested this genetically by generating another transgenic. line containing an: 

attB/attP-targeted insertion of the double mutant UAS-CG3074-V5 S213C, H366A. The 

second site H366A mutation is predicted to eliminate any activity potentially conferred 

by the S213C mutation (Gleisner and Liener, 1973; Kamphuis et al., 1985; Vemet et al., 

1995). In support of our hypothesis, mutation of this histidine in the analogous 'active-

site' of CG3074 to alanine abrogated both the short egg and egg chamber fusion 

phenotypes associated with the S213C mutation alone when the double mutant protein 

expression was driven by Act5C-Gal4 (Fig. 2.6A,B,F and Fig. 2.9C). Interestingly 

though, the zygotic lethality conferred by tubP-Gal4 driven expression ofUAS-CG3074-

V5 S213C was not rescued by introduction of the H366A mutation (not shown). 

An autoproteolytic activity of the S213C protein in vivo is supported by Western 

blots ofCG3074 isoforms expressed in third instar larvae demonstrating the specificity of 

-
the anti-V5 antibody and the C-te~ally derived (tagged) cleavage products present in 

addition to the full-length 52 kDa CG3074-V5 protein (Fig. 2.9A). The S213C protein 

consistently showed an additional processed product near the dye front (Fig. 2.9A, B) that 

was not seen for wildtype protein or for the double mutant. The major .-...36 kDa 

processed product of S213C appears as a doublet not seen for the wild-type or double 

mutant proteins (Fig. 2.9B). Because the published literature on mammalian TIN-ag 



85 

family members does not describe attempts to gauge whether wildtype TIN-ag contained 

hydrolytic activity, we directly tested both CG3074-V5 and the S213C mutant for 

cathepsin-like activity using small fluorogenic substrates Z-Phe-Arg-AMC, a general 

cathepsin substrate, and Z-Arg-Arg-AMC, a substrate more specific to cathepsin B. 

While purified cathepsin B efficiently catalyzed the cleavage of AMC from these 

substrates, neither wildtype nor S213C CG3074-V5 from either transfected 82 cell 

conditioned medium or immunoprecipitated from third instar larvae produced any signal 

above negative controls containing no protein or BSA (not shown). Additionally, we 

were unable to label CG3074-V5 or the S213C mutant with DCG-04, a biotinylated 

cysteine protease activity labeling reagent based on the structure of the cysteine protease 

inhibitor E-64, though it is noted that this substrate reacts poorly with cathepsin B due to 

an occluding loop over the active site (Greenbaum et al., 2000) and CG3074 contains a 

corresponding loop in its sequence. Taken together these results suggest that CG3074-

V5 S213C (and also the wildtype protein) lacks general cathepsin B-like activity, but do 

not rule out the possibility that it could have proteolytic activity against specific 

substrates. We can conclude from the double mutant experiments that the 'active site' 

domain of CG3074 is important for its function in vivo given that a single point mutation 

to the wildtype protein results in a gain of function that can be abrogated by another key 

conserved residue in the same domain. 
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Figure 2.9. The gain of function phenotype ofCG3074-V5 S213C is dependent on the 
'catalytic triad.' (A, B) Western blots of wandering third instar larvae expressing 
wildtype CG3074-V5, S213A, S213C, or 8213, H366A mutations with and without 
dithiothreitol (DTT). The low molecular weight band present in the S213C mutant is 
absent in the double mutant protein. (C) As noted previously, spectrin-positive (green) 
stalk cells are absent or located ectopically in .flies expressing CG3074-V5 S213C while 
expression of the double mutant protein does not result in either small eggs or fusion 
events (D). Actin is labeled with TexasRed-phalloidin. 
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Figure S2.1. Homologous recombination targeting of CG3074. (A) A schematic of the 
CG307 4 locus. Exons are indicated by colored boxes (blue - 5' and 3' UTRs, red -
coding sequence) and introns by the line. For the downstream vps35 gene, exons are not 
indicated (violet) The green box indicates the white marker within targeting construct, 
the yellow box indicates a snoRNA sequence within large CG3074. Black arrowheads 
indicate gene orientation. For targeting verification of homologous recombination and 
P-excision, Pstl sites are shown in the CG3074 locus and in the target vector with 
expected fragment sizes before and after homologous recombination shown below the 
gene diagram. Also indicated are the probe sequence used for Southern blotting and the 
locations of three P-element insertions used to generate excision alleles (lower case a, b, 
c). (B-F) Flies of the genotype yw hsFLP; FRT42B hGFP I FRT42B cg3074, vps35 
carrying mitotic clones have wing defects similar to that seen following expression of 
CG3074 RNAi (Figure 4), ranging from small blisters to shredding and melanization. 



88 

Figure S2.2. Defects associated with expression of CG3074-V5-S213C. All egg 
chambers were labeled with TexasRed-phalloidin (red). (A) A single ovariole labeled 
with anti-P-spectrin (green) to indicate stalk cells that normally separate individual egg 
chambers. (B-C) Egg chambers stained for lacZ (green) expressed in stalk cells from the 
93FlacZ enhancer trap indicating two morphologies seen in stalk cells of flies expressing 
the S213C mutant protein. In B, stalk cells are flattened between egg chambers, and in 
C, stalk cells appear in ectopic locations in the egg chambers. (D) Ovarioles stained 
with anti-Fasciclin III (green), which labels the two terminal polar cells in wildtype egg 
chambers. In this example, Fasiii staining was strongly expressed in egg chambers that 
appeared to be degenerating. (E) Egg chambers stained for lacZ (green) in cells from 
the PZ80lacZ enhancer trap, typically expressed by polar cells. (F) Anti-a-spectrin 
(green) labeled egg chambers expressing the S213C mutant protein illustrating presence 
of invasive follicle cells (arrow). (G,H) Egg chambers stained with anti-cleaved lamin 
(G) and anti-caspase 3, active (H), both in green. 
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Discussion 

The TIN-ag family of extracellular matrix cathepsin B-like proteins is highly 

conserved across metazoan species, though apparently lacking in the cnidarians that have 

a simpler mesogleal matrix in which the structural basement membrane proteins laminin 

and collagen IV are still present (Shimizu et al., 2002; Shimizu et al., 2008). Limited 

information is available about the mammalian family members, mainly consisting of 

RNA and protein expression studies in adult animals and a few reports of in vitro 

activities and physical interactions, although one group is now exploring more in-depth in 

vitro adhesion and tissue-based physical interaction studies (Li et al., 2007; Igarashi et 

al., 2009; Tajiri et al., 2009). The one early and intriguing developmental study showed a 

requirement for TIN -ag in the differentiation of renal tubules and ureteric bud branches 

from mesenchyme in a mouse embryonic kidney explant model (Kanwar et al., 1999), but 

functional and mechanistic studies based on this work have not been pursued. 

In determining whether Drosophila, having one rather than two TIN-ag-related 

genes, could provide a good model system for studying the fundamental functions of this 

protein family, we first asked how much the fly CG3074 protein behaves like the 

mammalian TIN-ag family members. We found that CG3074 has conserved and stable 

localization in the basement membrane (Fig. 2.21-K; Butkowski et al., 1990; Nelson et 

al., 1998) as seen for mammalian family members (Kalfa et al., 1994; Igarashi et al., 

2009). Direct demonstration of diffusibility of CG3074 within the basement membrane 

following secretion (Fig. 2.2G-H) provides support for a previous conclusion that TIN

ag-RP found throughout the extracellular matrix of the mouse adrenal cortex is derived 

by centripetal diffusion along basement membranes after secretion by outer zone cells 
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clearly expressing the mRNA (Li et al., 2007). However, gradients of CG3074 away 

from expressing cells do not appear to be important for imparting information to 

receiving cells based upon the lack of deleterious effects seen with broad high-level 

expression of the wild-type or S213A proteins. In contrast to reports in mice that showed 

a clear interaction ofTIN-ag with laminins in vitro and from tissue lysates (Kalfa et al., 

1994; Igarashi et al., 2009), we were unable to detect such an interaction using 

immunoprecipitation methods under a variety of conditions. Additionally, our data did 

not reveal a genetic interaction between CG3074 RNAi and Zanbl. Mouse TIN-ag-RP 

has· additionally been shown to interact with fibronectin (FN) type III repeats and some 

collagens and to facilitate cell spreading when co-cultured with the anastellin FN repeat 
.. 

(Li et al., 2007). It is certainly feasible that CG3074, in the wing, is interacting with 

other proteins also known to produce a blistering phenotype when absent such as tenectin 

or tiggrin (Fraichard et al., 2010; Zhang et al., 2010). 

Also strongly supported is a conserved function of CG3074 in cell adhesion. The 

highly penetrant wing blistering and held-out wings observed following RNAi 

K:trockd~~~~:~f CG3074 expression in vivo also closely resemble those seen for loss of 

integrin-nt,~kted adhesion to matrix ligands in the wing blade epithelia and tendon cell 
.. ,-;.:;~~l -~ . . ':1,. . . 

attachments, r~pectively. However, our data raise the possibility, at least for CG3074 in 

... ~~y, that a cell adhesion receptor other than or in addition to integrins is involved in 

,_,- b\nding to '.ag family members. Specifically, the two lines of evidence are the 
. ~11 : ·*~~~ ' 

s~ris~g\:~~~tic interaction of CG3074 RNAi with Dg043 in the wing and the 82 cell 

~:~here we could not find a requirement for using cell lines transfected with 

specific alpha integrin chains to observe cell adhesion on CG3074 in preliminary 
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experiments. In contrast to ·previous studies of integrin-based adhesion to confirmed 

matrix ligands in fly (Fogerty et al., 1994; Gotwals et al., 1994; Schock and Perrimon, 

2003; Fraichard et al., 2010), such transfected cell lines having higher levels of integrin 

on their surfaces do not show increased adhesion compared to untransfected S2 cells. 

Difficulties in purifying soluble CG3074, a feature also observed for mouse TIN-ag {Y. 

Kanwar, personal communication) and for mouse TIN-ag-RP (Li et al., 2007), have so far 

precluded more extensive aild definitive S2 cell studies, e.g.; involving siRNA 

knockdown of endogenous ~PS integrin expression or assessment of binding over a broad 

range ofCG3074 coating concentrations. The lack ofenhancementofthe CG3074 RNAi 

wing phenotypes by 50% reduction of ~PS or a.PS1 and a.PS2 was also concerning, 

although greater reduction by use of hypomorphic mys"i42 revealed an interaction in the 

generation of CG3074 with integrins. The interaction with Dg is intriguing, particularly 

because there is little known about the role of Dg in the fly wing beyond a role in 

crossvein formation (Christoforou et al., 2008). 

Although we do not consider our adhesion data to make a strong case against 

integrins as the receptors for CG3074, given the limitations noted above, we would like 

to point out a weakness ofthe existing data for the mammalian TIN-ag family members. 

The assignment of integrin dimer combinations as receptors for TIN-ag family members 

has been based solely on inhibition of binding by prior incubation of cells with blocking 

antibodies against specific integrin chains that may promote clustering and clearance of 

the integrins from the cell surface (Chen et al., 1996; Li et al., 2007). Combined use of 

multiple integrin-blocking antibodies in one study provided a convincing demonstration 

that adhesion to TIN-ag could be completely blocked with these reagents (Chen et al., 
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1996). While this is one accepted method for defining integrin specificity for matrix 

ligands in mammalian models, in the case of TIN-ag family members the assigned 

integrins have included a chains representative of three of five clades having distinct 

ligand-binding characteristics - the laminin-binding/PS1 clade (a.3f3 1), the RGD

binding/PS2 clade (a.vf33, a.sf31), and the collagen/laminin-binding/I-DOM clade (a.tf3I and 

a.2J31) (Chen et al., 1996; Hughes, 2001; Li et al., 2007). More than one integrin type may 

bind to distinct domains of a matrix protein, but TIN -ag family members do not contain 

any RGD sequences characteristic of matrix proteins binding to integrins of the PS2 clade 

in mammals ( Giachelli and Steitz, 2000; Y anagisawa et al., 2009) or Drosophila (Fogerty 

et al., 1994; Fraichard et al., 201 0), and are relatively small molecules compared to the 

structural matrix proteins typically demonstrating multiple integrin binding sites. The 

receptor binding sites on mammalian TIN-ag members have not been defined, but we 

suggest the possibility that a non-integrin receptor contributing to TIN-ag family mem~er 

binding (e.g., dystroglycan) may associate with integrins and be cleared together with 

integrins from the cell surface during pre-incubation with integrin-blocking antibodies. 

Such behavior could result in multiple or all integrins expressed on a given cell type 

appearing to contribute to adhesion on TIN-ag-related substrates, as described in both 

previous studies. Observing clustering of fluorescently tagged integrins underneath 

beads coated with known matrix ligands or TIN -ag family members might in the future 

provide a more robust assay for confirming cell adhesion receptor specificity (Miyamoto 

et al., 1998). 

The dynamic expression of CG3074 during morphogenetic events in the ovary 

and embryo (Fig. 2 and Fakhouri et al., 2006) suggested, together with the requirement 
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for TIN-ag in mouse kidney development, that CG3074 would have an important role in 

tissue morphogenesis. However, we did not detect any RNAi phenotypes apart from the 

adult wing defects. This could mean that CG3074 is not essential for' these processes or 

has only a subtle role, as has been observed for some of the mammalian matricellular 

proteins, such as tenascin and osteopontin, where knockout mice appear normal until one 

looks closely at behavior, specific tissues, or introduces stress or injury (Liaw et al., 

1998; Mackie and Tucker, 1999; Bomstein, 2009). Alternatively, the RNAi knockdown 

may have been insufficient to elicit developmental phenotypes, e.g., CG3074 mRNA 

could still be detected in third instar larvae highly expressing the RNAi construct (Fig. 

1.4). Additionally, in the case of the embryo, maternally provided protein, or maternal 

mRNA translated early in development, would escape RNAi knockdown and be 

available, as the pUAST-based RNAi is not expressed in the female germline cells 

(Rorth, 1998). Resolving whether CG3074 has roles in embryonic development or in 

dorsal appendage formation will require generation of null alleles that do not impact 

vps35 expression, either by homologous recombination in which only small changes are 

introduced or by conventional chemical mutagenesis in which point mutations 

corresponding to functional or expression nulls are randomly generated. 

Our studies of the conserved "active-site" serine in CG3074 represent the first 

examination of the function of the TIN -ag family cathepsin B-like domain. In contrast to 

the deprotonated cysteine found at this position in functional cathepsins, serine is not 

predicted to be a strong enough nucleophile to mediate hydrolysis of peptide bonds (Frey 

and Hegeman, 2007). However, the absolute conservation of this serine among the TIN

ag family members, and near-absolute conservation of three other residues making up the 
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active site, argue that this site is essential for TIN-ag function, perhaps in binding to an 

extracellular matrix molecule or a cell adhesion receptor. The serine protease-like 

molecules have been found and studied in considerably more detail than cathepsin-like 

molecules, and among these is HGF, in which conservation of the protease activation 

mechanism leads to formation of a functional binding site for the receptor Met upon 

proteolytic processing of HGF (Kirchhofer et al., 2004). Although it is not known if 

TIN-ag family members require cleavage for their function, a major pr~cessed product 

has been found in cell culture and in tissues of mammals (Butkowski et al., 1990; 

Butkowski et al., 1991) and Drosophila (Fig. 4 and 9), suggesting proteolysis may play a 

role in activating these cathepsin B-like proteins as well. 

Our studies support the idea that the CG3074 "active site" retains a conserved 

conformation that can result in hydrolytic activity when cysteine is substituted for serine. 

In examining S213C (single mutant) versus the S213C, H366A (double mutant) predicted 

to abrogate catalytic function, we found additional processing only in the single mutant 

that might represent autolytic processing. The ovary phenotypes of egg chamber fusions 

and small eggs were reversed in the double mutant, supporting the idea that S213C is 

capable of acting as a protease, perhaps targeting specific substrates such as a natural 

binding partner in the extracellular matrix or on the cell surface. The. failure of the 

double mutant to abrogate the larval lethality seen with high-level overexpression of 

S213C suggests a non-proteolytic mechanism at work, perhaps competition with 

endogenous CG3074 for key binding interactions but without the ability of the cathepsin 

B-like domain to function properly. 
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We observed a strong similarity of short egg and egg chamber fusion phenotypes 

between S213C and moderate loss-of-function alleles of hopscotch, and found strong 

enhancement of the moderate hopscotch phenotype by co-expression of S213C with mild 

enhancement by overexpression of wildtype CG3074. The expression of S213C in the 

hopMsv /hopM75 background also resulted in invasive characteristics of the follicle cell 

epithelium, female infertility, and shortened lifespan of adults, phenotypes not seen for 

either S213C or hop mutant alone with the exception of female infertility due to extensive 

egg chamber fusions when two copies of the S213C transgene are expressed. Although 

based mainly on data from an overexpressed protein having neomorphic activities, these 

results suggest that there is a link between hopscotch ·signaling and the basement 

membrane and/or cell adhesion molecules impacted by CG3074. The Unpaired ligand 

that activates the hop pathway is secreted apically and its receptor Domeless is localized 

apically and laterally in follicle cell plasma membranes (Harrison et al., 1998; Ghiglione 

et al., 2002), so neither appears to come in contact with the basement membrane where it 

could be directly processed and degraded by the high levels of S213C protein present in 

that structure. Thus, we favor explanations in which CG3074 S213C, and to a lesser 

extent overexpression of the wildtype CG3074, modulate hop signaling through effects 

on basement membrane function or architecture. 
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IV. Discussion 

The goal of this project was to decipher the role of the TIN-ag ortholog CG3074 

during Drosophila development. Specific aims for the project were 1) to determine the 

consequences of CG307 4 loss of function on Drosophila development, 2) To elucidate in 

vivo requirements of the conserved cathepsin B '~ctive site' domain in CG3074 function, 

and 3) to test the interaction of CG3074 with Drosophila integrins and ECM components. 

CG3074 was identified in a proteomic screen of insoluble ECM components present in 

the Drosophila ovary (Fakhouri et al., 2006) and was intriguing because of its homology 

with the lysosomal protease cathepsin B and several other ECM molecules with a similar 

cysteine-rich EGF-like motif (Nelson et al., 1995). Sequence comparisons by BLAST 

showed CG3074 and other TIN-ag-related proteins to be highly conserved from C. 

elegans to humans with all mammalian species reported in the databaSe having two 

orthologs of CG3074 (TIN-ag and TIN-ag-RP; Butkowski et al., 1990; Wex et al., 2001) 

and non-mammals having a single gene. An interesting feature of these TIN -ag proteins 

is the conservation of the cathepsin B domain, notably residues corresponding to the 

catalytic triad. While the nucleophilic ·cysteine ultimately responsible for hydrolytic 

activity of cathepsin B is substituted with a serine, this serine is conserved in all members 

of the TIN-ag family in addition to the other residues of the catalytic triad, asparagine and 

histidine, along with many other residues in the domain (Nelson et al., 1995; Wex et al., 

2001). The recently sequenced hydra (Nematostella) and sponge (Amphimedon) 

97 



98 

genomes contain a cathepsin B ortholog (Putnam et al., 2007; Srivastava et al., 2010), but 

no phyla that evolutionarily predate the nematoda have any known orthologs from the 

TIN-ag family in their geriomes. However, the presence of at least one well-conserved 

CG3074 ortholog in all organisms more evolutionarily advanced than C. elegans taken 

together with the conservation of the 'active site' in these proteins suggests it has 

maintained an important role throughout evolution of complex metazoans. 

Our initial findings on CG3074 were that its mRNA was dynamically expressed 

in the Drosophila ovary follicular epithelium, at first broadly in the circumferential band 

of medial cells during stage 9 when the majority of follicle cells are migrating to cover 

the oocyte. At the completion of this migration, stage 10, CG3074's expression pattern 

was refmed to centripetal cells on the anterior end of the oocyte. By stage 11, it was only 

being expressed by the dorsal anterior 'floor' cells that migrate to form the dorsal 

appendages of the eggshell (Dorman et al., 2004; Ward and Berg, 2005; Fakhouri et al., 

2006). At the time of our initial findings, only two studies in the literature had examined 

possible functional roles of mouse TIN-ag: integrin-mediated cell adhesion (Chen et al., 

1996) and differentiation of renal tubules in the mouse kidney (Kanwar et al., 1999). 

Examination of CG3074 during Drosophila embryo development revealed marked 

expression prior to and during gastrulation in mesoderm and in the dorsal epithelium 

during dorsal closure, a process in Drosophila analogous to epithelial wound healing. As 

CG3074 was expressed during these critical periods of morphogenetic cell migration that 

are also integrin-depertdent (Roote and Zusman, 1995; Brown et al., 2000; Narasimha 

and Brown, 2004), we hypothesized that CG3074 was a novel integrin ligand that played 

a role in directed cell migrations. 
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It is known that the two integrins first discovered in Drosophila, PS 1 and PS2, 

bind respectively to laminin and RGD-containing proteins such as tiggrin (Bunch and 

Brower, 1992; Fogerty et al., 1994; Gotwals et al., 1994) and that these two integrins 

have non-overlapping requirements during Drosophila development (Zusman et al., 

1993; Brown, 1994; Brower et al., 1995; Brabant et al., 1996). However, with CG3074 

lacking an RGD in its peptide sequence and being obviously distinct from laminin, we 

also hypothesized that any potential integrin receptor in Drosophila would come from the 

PS3 family that includes PS3, PS4, and PS5 integrins, for which no definitive ligand has 

been found. Therefore, we examined the expression of all Drosophila alpha integrin 

genes during oogenesis. While we found some interesting though unrelated novel 

localizations on apical and lateral follicle cell membranes for PS 1 and PS2 integrins, we 

also found that alphaPS3 (scab) and alphaPS5 began to be expressed in the dorsal 

anterior roof cells of the follicular epithelium (Dinkins et al., 2008). These 'roof cells 

together with the CG3074-expressing floor cells work together to form the dorsal 

appendages on the eggshell (Dorman et al., 2004; Ward and Berg, 2005). Taken 

together, our expression data and published data implicating CG3074 acts as an integrin 

ligand suggested that CG3074 could be a potential ligand for PS3 or PS5 integrins. 

Our initial approach, given there were no available null alleles for CG3074, was 

to generate a knockout using the ends-out targeting method (Gloor, 2004; Gong and 

Golic, 2004) to delete the coding sequence (shown in red in Fig. 82.1). We recovered 

and verified a homozygous lethal allele that manifest during the third larval instar period 

prior to the onset of metamorphosis where larvae would develop melanotic 'tumors', 

which are simply normal tissues that become melanized due to an abnormal activation of 
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the ~une response (Rizki and Rizki, 1983). Initially, this phenotype seemed consistent 

with deletion of a gene encoding for an ECM protein as the innate immune response in 

Drosophila can be activated by abnormalities in the basement membrane (Rizki and 

Rizki, 1974; Rizki and Rizki, 1979) as well as foreign antigens (Royet and Dziarski, 

2007). However, all attempts made to rescue homozygous lethality by expressing VS

and His6-tagged wildtype CG3074 globally or in specific tissues were unsuccessful as 

homozygous mutant larvae expressing CG3074-V5/His6 (hereafter referred to as 

CG3074-V5) were indistinguishable from mutant larvae not expressing the transgene. 

Because the Drosophila genes are relatively tightly packed in comparison to mammalian 

species and the CG3074 gene was flanked closely (<100 bp) by another gene, vps35, we 

examined this neighboring gene. While CG3074 had been deleted from chromosome 2R 

and replaced with the white eye color marker, vps35 was still present on the chromosome, 

but we were unable to detect vps35 mRNA in homozygous knockout animals. At the 

same time, reports were published demonstrating a 'melanotic tumor' phenotype in vps35 

mutants (Korolchuk et al., 2007) with more detailed analyses defining a role for Vps35 (a 

component of the retromer complex) in secretion of Wnt (Belenkaya et al., 2008). We 

concluded that deletion of CG3074 had. also disrupted expression of vps35, which was 

confounding any potential phenotypic analysis and sought to generate smaller deletions 

in the promoter or coding region of CG3074 by means of imprecise P-element excision 

(O'Brochta et al., 1991) using available stocks (lower case letters in Fig. 82.1). However, 

after screening close to 1000 flies, the only chromosomes we recovered with anything 

other than a normal phenotype had a similar phenotype to the knockout, also affecting 
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vps35 expression. Additionally, using transgenic insertions, attempts to express vps35 in 

these knockouts and P-excision alleles did not alleviate the vps35 phenotype. 

Without a clean null allele, it was difficult to ascertain the consequences of loss of 

CG3074 function per specific aim one. It is evident that CG3074 is not required for 

embryonic or larval development in flies from eggs laid by heterozygous females, which 

may still retain from a minimal amount of maternally provided protein necessary for 

early events such as gastrulation. Our in situ hybridization data support that CG3074 

mRNA is a materally provided to the egg (Fig. 2.2C), but we were unable to test for a 

maternal requirement as generation of maternal and zygotic CG3074-null embryos were 

confounded by loss of vps35 expression. In preliminary experiments, embryos from yw 

hs FLP ; FRT42B ovoD I FRT42B cg3074, vps35 females, whose only viable eggs 

should lack any maternally-provided CG3074, were indistinguishable from embryos 

coming from females carrying a FRT42B vps35 chromosome as a control (data not 

shown). It is not surprising, however, that CG3074-null embryos and larvae were able to 

develop normally considering that mice null for small matricellular proteins such as 

SED 1 and osteopontin develop normally and are viable. Specific adult phenotypes are 

present in such as animals as male mice lacking SED 1 are sub-fertile as this protein has a 

role in sperm-egg interactions while, in the female, SED1 is requjred for proper 

mammary gland branching (Ensslin and Shur, 2003; Ensslin and Shur, 2007). In the case 

of osteopontin, null mice are both viable and fertile, and even double knockout mice for 

osteopontin and another ECM protein victronectin are viable (Liaw et al., 1998). 

With the CG3074 knockout chromosome, we were able to demonstrate that 

CG3074 is not required zygotically for embryonic or larval development. With these 
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homozygotes arr~sting at various points along the larval-pupal transition due largely to 

the effects of vps35 loss of function, we were unable to address any phenotypes that 

manifest in the adult due to lack of CG3074. Therefore, we turned to expression of 

CG3074 RNAi (Dietzl et al., 2007) using the Gal4-UAS system (Brand and Perrimon, 

1993). Consistent with the knockout allele, expression of CG3074 RNAi did not elicit 

embryonic or larval phenotypes including the appearance of 'melanotic tumors', 

providing additional support that this phenotype and the lethality were due to loss of 

vps35. However, adult flies expressing the CG3074 RNAi under control of the 

ubiquitous ActGal4 driver displayed a fully penetrant 'held out wings' phenotype, similar 

to that induced by a hypomorphic allele, held out wings (how). how encodes for a KH

domain RNA-binding protein (Zaffran et al., 1997) known to play a role in tendon cell 

differentiation (Nabel-Rosen et al., 1999; Nabel-Rosen et al., 2002) at the root of its 

characteristic phenotype of adult flies whose wings are held out laterally. The other 

obvious phenotype present in these CG3074 RNAi-expressing flies was highly penetrant 

wing-blisters of varying degrees. Both the wing blisters and the held out wings 

phenotypes are consistent with a role for CG3074 in cell adhesion. Multiple genes 

encoding ECM proteins, when mutated or deleted, result in the common phenotype of 

wing blisters including laminin (Martin et al., 1999), tenectin (Fraichard et al., 201 0), and 

tiggrin (Zhang et al., 201 0) among others. Likewise, integrin mutants also produce a 

blistering phenotype (Wilcox et al., 1989; Dominguez-Gimenez et al., 2007) and have 

also been used in genetic screens to identify modifiers of cell adhesion pathways (Walsh 

and Brown, 1998; Baker et al., 2002). With respect to the held out wings phenotype, 

CG3074 mRNA contains two 5 bp ACUAA sequences that are targeted by the How 
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protein (Israeli et al., 2007), which suggest it is a target of How regulation. Though we 

did not unequivocally demonstrate that CG3074 was regulated in vivo by How, we were· 

able to demonstrate by in situ hybridization that ectopic expression of How(L) in the 

follicular epithelium could downregulate CG3074 mRNA expressed by floor cells (Fig. 

2.5). Additionally, our results using S2 cells suggest that the ACUAA sequence in the 

CG3074 mRNA can be targeted by How to control the amount of RNA exported .. While 

our data do not demonstrate that CG3074 is regulated by How during normal 

development, it has been shown that How does regulate export for several other mRNAs 

containing this ACUAA sequence (Nabel-Rosen et al., 2005; Israeli et al., 2007). 

Moreover, published data show how clones in the wing resulted in small blisters (Lo and 

Frasch, 1997), and the hypomorphic beta integrin allele mys[nj421 also has a low 

penetrance ( <1 0%) of both wing ·blisters and held out wings (Wilcox et al., 1989; 

D'Avino and Thummel, 2000). While the RNAi approach to loss of function may 

provide an incomplete picture as to the function of CG3074 given that RNAi was not 

fully capable of complete reduction of CG3074 mRNA levels, we can conclude for 

specific aim one that CG3074 plays a role in cell adhesion in the wing. 

To address the role of the conserved 'active-site' serine per specific aim two, we 

generated a series of strains carrying the wildtype CG3074-V5 transgene and point 

mutants S213A and S213C. At the outset, we had expected to test the requirement of 

serine 213 by expressing wildtype and mutant proteins in a null background, but because 

of the nature of the knockout allele, we were unable to do these experiments. We 

attempted, as a backup, to express these transgenes in flies co-expressing CG3074 RNAi, 

but flies expressing both CG307 4-V 5 mRNA and RNAi displayed the same phenotypes 
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as flies expressing the RNAi alone. This was corroborated by western blots using anti

V5 as a probe. While we could detect the V5-tagged CG3074 when expressed alone, co

expression of the CG3074 RNAi reduced protein levels to barely above background 

levels. We were, however able to discern that ubiquitous overexpression of wildtype 

CG3074-V5 did not have deleterious effects on fly development or fertility/fecundity, 

indicating that CG3074 gradients are not important for imparting positional information 

to nearby cells, at least in the fly. In recent years, there has been intense study using 

mammalian model systems of ECM tension playing a role in cellular differentiation and 

in cancer progression, mediated largely through integrin mechanotransduction (Huang 

and Ingber, 2005; Katsumi et al., 2005; Paszek et al., 2005; Sharma and Snedeker, 2010). 

Whether these types of mechanisms exist in invertebrates is currently unknown though it 

is accepted that integrin signal-ing in mammals is far more complex than in Drosophila 

(Brower, 2003) but may offer an explanation for why loss of TIN-ag in the developing 

mouse kidney results in failure of renal tubule differentiation (Kanwar et al., 1999). We 

. were also able to glean from overexpression studies that the CG3074-V5 shared 

behaviors with the mammalian protein such as localizing to basement membranes with 

laminin and collagen and diffusibility within the ECM as seen for TIN-ag-RP in the 

mouse adrenal cortex (Li et al., 2007). This was confirmed in crag mutants where basal 

proteins are secreted apically; we found CG3074-V5 and laminin mislocalized together 

on the apical surface of the follicular epithelium (Denef et al., 2008). Therefore, we can 

conclude that fly CG307 4 is comparable to mammalian TIN -ag in its localization in the 

ECM. 
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Though we were unable to test the rescuing ability of the S213A and S213C point 

mutants in CG3074-null background, we were able to express1:he proteins. In a wildtype 

background, overexpression of the wildtype CG3074-V5 and S213A point mutant did not 

interfere with development, viability, or fertility but did localize basally with laminin, 

indicating that the serine 213 is not essential for proper secretion and localization of the 

CG3074. However, expression of the S213C mutant yielded results that support a case 

that the 'active site' of the cathepsin B domain ofCG3074 retains biological activity and 

in this case, acts as a neomorph. Overexpression in a wildtype background of CG3074-

V5 S213C using the ubiquitous tubPGal4 driver was lethal during the larval period. Any 

flies surviving the pupal period to adulthood were sickly and short lived (i.e., 1-2 days). 

Driving expression of the S213C mutant with ActGal4 was not lethal and did not 

compromise development, viability, or fertility. However, there were two distinct 

phenotypes in the ovary: shortened eggs and fusion of egg chambers. In the case of 

shortened eggs, our own results using RNAi directed against PS3 family integrins 

(Dinkins et al., 2008) demonstrate a role for such integrins in egg-length the as well as 

data from published research where integrin-null clones were generated to produce short, 

rounded eggs (Bateman et al., 2001). Other transmembrane receptors such as the 

phosphatase Lar have also been shown in loss of function experiments to affect egg size 

(Frydman and Spradling, 2001 ), though in the case of both integrins and Lar, the 

shortened eggs could be ultimately attributed to failure to organize a polarized actin 

cytoskeleton around the anterior-posterior axis (Bateman et al., 2001; Frydman and 

Spradling, 2001). Our results with CG3074-V5 S213C indicated a similar phenomenon 

in the basal actin cytoskeleton of the follicular epithelium where each cell maintained a 
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disorganized array of actin while the wildtype egg chambers organized their actin from 

cell to cell circumferentially around the axis of the egg. While we cannot conclude that 

the S213C mutant protein is disrupting integrin function, the data does suggest ECM

receptor interactions are being disrupted, especially given that CG3074-V5 S213C is 

present in the basement membrane. 

The second phenotype seen upon expression of CG3074-V5 S213C with the 

ActGa14 driver was egg-chamber fusions similar to those reported for mutant hopscotch 

(hop) alleles, which encode for Drosophila Janus kinase (JAK) (McGregor et al., 2002). 

Egg chamber fusions arising from mutant hop alleles can be ultimately traced to failure of 

proper differentiation of polar and stalk cells from a common precursor, a process which 

requires JAK signaling in response to the secreted ligand Unpaired (McGregor et al., 

2002). Similar to results seen with hop mutants, in our S213C mutant-expressing egg 

chambers, we found an expansion of the population of polar cells along with a decrease 

or often complete absence of stalk cells that separate egg chambers in an ovariole, 

suggesting that CG3074-V5 S213C could be interfering with the JAK/STAT signaling 

pathway during oogenesis. However, since it is most likely that CG3074-V5 S213C is 

exerting its effects via the ECM, it is unlikely that any direct link between CG3074-V5 

S213C and either the Unpaired ligand or its receptor exist as they are secreted on 

opposite sides of each follicle cell (Harrison et al., 1998; Ghiglione et al., 2002). A link 

between integrin-mediated adhesion and JAK signaling has been reported in the literature 

in recent years, though the number of reports of crosstalk are scarce and mostly from 

experiments in mammalian cell culture (Brizzi et al., 1999; Ivaska et al., 2003). One 

recent report in the Drosophila testis does connect inhibition of JAK signaling by the 
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Suppressor of cytokine signaling 36E (SOCS36E) to integrin adhesion in cyst progenitor 

cells (CPCs). Specifically, in the absence of SOCS36E, integrins are upregulated in the 

CPCs, which can then out compete germline stem cells for adhesion to the niche hub 

(lssigonis et al., 2009). Interestingly, we did find a combination of hop alleles 

hopM15 lhopMsv that produced egg chamber fusion phenotypes (also reported by 

McGregor et al., 2002) and short eggs that were statistically similar in length (p>O.l) to 

those expressing CG3074-V5 S213C. We examined this relationship further by 

expressing wildtype and S213C CG3074-V5 in the moderate hopM15!hopMsv background. 

Expression of the wildtype CG3074 showed a mild enhancement of the hop phenotype, 

but expression of the S213C mutant resulted in a strong enhancement of the hop 

phenotype that included the follicular epithelium adopting invasive tumor-like 

characteristics that rendered the flies infertile. While these results demonstrate an 

interaction between hop and the neomorphic CG3074-V5 S213C, we cannot interpret the 

findings as evidence of a link between endogenous CG3074 function and hop signaling 

as the S213C mutation does not occur naturally. Any such link given our data would 

depend on definitive demonstration that CG3074-V5 S213C was disrupting ECM

integrin interactions in order to negatively affect JAK signaling. At best, we have only 

suggestive evidence this may be the case, given the short egg phenotype and the 

unpolarized basal actin network in egg chambers expressing the S213C mutant. .., 

To provide further support for the importance of the architecture of the 'active 

site' domain of CG3074, we tested the effects of expression of a double mutant, CG3074-, 

V5 S213C, H366A. Histidine 366 in CG3074 corresponds to the histidine of the catalytic 

triad found in cysteine proteases including cathepsin B, and such a mutation in a cysteine 
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protease would render it ·Catalytically inactive (Kamphuis et al., 1985). We hypothesized 

that the neomorphic activity of CG3074-V5 S213C would be ablated by the additional 

H366A mutation. Indeed, both the egg chamber fusion and short egg phenotypes 

characteristic of CG3074-V5 S213C expression were not seen upon expression of the 

double mutant with the Act-Gal4 driver. The gain of function results seen with the 

S213C mutant suggested that this neomorphic phenotype could be proteolytic in nature, 

given the degree of homology between CG3074 and the cathepsin B active site, perhaps 

by targeting a natural binding partner. The abrogation of the egg chamber phenotypes in 

the double mutant provide support for such a notion although we were unable to 

demonstrate any direct protease activity from CG3074-V5 S213C using fluorogenic 

cathepsin B substrates or general cysteine protease active site labeling reagents 

(Greenbaum et al., 2000). The H366A mutation, however, did not abolish the lethality 

associated with CG3074-V5 S213C when driven by tubP-Gal4, which argues for a non

proteolytic mechanism insofar as the lethality associated with high expression of the 

S213C mutant in concerned. Still, regardless of whether a proteolytic mechanism 

underlies the phenotypes seen in the ovary, we can conclude that retention of the active 

architecture of the cathepsin B domain is important in the function of the wildtype 

CG3074 based on the gain of function seen in the S213C mutant. To date, this study is 

the first to address the question of whether this domain is integral to the function of TIN

ag proteins. 

For specific aim three, we wanted to test the interaction of CG3074 with 

Drosophila integrins and major ECM components known to interact in mice with TIN

ag. Our initial hypothesis was that CG3074 was ~cting as a novel integrin ligand. We 
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wanted to combine physical and genetic approaches to test for such an interaction. It has 

been definitively shown that PS 1 but not PS2 integrin-expressing S2 cells could bind to 

purified Drosophila laminin in culture and vice versa for the RGD-containing ligands 

tiggrin and tenectin (Fogerty et al., 1994; Gotwals et al., 1994; Fraichard et al., 2010). 

Wildtype S2 cells express the common beta integrin chain but do not express alpha 

chains, making them an ideal model for testing whether a particular transfected integrin 

could mediate cell adhesion to a given ligand ( Gotwals et al., 1994 ). We wanted to 

isolate CG3074-V5/His6 from cell culture to use for such S2 cell. adhesion assays, but 

despite trial and error we were unable to purify enough protein to generate any useful 

data from this model. Preliminary experiments with a very low concentration of 

CG3074-V5 (<10 J.Lg/m.L) indicated that untransfected S2 cells were capable of adhering 

to wells coated with CG3074-V5. There was no further adhesion noted following 

transfection of 82 cells with a particular alpha chain, which suggested that integrins may 

not be involved in mediating adhesion. We examined the 82 cells for expression of 

integrins and fouri.d, as expected, strong expression of ~P8 integrin but also found weak 

expression of both aPS2 and P83 integrins, which may have been confounding the 

results. We would have liked to pursue this line of experiments with siRNA knockdown 

of integrin expression combined with definitive expression of alpha chains, and binding 

of cells to a range of CG3074 concentrations and point mutants. However, because of the 

difficulty in obtaining even a modest amount of soluble CG3074-V5 protein, 

corroborated by authors working with the mouse orthologs (Y. Kanwar, personal 

communication and (Li et al., 2007), we did not pursue further experiments with this 

model. We then turned to examination of a physical interaction between CG3074-V5 and 



110 

laminin as both mouse orthologs have been reported to interact with mouse laminin 

(Kalfa et al., 1994; Igarashi et al., 2009). Using co-immunoprecipitation methods, we 

probed lysates from ovaries, whole larvae, and adults overexpressing wildtype CG3074-

V5 with anti-V5, anti-~ laminin, and anti-y laminin (Kumagai et al., 1997). While we 

were able to pull down CG3074-V5 and laminin with each of their respective antibodies, 

we were unable regardless of conditions used to demonstrate a direct physical interaction 

between laminin and CG3074-V5. 

Our initial attempts to test for a genetic interaction between integrins and CG3074 

were performed by clonal analysis in the follicular epithelium of ovaries. Even though 

the CG3074 knockout chromosome is confounded by the loss ofvps35 expression, which 

ultimately affects Wnt secretion, there is no evidence in the literature of a role for Wnt in 

dorsal appendage formation. Therefore, we proceeded with the clonal analysis with the 

notion that vps35 would not be required in these cells. Indeed in preliminary 

experiments, the generation of CG307 4/vps35-null clones in the follicular epithelium did 

not affect dorsal appendage formation regardless of clone size. Similarly, as shown in 

(Fig. 1.6), neither clones null for scb (aPS3), aPS5, or scb and aPS5 affected the 

formation of the dorsal appendages despite specific expression of both alpha chains in 

dorsal appendage primordial cells prior to initiation of the development program. We 

therefore tested double null clones for CG3074 and scb, but once again observed no 

effect on the formation of the dorsal appendages, even in large clones that should 

preclude diffusion of CG3074 from distant cells. We were however, able to demonstrate 

a genetic interaction between CG3074 RNAi and integrins using a hypomorphic allele for 

the common beta subunit where we saw an enhancement of the proportions of wings with 



111 

severe defects (large blisters, wrinkling, and shredded or melanized wings) when 

compared to flies expressing RNAi alone. Though a genetic interaction does not 

necessarily imply CG3074 is a bona fide integrin ligand, we can conclude that CG3074 

exerts its effects in through an integrin-dependent mechanism. 

This study raises additional questions regarding CG3074 function. There is still 

no solid evidence as to what integrins may be interacting with CG3074 (or TIN-ag in 

mammals; see Chapter 2 discussion). The lack of alpha integrin expression in S2 cells 

makes this an attractive model for defining specificity for integrins that may bind to 

CG3074 if a method could be devised to obtain a large quantity of soluble CG3074 

protein, a limitation of the current study. One intriguing result arising from these 

experiments is the involvement of dystroglycan as a possible receptor for CG3074 or 

perhaps involvement in a greater complex. Integrin and dystroglycan complexes often co

localize with each other (Anastasi et al., 2003). These two adhesion receptors often share 

ligands (e.g., laminin-1; Ekblom, 1996). Additionally, dystroglycans have been found to 

modulate integrin affinity for laminins (Driss et al., 2006). It is possible that CG3074 or 

TIN-ag could be involved in such a role. However, in the mouse kidney where both TIN

ag is· highly expressed, it has recently been shown that dystroglycan is not essential for 

devlopment, function, or tissue repair (Jarad et al., 2011). The question as to the precise 

function of the domains present in CG307 4/TIN-ag still remains unanswered. Both· the 

cysteine-rich N-terminal domain and the cathepsin B domain are likely to mediate 

binding to other proteins in an ECM-adhesion receptor complex, but the details of such 

interactions are lacking. The role of the RNA-binding protein How (and similar KH

domain orthologs) in regulating cell adhesion at the mRNA level comes into question. In 



112 

Drosophila, we note that mRNA 3 'UTRs for integrins and ECM molecules contain the 

consensus ACUAA binding element. Therefore, it is conceivable that such RNA binding 

_ proteins can regulate cell adhesion at the mRNA level in a similar manner to role it plays 

in controlling cell division during gastrulation (Nabel-Rosen et al., 2005). Finally, our 

data with CG3074 S213C in the fly ovary demonstrated a genetic interaction with the 

JAK/STAT pathway. As noted above, there have been recent studies illustrating a link 

between integrin-mediated adhesion and the JAK/STAT pathway (Ivaska et al., 2003; 

Issigonis et al., 2009), though the nature of this relationship remains largely unexplored. 



V. Summary 

Chapter 1: Integrin alpha chains exhibit distinct temporal and spatial localization 

patterns in epithelial cells of the Drosophila ovary 

PS 1 and PS2 integrins localize to apical, lateral, and basal follicular cell 

membranes in early-mid oogenests. During late oogenesis, the apical 

localization is lost. 

PS3-family integrin mRNAs are expressed in dorsal, anterior follicle cells 

during late oogenesis. 

a.PS3 protein is expressed in specialized follicle cells such as stretch cells, 

border cells, and dorsal appendage-forming cells. 

PS3 integrin in stretch cells contribute to egg length along the A-P axis but is 

not required for dorsal appendage formation with or without PS5 integrin. 

Eggs expressing RNAi against PS3 and PS4 but not PS5 integrins are 5-10% 

shorter than wildtype eggs. 

Expressing RNAi against a.PS3 delays cell migration and disrupts cell 

adhesion in border cells and is enhanced by knockdown of JNK signaling. 

113 
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Chapter 2: Modulation of a conserved cathepsin B-Iike extracellular matrix protein 

impacts wing and egg formation in Drosophila melanogaster 

Among animals with sequenced genomes, bilaterians contain one TIN-ag 

ortholog, and mammals each contain two orthologs. With the exception of the 

catalytic cysteine, key ·residues present in the active site domain of human 

cathepsin Bare conserved in CG3074 and the C. elegans TIN-ag ortholog. 

CG3074 is expressed in populations of follicle cells undergoing migration and 

cell shape changes, in wing imaginal discs prior to pupariation, and during 

major embryonic morphogenetic events such as gastrulation and dorsal 

closure. 

Secreted CG3074 can diffuse several cell diameters from its point of 

secretion. Gradients ofCG3074 are not important for development. 

CG3074 is secreted basally and localizes to basement membranes with 

laminin, collagen, and perlecan. 

Constitutive knockdown ofCG3074 mRNA results in wing blisters and 100% 

penetrance of held-out wings, indicating a role for CG3074 in cell adhesion. 

The wing blister phenotype was manifested only post-eclosion after wings 

expanded. 

There were genetic interactions between CG3074 RNAi and integrins in a 

hypomorphic backtround and dystroglycan in a heterozygous null 

background. No physical or genetic interaction was detected between 

CG3074 and laminin. 
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CG3074 could mediate binding of 82 cells without transfection of integrin 

alpha chains. 

CG3074 mRNA contains two How binding elements in it's 3'UTR. How(L) 

can promote CG3074 mRNA degradation in 82 cells and in the follicular 

epithelium. How proteins levels were not altered upon expression of CG3074 

RNAi. 

CG3074-V5 8213C acts as a lethal neomorph when expressed globally and 

constitutively at high levels (tubP-Gal4). With lower levels of expression 

(Act-Gal4), flies were viable, but females laid short eggs, consistent with 

disruption of ECM-integrin interactions, including disruption of the basal 

actin polarity during egg elongation. 

Hypomorphic hopM75 /hopMsv females had two egg phenotypes similar to 

CG3074-V5 8213C flies, including' short laid eggs and fusion of egg 

chambers. 

There is a genetic interaction between CG3074-V5 8213C and hop that was 

revealed by follicle cells adopting an invasive phenotype. 
I 

Mutation ofH366A in CG3074-V5 8213C abrogated the egg phenotypes seen 

in the single mutant, providing evidence that the architecture of the 'active 

site' domain ofCG3074 is conserved. 
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