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In the Drosophila ovary, the molecules that promote the continued 

stepwise development of germline stem cells after their exit the niche remain 

largely unknown. During Drosophila oogenesis, a germline stem cell (GSC) 

divides asymmetrically to produce a renewing stem cell and a differentiated 

daughter that will progress through different stages of oogenesis to produce a 

mature egg. Numerous factors regulate the balance between GSC and a daughter 
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cell, the cystoblast (CB). The Dpp/BMP signaling pathway from the niche 

silences bam transcription, a key differentiation factor, in the GSC. Bam protein is 

expressed in the cystoblast and forms a complex with its partner Bgcn, to 

antagonize the Pumilio-Nanos (Pum-Nos) complex through nos 3’UTR. 

Repression of Pum-Nos activity by the Bam-Bgcn complex permits CB 

differentiation. The CB goes through four incomplete divisions to give rise to a 16 

cell cyst that buds off from the germarium to form an egg chamber.  A number of 

genes have been found to have roles at 16 cell stage germ cell cysts but the 

molecular events that govern the intermediate stages (2-, 4- and 8-cell cysts) have 

remained elusive.  

In this study, I investigated the function of Drosophila homolog of the 

human disease gene Ataxin 2-binding protein 1 (A2BP1) during germline cyst 

differentiation. Through phenotypic analysis I showed that strong A2BP1 mutants 

display cystic tumors and mitosis to meiosis transition defects while weaker 

alleles have germline counting defects. Also, by genetic and biochemical analysis, 

I found that A2BP1 interacts with itself and Bruno, a known translational 

repressor. In addition, I examined the relationship between A2BP1 protein and 

other differentiation genes by expression analysis and showed that A2BP1 

expression bridges the expression of the early differentiation factor Bam with late 

markers such as Bruno, Orb and Rbp9. The expression of A2BP1 is lost in bam, 

snf and mei-P26 mutants but is still present in rbp9 and arrest mutants. These 
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observations might indicate existence of a linear hierarchy between these 

differentiation genes.  

 In summary, my studies revealed A2BP1 defines a new tier within the 

genetic hierarchy that promotes the differentiation of single germ cells into 

mature 16-cell cysts during Drosophila oogenesis.   
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CHAPTER ONE 
 

INTRODUCTION 
 
 

I. Rationale for investigations 
 

Our lab uses Drosophila oogenesis as a model system to study 

mechanisms regulating stem cell maintenance and differentiation. The 

development of naïve germ cells towards a terminally differentiated fate proceeds 

through a number of intermediate steps. Complex transcriptional and post-

transcriptional hierarchies regulate transitions between these steps so that 

differentiation occurs in a linear and tissue specific manner. Drosophila ovarian 

germ line cyst development has served as a useful platform for studying how 

diverse mechanisms coordinate to establish specific cell fates, particularly in 

regards to stem cells and their differentiating progeny. Through a combination of 

genetic screens and gene expression analysis, I identified a novel gene that is 

expressed during germ cell cyst differentiation that helped us broaden our 

understanding of germ cell differentiation.  

 

II. Overview of Drosophila oogenesis 
 

Drosophila oogenesis provides an attractive system for studying multiple 

steps of differentiation. A female Drosophila has a pair of ovaries that contain 

approximately 16 ovarioles, each of which continuously produces functional eggs 

(Figure 1.1). Egg chambers bud off and mature as they move along the ovarioles, 
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reaching the posterior as mature eggs ready for fertilization. Oogenesis takes just 

about a week and the process has been divided into 14 stages based on 

morphological criteria.  The germarium, located at the anterior tip of each 

ovariole contains the somatic and germline stem cells (Lin and Spradling 1993) 

(Figure 1.2). There are two to three GSCs at the anterior tip of the germarium 

(region 1), where they are attached through adherens junctions to specialized, 

post-mitotic somatic cells called the cap cells (Jones 2001) (Figure 1.2).  
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Figure 1.1: Drosophila female reproductive system. 
 
(A) Drosophila has a pair of ovaries located inside its abdomen (Image taken 
from (Wang, Starz-Gaiano et al. 2008)).  (B) Ovaries contain the structures called 
ovarioles which are assembly lines for egg production (Image taken from (Miller 
1950)). (C) A closer look to an ovariole. The ovaries are stained with VASA 
(green) for germ cells, 1B1 (red) for fusome and DAPI (blue) for nuclei.  

 

The germarium is divided into four regions according to the 

developmental stage of the cyst, Region 1, 2a, 2b and 3 (Figure 1.2). The female 

germline stem cell (GSC) undergoes asymmetric cell divisions to produce a self 

renewing GSC, to ensure continuous egg production that gives rise to future 
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progeny and a differentiated daughter, called a cystoblast (CB). The CB makes 

four synchronous mitotic divisions with incomplete cytokinesis to create a 16-cell 

cyst (Figure 1.2). Each cell within a 16-cell cyst is called a cystocyte. The 

cytoplasm of these 16 cystocytes remains interconnected by actin-rich structures 

known as ring canals (Robinson, Cant et al. 1994). A large cytoplasmic structure 

known as the fusome, which consists of continuous endoplasmic reticulum, 

cytoskeletal components and microtubules, runs through the ring canals (Lin, Yue 

et al. 1994; Bastock and St Johnston 2008) (Figure 1.2).  
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Figure 1.2: Schematic illustration of cell types of the germarium.  
 
The terminal filament (TF) cells and cap cells (CC) form the somatic GSC niche. 
The germline stem cells (GSCs) are located at the anterior end of the germarium, 
contain round, anteriorly-positioned fusomes (red), and contact the CCs. The 
differentiated daughter cystoblast (CB) is displaced away from the niche, divides 
four times with incomplete cytokinesis to form a 16-cell syncytial cyst that 
becomes enveloped by an epithelial layer of follicle cells to form the egg 
chamber, the defined unit of Drosophila oogenesis.  
 

Oocyte determination occurs at Region 2a-2b of the germarium. At the 

end of the four mitotic divisions; each 16 cell cyst will contain eight cells with 

one ring canal, four with two, two with three and two with four ring canals (Lin, 

Yue et al. 1994). All 16 cystocytes will progress through a long premeiotic S 

phase in region 2a of the germarium (Carpenter 1981). The two cells with the four 

ring canals will become the pro-oocytes (de Cuevas and Spradling 1998) and start 
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forming long synaptonemal complexes (SCs) and begin to condense their 

chromatin, suggesting that they are in pachytene of meiotic prophase I (Carpenter 

1975). Several cells with one, two or three ring canals will also start assembling 

short SCs, however as oogenesis proceeds; they will loose their meiotic 

characteristics and the SC will be restricted to the two pro-oocytes and finally to 

the single oocyte in region 2b (Carpenter 1975; Huynh and St Johnston 2004). 

The SC formation can easily be detected by an antibody staining against C(3)G 

(crossover suppressor on 3 of Gowen) (Narbonne-Reveau and Lilly 2009) (Figure 

1.3). C(3)G is a member of the synaptonemal complex that forms during meiosis 

(Page and Hawley 2001).  Among 16 cystocytes, only the oocyte progresses 

through meiosis and arrests during prophase I, at region 3 of the germarium. It 

will continue meiosis once the mature egg is laid and activated by fertilization.   

 Before exiting the germarium, the germline cyst is encapsulated by the 

surrounding follicle cells that are produced by two to three somatic stem cells that 

are located in the region 2a–2b border of the germarium to create an egg chamber 

(Margolis and Spradling 1995) (Figure 1.2). By the time a 16 cell cyst is pinched 

off of the germarium, the oocyte is already determined and the remaining 15 

cystocytes will begin to endocycle and become polyploid nurse cells that nurture 

the oocyte in the subsequent developmental stages. 
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Figure 1.3: Meiosis markers accumulate in two pro-oocytes during germ cell 
differentiation.  
 
In early region 2a, the synaptonemal complex (pink granular staining- C(3)G is a 
member of synaptonemal complex) forms along the chromosomes of the two cells 
with four ring canals (pro-oocytes) as they enter meiosis. The synaptonemal 
complex also appears transiently in the two cells with three ring canals, before 
becoming restricted to the pro-oocytes in late region 2a. By region 2b, the oocyte 
has been selected, and is the only cell to remain in meiosis.  
 

Arrest of the oocyte cell cycle in prophase of meiosis I (prophase I) is a 

universally conserved feature of animal kingdom. How the transition from mitosis 

to meiosis occurs in Drosophila cyst cells is still a little bit of a mystery. A key 

aspect in maintaining the prophase I arrest is; inhibiting the mitotic kinase Cdk1 

(Jones 2004). The precocious activation of Cdk1 might push the oocyte back into 

the mitotic cycle or, alternatively, result in premature entry into the first meiotic 

metaphase (Sugimura and Lilly 2006). Therefore, the oocyte must inhibit Cdk1 



 
 

8 
 

activity at the onset of meiosis, but it must be able to activate the mitotic kinase at 

later stages of oogenesis when it resumes the meiotic cycle. In Drosophila, the 

mitotic cyclins, Cyclin A and Cyclin B, function as activating subunits of Cdk1 

(Lehner and O'Farrell 1990). It is known that germ cell cysts have high levels of 

CycA and CycB expression during mitotic divisions (Sugimura and Lilly 2006). 

In order to keep Cdk1 inactive, germ cells utilized post transcriptional regulation 

to downregulate CycA and CycB levels. As soon as they progress into meiosis, 

CycA and CycB levels are downregulated by translational repressor Bruno 

(Sugimura and Lilly 2006). Since most of the research is focused on meiotic 

maturation at later stages, identifying more factors involved in mitotic to meiotic 

transition will help us understand how mitotic program is shut down and switch to 

meiosis is mediated. 

 

III. Waves of gene expression regulate steps of differentiation.  

Differentiation of the CB begins with expression of a key differentiation 

factor bag of marbles (bam). Loss of bam results in a tumorous phenotype in 

which all germline cells fail to form cysts and remain as single cells in a pre-

cystoblast state (McKearin and Spradling 1990; McKearin and Ohlstein 1995). 

The biochemical function of Bam remains unclear but recent findings show at 

least one of its roles is to repress nanos translation through elements within the 3’ 

UTR of nanos mRNA (Li, Minor et al. 2009). This repression results in the 
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mutually exclusive expression patterns of Bam and Nanos within the germarium. 

Nanos is an evolutionarily conserved factor essential for the maintenance of 

GSCs. Disruption of nanos or its binding partner pumilio (pum) results in GSC 

loss, suggesting translational regulation plays a critical role in GSC maintenance 

(Forbes and Lehmann 1998; Gilboa and Lehmann 2004; Wang and Lin 2004; 

Chen and McKearin 2005; Szakmary, Cox et al. 2005). Findings that the miRNA 

pathway also contributes to stem cell maintenance further support this idea. Loss 

of either Dicer 1, loquacious or ago1 leads to GSC loss (Jin and Xie 2007; Liu, 

Park et al. 2007; Park, Liu et al. 2007; Yang, Chen et al. 2007; Reich, Snee et al. 

2009) while overexpression of Ago1 results in an expansion of GSC number 

(Yang, Chen et al. 2007). These data support a model in which the repressive 

programs that promote stem cell maintenance must themselves be turned off 

before differentiation can proceed. Upon turning off these repressive programs, 

later differentiation programs must be turned on properly as well.   

A number of genes have been identified to have critical roles during 

various stages of differentiation. These genes encode wide variety of proteins 

such as Mei-p26, Snf, Sxl, Ovo, Otu, Bam, Bruno, Rbp9 and Fused etc.(Oliver, 

Pauli et al. 1990; Salz 1992; Pauli, Oliver et al. 1993; McKearin and Ohlstein 

1995; Kim-Ha, Kim et al. 1999; Page S.L., McKim K. S. et al. 2000 ; Narbonne-

Reveau, Besse et al. 2006; Chau, Kulnane et al. 2009). Mei-P26 encodes a RING 

domain protein that likely acts as an E3 ubiquitin ligase. In brief, Snf acts as a 
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splicing factor that regulates the germline expression of sxl. The ovo gene encodes 

a putative transcription factor with zinc finger domains that is required for female 

germline development (Mevel-Ninio, Fouilloux et al. 1996). The ovarian tumor 

(otu) gene encodes a cytoplasmic protein which is essential during oogenesis 

(Pauli, Oliver et al. 1993). Bruno is an RNA-binding protein that regulates 

multiple mRNAs involved in female and male gametogenesis and is also active 

early in embryogenesis (Filardo and Ephrussi 2003; Chekulaeva, Hentze et al. 

2006; Sugimura and Lilly 2006). Rbp9, a Drosophila Hu Homolog, is required for 

cystocyte differentiation and oocyte determination during oogenesis (Kim-Ha, 

Kim et al. 1999). fused regulates germline cyst mitosis and differentiation during 

Drosophila oogenesis (Narbonne-Reveau, Besse et al. 2006). The nature of all 

these factors indicates that the pathways that regulate the differentiation of germ 

cells is complex. Identifying more factors will have a significant contribution to 

our understanding of the differentiation of stem cell daughters and how the 

balance between stem cells and their differentiating progeny is maintained.  

 

IV. Establishment of sexual  identity in Drosophila 

In somatic cells, the ratio of X and Y chromosomes determines male 

versus female identity. For instance, a diploid animal carrying XX becomes a 

female while XY becomes a male (Cline and and Meyer 1996). In Drosophila 

melanogaster, the Y chromosome is not important for sex determination in the 
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germline or the soma but contains necessary genes for spermatogenesis. The 

presence of two X chromosomes promotes female development by activation of 

Sex-lethal (sxl) gene which functions through transformer (tra) and transformer 

2 (tra2) to regulate the splicing of doublesex (dsx) pre-mRNA, producing a 

female form of this transcription factor.  In males carrying XY chromosomes, 

where sxl and tra do not make functional products, dsx pre-mRNA is spliced in 

its default pattern, resulting in a male-specific Dsx protein that differs from the 

female form and in turn promotes male development in most somatic cells, 

including the somatic gonad (Ryner, Goodwin et al. 1996).   
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Figure 1.4: A basic view of sex determination pathways in the somatic gonad 
and the germline (image adapted from (Casper and Van Doren 2006)). 
 
In somatic cells, the ratio of X chromosomes to autosomes (X:A) controls the 
activity of Sex-lethal (sxl), which, in turn, activates transformer (tra). tra, together 
with transformer 2 (tra2), controls the splicing of doublesex (dsx) pre-mRNA, 
which decides whether the somatic gonad will develop as male or as female. In 
the germ cells, the X:A ratio also influences sexual identity; ovo, ovarian tumor 
(otu) and sxl promote female germ cell development (Casper and Van Doren 
2006). Not much is known about the mechanism in which sxl regulates sexual 
identity in the germline.  
 
 

sxl is the primary sex determination gene that controls the genetic 

pathways in the soma to regulate proper somatic sexual differentiation (Cline 

1984; Maine, Salz et al. 1985). However, it also has a cell autonomous function in 

the germline and is required for proper oogenesis, as well. It is demonstrated by 

the studies such as; pole cell transplantation of sxl cells into normal female hosts 
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(Schupbach 1985; Steinmann-Zwicky, Schmid et al. 1989) and analysis of certain 

hypomorphic sxl alleles with female sterility (Perrimon, Mohler et al. 1986; Salz, 

Cline et al. 1987; Bae, Cook et al. 1994). 

Misregulation of sxl splicing in germ cells leads to ambiguous sexual 

identity and ovarian tumor formation. Sxl splicing is misregulated in a number of   

ovarian tumors caused by ovo, otu and rbp9 mutations (Oliver, Pauli et al. 1990; 

Pauli, Oliver et al. 1993; Bae, Cook et al. 1994; Wei, Oliver et al. 1994; Lee, Kim 

et al. 2000; Casper and Van Doren 2006).  This is easily assayed by looking at 

male exon skipping in sxl splice variants. In contrast to the situation in the soma, 

sxl regulation and function in the germline have not been studied extensively. 

Mostly, genetic circuitry controlling oogenesis in terms of sex determination and 

germ cell differentiation has remained elusive. Recent studies suggest that sxl and 

bam act together to promote the progression from germline stem cell to 

committed daughter cell (Chau, Kulnane et al. 2009),  but the mechanism is still 

unknown.  

 

V. A2BP1/Fox-1  

Ataxin 2-binding protein 1 (A2BP1) is originally identified as a binding 

partner of Ataxin 2 (Atx2) a protein mutated in Spinocerebellar Ataxia Type 2 

(Shibata, Huynh et al. 2000). It is also called Fox-1 based on Caenorhabditis 

elegans Feminizing gene on X 1 (Hodgkin, Zellan et al. 1994).  
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Mammalian A2BP1/Fox-1 has been shown to regulate alternative 

splicing of many neuronal target genes (Jin, Suzuki et al. 2003; Nakahata and 

Kawamoto 2005; Underwood, Boutz et al. 2005; Kuroyanagi, Ohno et al. 2007; 

Zhou, Baraniak et al. 2007) and specifically expressed in neurons, heart, and 

muscle. A2BP1/Fox-1 has two homologs in mammalian genomes RBM9/Fox-2 

and HRNBP3/Fox-3. RBM9/Fox-2 has been shown to interact with Ataxin-1, 

when mutated causes SCA-1 (Spinocerebellar Ataxia Type 1)(Lim, Hao et al. 

2006). RBM9/Fox-2 is also expressed wherever A2BP1/Fox-1 is expressed, but 

is also found in other cell types including stem cells and hematopoetic cells 

(Ponthier, Schluepen et al. 2006; Yeo, Xu et al. 2007). HRNBP3/Fox-3 is 

exclusively expressed in neurons (McKee, Minet et al. 2005; Kim, Adelstein et 

al. 2009). In addition to having three genes, the complex alternative splicing 

patterns of FOX proteins further diversifies the family thereby creating a wide 

variety of isoforms (Nakahata and Kawamoto 2005).   
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Figure 1.6: The Fox-1/A2BP1 family RNA-binding proteins are highly 
conserved among organisms.  
 
(A) Amino acid sequence alignment of the RRM domain of the Fox-1 family 
proteins in human, mouse (Fox-1, Fox-2, and Fox-3), zebrafish (a2bp1, 
LOC797814, zFox-1/A2bp1l, and zgc85694), Drosophila melanogaster 
(Drosophila CG32062) and nematode (C. elegans FOX-1, ASD-1, and SPN-4). 
Identical amino acid residues are shaded in orange and residues with similar 
properties are in yellow. The secondary structure of the human Fox-1 RRM 
domain is indicated above the alignment (Auweter, Fasan et al. 2006).(B) 
Schematic illustration of the domain structure of Drosophila A2BP1 and human 
A2BP1. (C-D) Structural comparison of RNA binding domain-RNA interaction 
in human A2BP1 versus Drosophila A2BP1. RNA binding domain is pink and 
blue in (C), and grey in (D). RNA is shown in green. Red bars in (D) are the only 
distinct sequences. 
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Almost all these isoforms contain a single highly conserved RRM (RNA 

Recognition motif) / RBD (RNA binding domain) that specifically recognizes a 

RNA hexanucleotide “UGCAUG” (Jin, Suzuki et al. 2003; Nakahata and 

Kawamoto 2005; Underwood, Boutz et al. 2005; Auweter, Fasan et al. 2006; 

Ponthier, Schluepen et al. 2006). This hexanucleotide sequence can either act as 

a splicing enhancer or promote exon skipping. When present in the intron 

downstream of many exons, this Fox binding element acts a splicing enhancer, 

but induces exon skipping when present in the upstream intron (Black 1992; Huh 

and Hynes 1994; Modafferi and Black 1997; Jin, Suzuki et al. 2003; Underwood, 

Boutz et al. 2005; Zhang, Zhang et al. 2008; Yeo, Coufal et al. 2009) (Figure 

1.6).  
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Figure 1.6:  Schematic illustration of alternative splicing regulation by the 
Fox-1 family (Image modified from (Kuroyanagi 2009)).  
 
(A) The Fox-1 family represses exon inclusion by binding to (U)GCAUG 
element(s) in the upstream intronic flanking (UIF) region. (B) The Fox-1 family 
enhances exon inclusion by binding to the (U)GCAUG element(s) in the 
downstream intronic flanking (DIF) region. Boxes indicate exons and horizontal 
lines indicate introns. Blue horizontal lines indicate the UIF and DIF regions. 
Red boxes indicate (U)GCAUG elements.  
 

As mentioned above, many A2BP1/Fox-1 isoforms and other mammalian 

homologs have roles in alternative splicing of mRNAs. Several groups reported 

A2BP1 isoforms that are cytoplasmic in various tissues. One group showed that 
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inclusion and exclusion of a specific exon in A2BP1 coding region and 

differences in the very N-terminal sequences result in A2BP1 isoforms with a 

distinct subcellular localization; nuclear, cytoplasmic or both (Nakahata and 

Kawamoto 2005). In fact, many other splicing factors are detected not only in the 

nuclei but also in the cytoplasm. Some shuttle between the nucleus and the 

cytoplasm and, in some cases; extracellular stimuli elicit changes in the 

subcellular localization of these proteins. Such translocations have been reported 

for hnRNPA1 and PTB (van der Houven van Oordt, Diaz-Meco et al. 2000; Xie, 

Lee et al. 2003). Moreover, a number of RNA-binding proteins have been 

demonstrated to play multiple roles during gene expression in different 

subcellular compartments, such as pre-mRNA processing in nuclei, mRNA 

export from nuclei to cytoplasm and mRNA localization, stability and translation 

in cytoplasm (van der Houven van Oordt, Diaz-Meco et al. 2000; Dreyfuss, Kim 

et al. 2002; Xie, Lee et al. 2003; Sanford, Gray et al. 2004; Damianov and Black 

2010). It is likely that A2BP1 proteins have multiple roles, involving both 

nuclear and cytoplasmic events like regulation of splicing in the nuclei and 

translational regulation of mRNAs in the cytoplasm in different tissues.  

In summary, the human A2BP1 gene is unusually large, extending over 2 

megabases of DNA. Several human mutations have mapped to this locus, with 

studies done in patients with mental retardation, epilepsy, autism and lung cancer 

(Bhalla, Phillips et al. 2004; Martin, Duvall et al. 2007; Sebat, Lakshmi et al. 
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2007; Huang, Heist et al. 2009). In studying the involvement of the Fox-

1/A2BP1 proteins in neurological and other diseases, it will be very important to 

identify exact isoforms expressed in each tissue.  

 

VI. Aims of project  

In my studies, I investigated the mechanisms regulating germ cell 

differentiation in the Drosophila ovary through identification of a marker that is 

expressed in the female germ cells at a unique time point potentially acting as a 

switch between early stem cell factors and late differentiation factors. The 

development of naïve germ cells towards a terminally differentiated fate proceeds 

through a number of intermediate steps. I was interested in identifying critical 

regulators that function during the intermediate stages of differentiation.  

To do that, first; I screened through a collection of protein trap lines 

looking for genes that are expressed during early differentiation. Out of thirty 

genes that are specifically expressed in 2-16 cell cysts, I picked one line based on 

several criteria: 1) cytoplasmic expression, 2) phylogenetic conservation and 3) 

involvement in human disease. Previous work by others showed that translational 

regulation within the cytoplasm is widely used during germline stem cell 

maintenance and differentiation. For example, germline stem cells (GSCs) are 

prevented from cystoblast (CB) differentiation by Nos-Pum mediated translational 

repression of differentiation promoting mRNAs. Picking a gene that is conserved 
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throughout the animal kingdom enabled us to relate to studies done in vertebrates 

or invertebrates easier. Having a role in disease progression was also a significant 

contributor to why I picked CC00511 which is inserted in Drosophila Ataxin 2 

binding protein 1 (A2BP1).  

Second, I characterized different A2BP1 mutations that caused severe 

phenotypes including germ cell counting defects and tumorous ovaries. I showed 

that A2BP1 mutants fail to exit mitosis and transit to meiosis during germ cell 

differentiation. Through genetic and biochemical analysis, I found that A2BP1 

interacts with itself and Bruno, a known translational repressor. I also identified 

sxl as a potential mRNA target for A2BP1 mediated translational repression.  

Third, by using A2BP1 as a marker for differentiation, I ordered several 

differentiation genes in the genetic hierarchy regulating germ cell differentiation. 

Although there has been some progress on how early germline differentiation is 

regulated, subsequent changes in gene expression programs within developing 

cysts remain poorly characterized. The lack of stage specific markers has fostered 

the view that 2-, 4- and 8-cell cysts are equivalent on a molecular level. Mutations 

in a number of genes including sex-lethal (sxl), sans fille (snf), ovarian tumor 

(otu), mei-P26, arrest and rbp9, block the terminal differentiation of 16-cell cysts 

and often result in the formation of cystic tumors that can be easily distinguished 

from bam mutant tumors (stem cell like tumors). These cystic tumors tend to 
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morphologically resemble one another and contain a range of single, 2-, 4-, 8- and 

16-cell cysts but they are quite different from each other at a molecular level.  

Taken together, I demonstrated a cell-autonomous role for A2BP1 in the 

germ cell differentiation pathway. Also, my studies suggest that A2BP1 family of 

proteins might function as translational regulators during germ cell differentiation 

in addition to mRNA splicing.  
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CHAPTER TWO 
 
 

MATERIALS AND METHODS 
 

 
I. Drosophila stocks 

 
All fly stocks were maintained under standard conditions. w1118 served as  

wild type control in all immunohistochemistry and immunoprecipitation 

experiments.  

- histoneGFP transgene inserted on 3L, gift from J. Duffy; 

- P{nosP-Gal4:VP16} a gift from Ruth Lehmann; 

- rbp92690 , rbp9Δ1 is a null allele of rbp9 (Kim-Ha, Kim et al. 1999) a gift 

from Jeongsil Kim-Ha; 

- bamΔ86 is a null allele of bam (bag-of-marbles) (McKearin and Ohlstein 

1995) ; 

- snf148  is a null allele of snf (sans-fille) (Chau, Kulnane et al. 2009) a gift 

from Helen Salz; 

- aretQB72 is a null allele of arrest kindly provided by  M.A. Lilly (Schupbach 

and Wieschaus 1991; Sugimura and Lilly 2006)  

- mei-P26mfs1 is a null allele of mei-P26  (Page S.L., McKim K. S. et al. 2000 

) 

- encQ4 is temperature sensitive mutant of encore (Hawkins, Thorpe et al. 

1996) kindly provided by  Trudi Schupbach; 
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- P{SUPor-P}KG06463 (Bellen, Levis et al. 2004) (Bloomington Stock 

Center);  

- Df(3L)ED4457(Ryder 2003) (Bloomington Stock Center); 

- PBac{RB}A2BP1e03440  (Thibault, Singer et al. 2004; Gene Disruption 

Project and Exelixis 2005); 

- PBac{WH}A2BP1f01889 (Thibault, Singer et al. 2004; Gene Disruption 

Project and Exelixis 2005); 

- PBac{WH}A2BP1f02600 (Thibault, Singer et al. 2004; Gene Disruption 

Project and Exelixis 2005) 

 

II. Immunohistochemistry 
 

Ovaries were dissected in Grace’s Medium, with ovariole tips teased 

apart to improve antibody penetration. Tissue was fixed for 10 minutes with 

gentle rocking on a nutator in 4% formaldehyde (EM grade) in PBS. After 

fixation, ovaries were washed four times in PBT (PBS + 0.5% BSA+0.3%Triton-

X 100) for 10 minutes on a nutator at room temperature. Primary antibodies were 

used at specified dilutions in PBT and incubated overnight at 4°C. The next day, 

ovaries were washed four times with PBT for 10 minutes, incubated for 5 hours 

with secondary antibodies diluted to 1:300 in PBT. Ovaries were subsequently 

washed four times for 10 minutes in PBT and mounted in VectaShield Mounting 

medium with DAPI (Vector Laboratories).  
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III. Reagents  
 

The following antibodies were used throughout my studies (dilutions are 

noted in parentheses): rabbit anti-GFP (1:1000)(Molecular Probes), mouse 

monoclonal anti-Orb 6H4 (1:10), anti-Sxl (1:10), anti-Cyclin A (1:10), anti-

Cyclin B (1:20) and anti-BamC A7 (1:10) (Developmental Studies Hybridoma 

Bank, Iowa), Rabbit polyclonal anti-Spectrin (1:1000, (Byers, Dubreuil et al. 

1987)) (a gift from Ron Dubreuil), Rabbit anti-Nanos (gift from Akira 

Nakamura). Rabbit polyclonal anti-C(3)G (1:3000, (Hong, Lee-Kong et al. 

2003)), anti-Bruno (1:5000) (Sugimura and Lilly 2006) (gifts from M. A. Lilly). 

Rabbit Phospho-Tyrosine antibody (1:1000) (BD Biosciences), Goat anti-Vasa 

(1:200) (Santa Cruz Biotechnology) and Rabbit polyclonal anti-Rbp9 (1:5000) 

(Kim-Ha, Kim et al. 1999)(a gift from Jeongsil Kim-Ha). Fluorescence-

conjugated secondary antibodies were purchased from Jackson Laboratories and 

were used at a 1:200 dilution. Actin was labeled with rhodamine-conjugated 

Phalloidin (Molecular Probes) at 1:100 and DNA with DAPI. All samples were 

mounted in Vectashield mounting medium.  

 
IV. Generation of a polyclonal A2BP1 antibody  

 
Sequence corresponding to the first 84-186 amino acids of A2BP1-PE was 

amplified using Forward: 5’-CACCAAACAGTCTGCTGATCCAGTGA and 

Reverse: 5’-GCCGGCATTTTGCATGGCGGA primers and cloned into PROEX 
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(Invitrogen) and expressed as a C-terminal fusion to 6xHistidine in Escherichia 

coli. In order to purify the protein, a 25 ml of overnight culture was used to seed a 

500 ml culture and grown for an additional 2.5 hours at 37ºC. 5 ml of grown 

culture was taken to use as “uninduced sample” for later analysis. The rest of the 

culture was induced with 1 mM IPTG for 4 hours and 5 ml of culture was set 

aside as “induced sample”. The uninduced and induced samples were run on an 

SDS page gel to verify induction of protein expression. The cells were spun down 

at 7000 rpm for 10 min and the resulting pellets were frozen at -80ºC overnight. 

The next day, the pellets were resuspended in 20ml 1x binding buffer with 6M 

Guanidine HCl and incubated at room temperature for 20 min. 2 ml of  Ni2+ resin 

(Qiagen, cat no: 30410) is equilibrated in 5ml 1x binding buffer with 6M 

Guanidine. The debris was spun down for 10 min at 7000 rpm. The supernatant 

was mixed with 7 ml of Ni2+ resin and incubated at room temperature on a nutator 

for 2.5 hours. After binding, the beads were spun down for 1.5 min at 1000 rpm 

and washed 3 times with 8ml washing buffer with 6 M Guanidine and 3 times 

with 8ml washing buffer with 6M Urea. The beads were transferred to a 1.5 ml 

eppendorf tube and eluted 3 times in 1X elution buffer with 6 M Urea at 4ºC.  

Buffers used for purification include; 8X binding buffer (40 mM 

imidazole, 4 M NaCl, 160 mM Tris pH 7.9), 8X wash buffer(240 mM imidazole, 

4 M NaCl,160 mM Tris pH 7.9), 4X elution buffer (1.2 M imidazole, 2 M NaCl, 

80 mM tris pH 7.9),  1X Binding buffer w/ 6 M Gunidine HCl (50 ml) (6.25 ml 
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8x binding buffer, 28.659 g of Guanidine HCl with ddH2O), 1X Wash buffer w/ 6 

M Gunidine HCl (50 ml) (6.25 ml 8x wash buffer, 28.659 g of Guanidine HCl, 

ddH2O), 1X Wash buffer w/ 6 M UREA (50 ml)(6.25 ml 8x wash buffer, 18.018 

g of UREA, ddH2O), 1X elution buffer w 6 M UREA (50 ml)(12.5 ml 4x elution 

buffer, 18.018 g of UREA, ddH2O). The purified protein was used to generate 

polyclonal guinea pig antisera (Covance).  

 
V. X-gal (bromo-chloro-indolyl-galactopyranoside) Staining  

 
2-3 day old females were fattened up O/N on wet yeast, dissected in 

Grace’s medium. After dissection, medium was removed, 100 µl devitellinizing 

buffer (1 volume buffer B(100 mM KH2PO4/K2HPO4 (pH 6.8),450 mM KCl, 150 

mM NaCl, 20 mM MgCl2.6H2O), 1 volume reagent grade formaldehyde (37%), 4 

volumes H2O) and 600 µl heptane were added. The ovaries were agitated gently 

for 10 minutes at RT. The solution was removed with a Pasteur pipette and 

ovaries were rinsed once with cold 1XPBS. After rinse, 500 µl staining solution 

(10 mM phosphate buffer (pH 7.3), 1.0 mM MgCl2, 150 mM NaCl, 5 mM 

potassium ferrocyanide K4Fe(CN)6-3H20,  5mM potassium ferricyanide 

(K3Fe(CN)6 ,0.3% Triton-X 100) mixed with X-gal (1 mg/ml) was added onto 

ovaries and incubated at 37°C overnight. When staining is finished, the staining 

solution was replaced by 50% glycerol in 1XPBS and ovaries were mounted.  

 
VI. Immunoprecipitation from ovarian extracts & S2 cell extracts 
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Tissue lysates were made by homogenizing ovaries isolated from ~100 

females of the appropriate genotype in lysis buffer (25 mM HEPES, 50 mM KCl, 

1 mM Mg(OAc)2, 0.01%Triton-X-100), 1 mM DTT (added fresh each time) 

supplemented with complete-mini protease inhibitor (Roche). S2 cells were 

transfected with plasmids expressing FLAG or HA tagged A2BP1 isoforms using 

Effectene Transfection reagent (Qiagen) and analyzed 24 hours post transfection. 

Cells were lysed in Resin Binding Buffer (50 mM Tris-HCl pH 7.6, 150 mM 

NaCl, 1 mM EDTA, 0.1 % Triton-X 100) supplemented with complete-mini 

protease inhibitor (Roche). The lysate was spun in a microcentrifuge at maximum 

speed for 15 minutes at 4ºC and the supernatant was added to 40 μl of Protein G 

beads. After 1 hour incubation at 4ºC, the beads were pelleted at 8000 rpm and the 

supernatant was collected. Antibodies were added to the cleared lysate and 

incubated at 4°C for 2 hours. Protein A Agarose beads (Invitrogen) were added 

and incubated with the lysate and immunoprecipitating antibody reagent (e.g., 2 

μl anti-A2BP1) overnight at 4°C. After 14 hours, the beads were washed 4 times 

in lysis buffer for 20 minutes, resuspended in an equal volume of protein loading 

buffer and loaded onto an SDS-PAGE gel. SDS-polyacrylamide gel 

electrophoresis and transfer onto nitrocellulose (Hybond ECL, AP biotech) were 

carried out according to manufacturer's instruction (BIO-RAD). Membranes were 

blocked in PBST containing 5% milk for 2 h RT, then incubated overnight with 

rat anti-HA serum at 1:5,000 or mouse anti-FLAG serum at 1:10,000 at 4ºC, 
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washed and incubated with HRP conjugated donkey anti-rat or anti-mouse 

antibody at 1:2,000. After several washes in PBST, bands were visualized using 

ECL chemiluminescent detection (Pierce).  

For IP experiments with RNase A treatment, 100 μg/mL of RNase A was 

boiled and added to the ovarian extracts and incubated for 30 minutes at 37ºC 

prior to IP. For each RNase A-treated sample, a parallel sample was used with 

40U of an RNase Inhibitor (Protector RNase Inhibitor, Roche). 

 
VII. Immunoprecipitation followed by Reverse Transcription and 

Polymerase Chain Reaction (IP-RTPCR) 

Tissue lysates were made by homogenizing ovaries isolated from ~100 

females of the appropriate genotype in 750 µl lysis buffer (50 mM Tris pH 8.0, 

150 mM NaCl, 0.5% NP-40, 0.5% Sodium Deoxycholate, 0.1% SDS, 

supplemented with complete-mini protease inhibitor and 2 µl protector RNase 

Inhibitor. (Roche). The lysate was spun in a microcentrifuge at maximum speed 

for 15 minutes at 4ºC and the supernatant was split into two 350 µl samples. 6ul 

Pre-serum or 4ul A2BP1 antibody (3rd bleed#1) were added to the lysates and 

incubated for an hour at 4°C. 10 µl Protein A Agarose beads were washed three 

times and equilibrated in the lysis buffer before adding the lysates and incubated 

overnight (O/N) at 4°C. After O/N binding, the beads were washed 4 times in 

lysis buffer for 20 minutes, resuspended in 40 µl buffer and 0.5 µl RNase-OUT 
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Invitrogen RNase Inhibitor was added. The samples were treated with 0.1 µl 

DNase (RNase free Promega RQ1) and incubated at 37ºC for 10 min. DNase was 

inactivated by boiling the samples at 100ºC for 3 min and putting on ice 

immediately. 2 µl of the resin+buffer mix was used as a template for 10 µl 

Reverse Transcription reaction. Oligo(dt)20 primers were used and the samples 

were incubated at 55ºC for an hour. 1 µl of the cDNA was used as a template for 

PCR.  

 

VIII. In Situ Hybridization  

Ovaries were dissected in Grace’s medium (Hyclone Grace’s 

Unsupplemented Insect Cell Culture Medium + 4mM L-Glutamine Cat# 

SH30610.01) and fixed in 4% Formaldehyde (100µl 10X PBS (DEPC treated) 

(Cat#: 18505 microfiltered from Ted Pella, Inc.), 650µl DEPC H2O) at RT for 30 

minutes. After fixation, ovaries were washed with 1X PBS, 0.1% Tween 20 

(PBST) three times, 5 minutes each. Then, ovaries were treated with Proteinase K 

(2ug/ul stock solution) for 20 minutes at RT (1µl Proteinase K in 100µl PBST). 

Ovaries were washed with PBST two times, 5 minutes each. Then ovaries were 

refixed in 4% formaldehyde for 20 minutes and washed with PBST five times, 5 

minutes each.  After the fix, ovaries were washed with 1:1 PBST: HB buffer once, 

(HB buffer: 50% formamide (Sigma Cat# F9037), 5X SSC, 100µg/ml Fish Sperm 

DNA (10 mg/ml stock Roche Cat#: 11 467 140 001 Phenol/Chloroform 
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extracted), 0.1% Tween 20), twice with HB buffer for 5 minutes each and 

prehybridized at 55oC (heat block) in HB buffer for 2 hours. After 

prehybridization, 1µl of probe is mixed with 100µl of HB buffer and denatured at 

80oC (heat block) for 5 minutes and added onto ovaries for hybridization 

overnight at 55oC (heat block). The next day, the ovaries were washed with HB 

buffer at 55oC (heat block) five times, 10 minutes each, with 1:1 PBST: HB buffer 

for 5 minutes at RT and with PBST three times, 5 minutes each. Then ovaries 

were incubated with α-Digoxigenin-AP Fab fragments (Roche Cat#: 11 093 274 

910) 1:2000 dilution in PBST for 1 hour at RT. Then ovaries were washed with 

PBST three times, 10 minutes each. For signal detection, the ovaries were 

equilibrated in the developing solution (0.1M NaCl, 0.1M Tris pH 9.0, 0.05M 

MgCl2, 0.1% Tween 20) twice, 5 minutes each. 20µl of NBT/BCIP stock solution 

(Roche 11 681 451 001) was mixed into 1ml developing solution  and added to 

ovaries and stained in the dark at RT. Closely monitor the staining- some 

stainings are visible in 10 minutes. The staining is stopped by replacing the 

solution with PBST and washing quickly 2-3 times. Finally the ovaries were 

equilibrated in 100µl of 30% glycerol made with 1XPBS to be mounted and 

analyzed. 

 

IX. Semi quantitative RT-PCR  
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Total RNA was isolated from ovaries and testis using TRIzoL (Invitrogen) 

as directed by the manufacturer. RNA was incubated with DNase I (RQ1 DNase; 

Promega), and then 0.5 mg of RNA was subjected to reverse transcription in a 20-

µl reaction volume using the Superscript first strand synthesis kit (Invitrogen) 

with Oligo(dT)20 primers. The RT reaction was subjected to PCR, using the Taq 

Polymerase (Roche), adjusted to be in the linear range. The following parameters 

were used for each PCR reaction: (1) 95ºCfor 1 min; (2) 28-30 cycles at 95ºC for 

1 min, 55ºC for 1 min, and 72ºC for 1 min; and (3) 10 min at 72ºC. To ensure that 

the PCR signals were from RNA and not from contaminating DNA, primer 

sequences were designed to span an intron whenever possible, and control 

reactions without reverse transcriptase were carried out in parallel.  

 

Transcript 
 

Forward 
 

Reverse 
 

Act5C 5' GTATCCTCACCCTGAAGTAC 3' 5' CATGATGGAGTTGTAGGTGG 3'

cg15930 5' CAATGAAGATGCATGAACTGC 3' 5' GAAATAGCTAGGCAACTCGG 3'

esg 5' CGCCCATGAGATCTGAAATC 3' 5' GGTCTTGTCACAATCCTTGC 3' 

Table 2.1: Primer Sequences used for RT-PCR analysis 

 

X. Yeast two Hybrid 

Entry clones (pENTR/D-TOPO vector) of different A2BP1 isoforms were 

generated using pENTR Directional TOPO cloning kit (Invitrogen) and subcloned 
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into pEG202 or pJG4.5 destination vectors using LR clonase (Invitrogen). To test 

interactions in yeast, standard LexA-based two-hybrid techniques were used.  

 

XI. FLP/FRT recombination to generate a A2BP1 deficiency stock 

FLP/FRT recombination mediated deletion of the A2BP1 gene locus was 

conducted using standard protocols (Parks, Cook et al. 2004). Two piggyBac 

transposable elements, PBac{XP}d05504 and PBac{WH}f00028 (Thibault, 

Singer et al. 2004) were identified that flanked the A2BP1 gene and 10 other 

genes. Crosses were performed to place these two FRT-bearing PBac transposons 

in trans and in the presence of FLP recombinase under the control of a heat-shock 

promoter, {hsFLP}. FLP recombinase was activated in larvae via heat shock 

induction, generating deletion events that were detected by PCR. Individual w+ 

progeny males (n=50) were collected and crossed to females carrying balancer 

chromosomes to establish lines carrying putative deletions. 

Screening for putative deletion events used PCR primers designed against 

transposon specific sequences on each end of the deleted region; left primer 5’-

AATGATTCGCAGTGGAAGGCT and right primer 5’-

GACGCATGATTATCTTTTACGTGAC that amplifies a 1.8kb region. 

Individual heterozygous males from each line were homogenized in modified 

single-fly PCR prep (Parks, Cook et al. 2004). Briefly, single flies were placed in 

a 0.5 mL tube containing 50 μl homogenizing buffer (10 mM Tris pH 8.2; 1 mM 
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EDTA; 25 mM NaCl; 200 μg/mL fresh proteinase K) and mashed with a pestle. 

The fly homogenates are incubated at 37°C for 30 minutes; afterwards, proteinase 

K is inactivated by heating the samples to 100°C for 2 minutes. Once cooled, 1 μl 

of the DNA prep is used in a 25 µl PCR reaction. 

 

XII. Molecular cloning of A2BP1 transcripts  

RNA was isolated from aretQB72 ovaries and was used in a reverse 

transcription reaction as a template for Superscript Reverse transcriptase 

(Invitrogen). 2 µl of the reaction was used as a template for PCR reaction to 

amplify A2BP1 transcripts. Reactions were run on agarose gel, expected size 

bands were gel purified and sequenced. The correct PCR products were then 

cloned in pENTR D-TOPO vector (Invitrogen) for further analysis. 

 

XIII. Genomic rescue construct 

The CH321-94L16 P[acman] clone (Venken, Carlson et al. 2009) was 

obtained from the CHORI BAC/PAC Resource Center and  purified  by cesium 

chloride ultra centrifugation. CH321-94L16 is 99.5 Kb in length and contains the 

entire A2BP1 locus plus 10 Kb of upstream sequence. The only other annotated 

gene besides A2BP1 within CH321-94L16 is CG6527. We replaced CG6527 and 

most of the large second intron of A2BP1 with a pax6-RFP/KAN cassette using 

recombineering techniques (Venken, He et al. 2006). This cassette was flanked 
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with 50 bp homology arms using the following primers: 5’-

CAATATGATATGACTGGGGGGATACAATCACAATATTGTGTTCCCTAA

GGCGCGCCCACCCTTATAACTTC-3’ and 5’-

TACTTTTCATTCCACATACTTGGGCTTCCCACTTCCCGTACCTCATCAT

GCCCACCCTTTGCTGCTGCG-3’. The resulting PCR product was introduced 

into DY380 cells carrying the CH321-94L16 clone. Potential recombinants were 

selected on chloramphenicol and kanamycin LB-agar plates and correct targeting 

of the cassette was sequence verified. The construct was then introduced into the 

VK00037 landing site (Venken, He et al. 2006) on the second chromosome using 

phi-C31 intergrase (Rainbow Transgenics). Individual transformants were double 

balanced and crossed into A2BP1 mutant backgrounds.  

 
XIV. Analysis of germline mosaic clones generated by FLP-FRT mediated 

mitotic recombination.  

To assay A2BP1 requirement during germ cell differentiation, 3 

independent A2BP1 alleles were recombined onto P{FRT}79D chromosome. 

Clonal analyses were conducted by crossing the A2BP1e03440 P{FRT}79D  males 

to flies of the genotype yw, P{hsFLP}; P{histone-GFP} P{FRT}79D/TM3. Adult 

F1 females carrying the yw, P{hsFLP}/+; P{histone-GFP} P{FRT}79D/ 

A2BP1e03440 P{FRT}79D  genotype were collected, put on wet yeast overnight to 

allow sufficient development of the germline, transferred to empty vials and 
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subjected to heat shock in a 37°C water bath for 1 hr two times per day for three 

consecutive days. Heat-shocked animals were kept on wet yeast (for proper 

nutrition) and aged for appropriate number of days prior to dissection and 

immunohistochemistry.   
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CHAPTER THREE 
 
 

A2BP1 IS REQUIRED DURING EARLY CYST DEVELOPMENT 
 

I. Summary 

The initial differentiation of Drosophila ovarian germline cells depends 

on the expression of the bag-of-marbles (bam) gene (McKearin and Ohlstein 

1995). Bam represses nanos translation through elements within the 3’UTR of 

nanos mRNA(Li, Minor et al. 2009). Once Bam levels decrease, Nanos 

expression reemerges in 16-cell cysts. However, during the course of our studies, 

we occasionally noticed a delay in when high levels of Nanos expression 

reappeared after Bam antibody staining had decreased below levels of detection 

(Figure 3.1A). In addition, we also observed a similar gap in when cysts express 

high level expression of cytoplasmic Sxl and Bruno, two factors previously 

described as having mutually exclusive expression patterns (Figure 3.1B; (Wang 

and Lin 2007)).  

Based on these results, we hypothesized that unidentified factors might be 

regulating gene expression in 4- and 8-cell cysts (Figure 3.1C). To identify such 

genes, we screened a previously described protein trap collection (Buszczak, 

Paterno et al. 2007). These efforts led to the identification of CC00511. GFP 

expression within CC00511 ovaries was first observed in the cytoplasm of early 

multicellular germline cysts (Figure 3.2). In region 3 of the germarium, the GFP 

expression shifted from the cytoplasm to the nuclei of the germline cells where it 
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remained for the rest of oogenesis. GFP was also observed in the nuclei of follicle 

cells beginning in region 2b of the germarium (Figure 3.2). 

 

 
 
Figure 3.1: Spatial expression of various genes during cyst development.  
 
(A) A germarium stained for Nanos (green) and Bam (red). A cyst containing low 
levels of Nanos and Bam is outlined. (B) A germarium stained for Sxl (red) and 
Rbp9 (green). (C) Summary of known expression patterns of available markers. 
The black line and question mark signify a hypothetical protein that bridges the 
expression of early and late markers during cyst differentiation. 
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Figure 3.2: GFP expression in A2BP1CC00511/TM3 ovariole 
 
A2BP1CC00511 protein trap line stained for GFP (green), 1B1 (red) and DAPI 
(blue). GFP expression is detected in the cytoplasm of early multicellular 
germline cysts (bracket). In region 3 of the germarium, the GFP expression 
shifted from the cytoplasm to the nuclei of the germline cells where it remained 
for the rest of oogenesis. GFP was also observed in the nuclei of follicle cells 
beginning in region 2b of the germarium. 
 

I generated a polyclonal antibody against A2BP1 to confirm its 

expression pattern in the ovary as well as to identify novel A2BP1-interacting 

proteins. A unique region of A2BP1 was fused to 6X-Histidine and the fusion 

protein was used to immunize two guinea pigs. Both produced antisera that 

recognized A2BP1 protein isoforms on Western blots from Drosophila ovaries 

and showed reduced expression in strong A2BP1 mutant ovary extracts. 

Immunolocalization experiments revealed that A2BP1 is expressed in multiple 

cell types and localizes to multiple sites within cells. A2BP1 is abundantly 

expressed in the ovarian germ cells and in the somatic cells of the ovary. A2BP1 

protein is found in the cytoplasm of germ cell cysts of the germarium. Later, 

A2BP1 expression is detected in nurse cell nuclei and follicle cell nuclei. A2BP1 

localization was examined in relationship to proteins previously identified during 
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early germ cell differentiation using a series of antibodies. These studies showed 

A2BP1 is expressed in a novel pattern in the germarium. 

 I identified five different alleles of A2BP1; three of them caused by 

insertion of a piggyBac transposon and two of them are caused by P elements. 

Upon characterization of all, I showed that strong mutations in A2BP1 caused a 

range of phenotypes including germ cell counting defects and female sterility. 

Genetic experiments with bam and encore suggested that A2BP1 is involved in 

regulation of mitosis within the Drosophila female germline. 

Using germline clonal analysis, I determined that A2BP1 is required in a 

cell-autonomous fashion for germ cell differentiation. A2BP1 mutant germline 

clones are blocked at an early time point and cannot progress through cyst 

formation and egg chamber development. Taken together, these series of 

experiments convincingly demonstrated that A2BP1 marks a distinct step in the 

molecular differentiation of germ cell cysts and is required intrinsically for germ 

cell differentiation.  

 

II. Immunolocalization of A2BP1 protein in ovaries 

I raised a polyclonal antibody against a region of the endogenous A2BP1 

protein common to all annotated isoforms to verify the expression pattern and 

subcellular localization of the protein trap within the locus. Staining A2BP1CC00511  

heterozygotes with the A2BP1 antibody showed the GFP-fusion protein expressed 
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in A2BP1CC00511 displayed the same expression pattern and subcellular 

localization as the endogenous protein (Figure 3.3). 

 

 
 
Figure 3.3: GFP vs. A2BP1 expression in A2BP1CC00511/TM3 ovariole. 
 
The GFP Protein trap in A2BP1CC00511 reflects the expression and localization of 
the endogenous protein. A germarium from a A2BP1CC00511 female stained with 
anti-A2BP1 (red), anti-GFP (green), 1B1 (fusome) (blue). The pattern and 
localization of GFP and A2BP1 are virtually identical. 
 
 
III. A2BP1 marks a distinct step in the molecular differentiation of 
germline cysts. 
 

To further define the spatial and temporal expression pattern of A2BP1, I 

compared its staining to a set of molecular markers that define different 

developmental timing during Drosophila oogenesis. The first two markers I 

examined were Nanos and Bam. Nanos is expressed in all GSCs but largely 

repressed in dividing cysts. Nanos reappears at high levels in newly formed 16-
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cell cysts and is then again down-regulated in older 16-cell cysts (Wang and Lin 

2004). In contrast, Bam expression is first observed in cystoblasts and persists up 

until the 8-cell cyst stage. Staining for these two proteins and A2BP1 revealed 

that A2BP1 exhibits a novel expression pattern in the Drosophila ovary (Figure 

3.4). A2BP1 was not expressed in the earliest Bam positive cells but Bam and 

A2BP1 expression overlapped in 4-cell and 8-cell cysts. As A2BP1 levels 

increased in 8-cell cysts, Bam expression levels decreased. A2BP1 expression 

peaked in cysts after Bam expression was no longer observed and as Nanos 

expression began to reemerge. The cytoplasmic expression of A2BP1 decreased 

as Nanos levels continued to increase in late 16 cell cysts.  

 

  

A 
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Figure 3.4: A2BP1 is expressed in a novel pattern in the germarium.  
 
(A) w1118 ovaries stained with A2BP1 (green), Bam (red) and Nanos (blue). Bam 
is a key differentiation factor expressed in the cystoblast and 2-, 4- and 8-cell 
cysts. Nanos is required for stem cell self-renewal and the proper differentiation 
of late 16 cell cysts. As Bam levels decrease, A2BP1 levels increase and as Nanos 
levels increase, A2BP1 levels decrease.  
 

Next I compared A2BP1 expression with the early marker Sxl. Others 

have shown Sxl is cytoplasmic in GSCs, the cystoblast and 2-cell cysts (Bopp, 

Horabin et al. 1993; Chau, Kulnane et al. 2009). In later cysts, Sxl cytoplasmic 

expression levels decrease and the protein moves into the nucleus. Double 

labeling with Sxl and A2BP1 antibodies revealed that cytoplasmic Sxl expression 

was mutually exclusive from A2BP1 (Figure 3.5).  

 

 
 
Figure 3.5: A2BP1 and sxl expression patterns are mutually exclusive.  
 
w1118 ovaries stained with A2BP1 (green) and Sxl(red). Sxl is a splicing and 
translational regulator that is expressed in GSCs and CB; it is required for proper 
germ cell development.  
 

Finally, I compared the expression of A2BP1 with several markers that 

exhibit high levels of expression in 16-cell cysts including Orb, Rbp9 and Bruno 
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(Figure 3.6). A2BP1 expression preceded high levels of expression of all three of 

these proteins. These experiments revealed A2BP1 exhibits a novel expression 

pattern that bridges the expression of the early differentiation marker Bam and the 

expression of late markers such as Orb, Rbp9 and Bruno. This novel pattern of 

A2BP1 suggested that changes in gene expression programs occur during the 

intermediate stages of cyst development. Furthermore these observations 

suggested A2BP1 may be a critical regulator during these steps of cyst 

differentiation. 

 
 
Figure 3.6: A2BP1 expression precedes other differentiation markers like 
Orb, Rbp9 and Bruno (BRU).  
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(A) w1118 ovaries stained with A2BP1 (green), Orb (red). Orb is a differentiation 
marker expressed near the end of syncytial divisions. (B) w1118 ovaries stained 
with A2BP1 (green), Rbp9 (red).  (C) w1118 ovaries stained with A2BP1 (green) 
and Bruno (red).  
 

IV. Characterization of the A2BP1 transposon insertion lines 

Previous transposon screens produced a number of inserts in and around 

the A2BP1 locus. These included both P-elements (A2BP1CC00511 , A2BP1KG06463) 

and piggyBac elements, A2BP1f01889 , A2BP1e03440, A2BP1f02600 (Figure 3.7).  

 
 
Figure 3.7: Structure of A2BP1 gene and transposon insertions in the gene 
region. 
 
CG32062 is the homolog of mammalian A2BP1/Fox-1 in Drosophila and I called 
it A2BP1. It is spread to a ~100kb region in the Drosophila genome. There are 5 
annotated isoforms in Flybase and I identified 3 more isoforms named as RH, RI 
and RJ isoforms. It contains a very large intron about ~30kb after its first exon 
which probably contains many uncharacterized regulatory elements. The 
P{SUPor-P}KG06463 is inserted ~9kb upstream of the transcription start site in 
the minus orientation. P{PTT-GC}CG32062CC00511, PBac{RB}CG32062e03440,  
PBac{WH}CG32062f02600 are inserted in the large first intron of the gene.  
PBac{WH}CG32062f01889 is inserted right after the 7th exon which is the last exon 
that makes up the RNA binding domain(RBD) of A2BP1.  
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I crossed these alleles to a molecularly defined deficiency that uncovers 

the region, Df(3L)ED4457 and to each other. This complementation analysis 

revealed that some of these A2BP1 alleles displayed a female specific sterile 

phenotype. To further characterize if mutations in A2BP1 disrupt normal 

oogenesis, I stained ovaries with both anti-VASA antibody, which specifically 

labels germ cells, and the 1B1 monoclonal antibody, which marks the fusome and 

cell membranes. The fusome is a germline specific organelle that has many 

properties of the endoplasmic reticulum. Changes in the morphology of the 

fusome serve as a useful marker for germline development. This analysis revealed 

that both fertile and sterile A2BP1 mutations exhibited a range of related ovarian 

phenotypes (Figure 3.8 and 3.13).  

 

A. Weak loss of function alleles of A2BP1 lead to counting defects 

A2BP1CC00511/A2BP1CC00511, A2BP1CC00511/Df(3L)ED4457, A2BP1CC00511/ 

A2BP1f02600,  A2BP1CC00511/ A2BP1e03440, A2BP1CC00511/ A2BP1f01889 and 

A2BP1CC00511/ A2BP1KG06463  females were fertile but further examination 

revealed that a large percentage of egg chambers from these flies contained 31 

nurse cells and 1 oocyte (Figure 3.8). A2BP1CC00511 acted as a weak hypomorph 

based on the increasing severity of the cell counting defect when placed over a 

deficiency.  
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Figure 3.8: Morphology of w1118 and A2BP1CC00511 ovarioles.  
 
(A) and (B) Ovaries are stained with VASA (green, germ cells), 1B1 (red, 
fusome) and DAPI (blue, nuclei).  (A’) and (B’) shows z-stack images of 
individual egg chambers from w1118 and A2BP1CC00511 stained with DAPI (blue, 
nuclei). In wild type egg chambers, 15 polyploid nurse cell nuclei and an oocyte 
nucleus are present (A’) whereas in A2BP1CC00511 egg chambers 31 polyploid 
nurse nuclei and 1 oocyte nucleus are present. Some nurse cells were hidden 
underneath each other in the z-stack image (B’). 
 
 

The extra nurse cells were produced from an extra round of mitotic 

division prior to the egg chambers pinching off of the germarium (Figure 3.9). 
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The A2BP1CC00511 and A2BP1f02600 mutations were fertile but exhibited an extra 

nurse cell phenotype. Over 60% of A2BP1CC00511 homozygous animals had 32 

germ cells as opposed to the normal number of 16. One of these cells became an 

oocyte while the remaining 31 became polyploid nurse cells. The penetrance of 

this phenotype increased to nearly 100% when A2BP1CC00511 was placed over a 

deficiency (Figure 3.10).  

This phenotype was consistent with an aberrant extra mitotic division, 

similar to what has been observed for other mutations including those in the 

encore gene. To completely rule out the possibility that this phenotype arises from 

egg chamber fusion, I stained ovaries from wild type and A2BP1CC00511/ 

Df(3L)ED4457 females with rhodamine conjugated phalloidin (Figure 3.9). 

Within egg chambers, phalloidin labels the large, actin rich ring canals that act as 

intercellular bridges between germline cells within cysts. Egg chambers that 

undergo 5 rounds of mitosis as opposed to the normal 4 rounds will have oocytes 

with 5 ring canals, while oocytes from cysts that undergo egg chamber fusion will 

only have 4 ring canals. I found oocytes from A2BP1CC00511/ Df(3L)ED4457 

females always had 5 ring canals. This observation provides compelling evidence 

that A2BP1 mutant germline cells undergo an extra round of division. 
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Figure 3.9: Disruption of A2BP1 function leads to extra mitotic divisions 
resulting in egg chambers with 31 nurse cells.  
 
Wild type (A, A’) and A2BP1CC00511 (B, B’) ovaries are stained with phalloidin 
(red, ring canals) and DAPI (blue, nuclei). There are 4 ring canals attached to the 
oocyte in wild type (A’) and 5 ring canals attached to the oocyte in A2BP1CC00511 

egg chambers due to an extra round of division of germ cell cysts. 
 

i. The phenotype of weak A2BP1 mutants is linked with Bam misexpression 

Previous studies have implicated extended Bam expression as a cause for 

extra germline cell divisions. Within wild type ovaries, Bam expression begins to 
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recede in 8-cell cysts and is absent from 16-cell cysts. While the exact 

mechanisms that repress Bam expression at these stages are not known, current 

evidence suggests this regulation is at the level of Bam protein stability. To test 

whether Bam expression is affected by the disruption of A2BP1, I stained wild 

type and A2BP1CC00511/Df(3L)ED4457 mutant ovaries with Bam and Spectrin 

antibodies. Spectrin labels the fusome, the branching of which allowed us to count 

the number of cells within the germline cysts. Consistent with previous results, I 

observed Bam was not present in 16-cell cysts from wild type samples. However, 

Bam was often observed in the 16-cell cysts of A2BP1 mutant germaria (Figure 

3.10A, B).  

 

ii. Bam is a suppressor of A2BP1 counting defects phenotype 

If expansion of Bam expression caused A2BP1 mutant germline cysts to 

undergo an extra round of division, I predicted loss-of-function mutants in bam 

would suppress this phenotype. Indeed, I found crossing one copy of a bam null 

mutation into the A2BP1CC00511 background suppressed the extra division 

phenotype so that many more egg chambers contained the normal number of 15 

nurse cells (Figure 3.10C).  
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Figure 3.10: Bam is a suppressor of A2BP1 counting defects phenotype. 

Bam expression is expanded to 16 cell cysts in A2BP1CC00511 ovaries. Wild type 
(A) and A2BP1CC00511 (B) ovaries are stained with 1B1 (red, fusome) and BAM 
(green, early differentiating germ cell cysts). (C) Graph showing quantification of 
the phenotype and suppression by introduction of a single copy of null bam allele. 
 

iii. encore is a strong enhancer of A2BP1CC00511 phenotype. 

The encore gene encodes a conserved protein that negatively regulates 

Bam protein expression during late cyst development. encore mutants also have 

counting defects and expanded Bam expression. The counting defects are 
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suppressed by introduction of a null bamΔ86 mutation to encore mutant 

background (Hawkins, Thorpe et al. 1996). Considering the possibility that 

encore and A2BP1 might be regulating similar pathways, I tested for genetic 

interactions between A2BP1 and encore. Loss of one copy of encore strongly 

enhanced the A2BP1CC00511 phenotype so that fusomes persisted in egg chambers 

well beyond the time when the organelle would normally be degraded (Figure 

3.11). These findings further linked A2BP1 with the regulation of mitosis within 

the Drosophila germline.  
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Figure 3.11: Encore is a strong enhancer of A2BP1CC00511  phenotype. 
 
Introduction of an encoreq4 mutation to A2BP1CC00511/Df(3L)ED4457 background 
results in persistence of fusome longer than control. A2BP1CC00511/Df(3L)ED4457 
ovaries (A) encoreq4 /+; A2BP1CC00511/Df(3L)ED4457 (B) ovaries stained with 
1B1(red, fusome) and DAPI(blue, nuclei). (C) Graph showing quantification of 
the phenotype and enhancement by encoreq4 mutation. 
 

A2BP1f02600/Df(3L)ED4457, A2BP1f02600/A2BP1e03440 and A2BP1f02600/ 

A2BP1f01889  females were weakly fertile and also had germline cell counting 

defects. While many of these egg chambers underwent an extra round of mitotic 

division similar to the A2BP1CC00511 allele, a fraction contained fewer nurse cells, 

ranging from 1 to 8 germline cells per cyst. These aberrant egg chambers often 
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did not contain a recognizable oocyte, shown by lack of Orb staining in egg 

chambers (Figure 3.12 A-D). In addition, A2BP1f02600/Df(3L)ED4457 ovaries 

tended to be slightly tumorous (16%; n=457) when compared to wild type 

controls and contained a greater number of multicellular cysts that did not bud off 

of the germarium. Therefore, the A2BP1f02600 allele acted as a hypomorph of 

moderate strength.  

 
 
Figure 3.12: The range of phenotypes exhibited by f02600 hemizygous 
females.  
 
Ovaries stained for Orb (green), 1B1 (red, fusome) and DAPI (blue, nuclei). (A) 
A differentiation factor Orb is expressed at very low levels in GSCs, then its 
expression is turned on at 16 cell cysts. (B) At later stages; Orb levels decrease 
and high levels of Orb localize to the oocyte which is located in the most posterior 
of the egg chamber. (C) Orb expression is delayed in A2BP1f02600 hemizygous 
ovaries and (D, arrow) mislocalized. 
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B. Strong loss of function alleles of A2BP1 lead to ovarian tumor formation 

 Stronger alleles of A2BP1 exhibited more severe phenotypes that further 

implicated A2BP1 as a critical regulator of germline cyst development. Females 

homozygous and hemizygous for the A2BP1KG06463, A2BP1f01889, A2BP1e03440 

alleles were sterile. Ovaries from these females were small, with no maturing egg 

chambers (Figure 3.13B-C). Anti-Vasa and 1B1 staining revealed a tumorous 

phenotype. Each germaria had a large number of single-cell and multicellular 

germline cysts (Figure 3.13), reminiscent of cystic tumors caused by mutations in 

mei-P26mfs1 , snf 148 and rbp92690 (Kim-Ha, Kim et al. 1999; Page, McKim et al. 

2000; Chau, Kulnane et al. 2009). Follicle cells often enveloped these 

undifferentiated germ cells to form “pseudo” egg chambers (Figure 3.13C, white 

arrows). These three alleles acted as strong hypomorphs.  
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Figure 3.13: Morphology of wild type and A2BP1e03440 and A2BP1KG06463 
hemizygous ovaries.  
 
(A’-C’) Blown up images of outlined areas in A, B and C.  Ovaries are stained 
with VASA (green, germ cells), 1B1 (red, fusome) and DAPI (blue, nuclei). (A’) 
A stage 1 egg chamber budding from wild type germarium is shown (yellow 
arrow) while A2BP1e03440 and A2BP1KG06463  had none. 

 

To make sure these alleles affected A2BP1 protein levels, I prepared 

A2BP1 mutant ovarian extracts and blotted the membrane with the polyclonal 

A2BP1 antibody. Western blot analysis showed that all three alleles resulted in a 

significant reduction of specific A2BP1 isoforms in ovarian extracts (Figure 3.14) 

providing additional support that these alleles affect A2BP1. 
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Figure 3.14: Different A2BP1 isoforms are affected by different A2BP1 
alleles. 
 
Western blot showing A2BP1 levels in ovaries from w1118, A2BP1CC00511 
homozygotes and various mutant backgrounds including A2BP1 and rbp92690. 
rbp92690 mutants display a tumorous phenotype but express A2BP1. The 
membrane is blotted with polyclonal guinea pig A2BP1 antibody at 1:5000. Red 
arrows are pointing to different A2BP1 isoforms and green arrow pointing to the 
shifted A2BP1 isoform due to GFP fusion in the CC00511 line.  Red bracelets 
show two different exposures of the same region. 
 

C. Complementation analysis and genomic rescue of the A2BP1 phenotype 

 I performed several experiments to further investigate whether the 

phenotypes displayed by A2BP1CC00511 , A2BP1f02600 , A2BP1e03440 A2BP1KG06463 

and A2BP1f01889 were all due to disruption of A2BP1.  
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First, I generated a small molecularly defined deficiency using FLP/ FRT 

mediated recombination in combination with two insertions mapping to the 

region, d05504 and f00028 (Parks, Cook et al. 2004) in addition to Df(3L)ED4457 

which uncovers a much larger region about 0.7 Mb. Standard Drosophila genetics 

often employs P-element mobilization to generate deletion alleles that generate 

chromosomal deletions due to the imprecise excision of the transposon elements. 

However, the piggyBac transposon class does not allow for this method as 

excision of these elements results in “clean” removal of the transposon without 

deletions of the surrounding chromosomal locus. Thus, in order to generate 

A2BP1 deletion alleles, I employed two methods simultaneously: FLP/FRT 

recombination mediated deletion and P-element imprecise excision screen. 

FLP/FRT mediated gene deletion utilized two FRT bearing piggyBac transposons 

d05504 and f00028 flanking A2BP1 and ten additional genes downstream. In 

brief, the two transposons were placed in trans and heat-shocked to induce the 

expression of FLIPase, mediating recombination between the FRT sites of the two 

transposons.  
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Figure 3.15: Gene region that is uncovered by the A2BP1 deletion lines.  
 
(A) Gene region uncovered by Df(3L)ED4457 is shown. Arrow points to the 
Df(3L)ED4457. (B) Gene region uncovered by d05504-f00028 deletion (images 
modified from FlyBase.org).  
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Recombination between these elements resulted in the deletion of 124,285 

bp that uncovered ten genes (A2BP1, CG6527, CG42521, CG42520, CG42519, 

CG34238, CG14151, CG42535, CG42536 and hay) (Figure 3.15). Of note, 

CG42521, CG42520, CG42519, CG34238, CG14151, CG42535, CG42536 and 

hay are all at least 30Kbp proximal to the 3’ end of A2BP1. Progeny bearing 

putative deletion events (n=50) were collected and used to establish stocks and 

screened for deletion by two-sided PCR (see Materials and Methods for details).  

Placing A2BP1CC00511 , A2BP1f02600 , A2BP1e03440 , A2BP1f01889 and A2BP1KG06463 

over this deletion resulted in the exact same phenotypes as when these alleles 

were placed over Df(3L)ED4457.  On the other hand, P-element imprecise 

excision screen produced additional 2 sterile alleles and one lethal allele when 

placed over A2BP1 deletion lines. Since I already had multiple alleles in hand, I 

decided to focus on characterizing those over the deletion lines I generated. I 

established stocks of the imprecise excision lines and they need to be molecularly 

characterized. 

Furthermore, I utilized precise excision of piggyBac elements to revert 

strong A2BP1 phenotype by excising A2BP1e03440 element that completely 

reverted its female sterile phenotype. Lastly, a genomic construct containing only 

A2BP1 sequence rescued the sterile phenotype of A2BP1f01889 / A2BP1e03440  trans-
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heterozygotes. These results, in combination with western blot analysis strongly 

suggested that the observed phenotypes were caused by disruption of A2BP1. 

 
D. A2BP1 isoforms form a functional complex during germline cyst 

development 
 

Given the highly complex nature of the A2BP1 locus, I considered the 

possibility that different A2BP1 proteins might form a functional complex 

together. To test this hypothesis, I performed a series of genetic and biochemical 

assays. Our phenotypic analysis had shown that the strong sterile allele 

A2BP1KG06463  was fertile when placed over either of the other strong sterile alleles 

(A2BP1f01889 or A2BP1e03440) but sterile when placed over a small molecularly 

defined deficiency that uncovers A2BP1 (Table 3.1).  

 

 CC00511 f02600 f01889 e03440 KG06463 Df(ED4457)
CC00511 fertile fertile fertile fertile fertile fertile 

f02600 fertile fertile fertile fertile fertile fertile 
f01889 fertile fertile sterile sterile fertile sterile 
e03440 fertile fertile sterile sterile fertile sterile 

KG06463 fertile fertile fertile fertile sterile sterile 
 

Table 3.1: Complementation analysis between different A2BP1 alleles. 

 

However, close examination of A2BP1KG06463/A2BP1f01889 and 

A2BP1KG06463/ A2BP1e03440 ovaries revealed counting defects (100% penetrance) 

and a mildly tumorous phenotype at low penetrance (Figure 3.16).  
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Figure 3.16: Phenotype of KG06463 in trans with other A2BP1 alleles. 
  
(A-B) Ovarioles stained for Vasa (green), 1B1 (red) and DAPI (blue). (A) 
A2BP1KG06463/A2BP1f01889. (B) A2BP1KG06463/ A2BP1e03440. The A2BP1KG06463 
allele in combination with A2BP1f01889 or A2BP1e03440 exhibits germ cell counting 
defects, fusome perdurance past when the organelle is normally degraded and an 
occasional tumorous phenotype. 
 

Western blot analysis shows that these different mutations disrupt the 

expression of different A2BP1 isoforms, thus providing a possible explanation for 

their partial complementation (Figure 3.14 and Table 3.1). I tested for interactions 

between different isoforms using both yeast 2-hybrid and co-immunoprecipitation 

assays. The yeast 2-hybrid experiments showed direct interactions between 

A2BP1-PI and A2BP1-PE (Figure 3.17A). Co-immunoprecipitation experiments 

using epitope tagged versions of different A2BP1 isoforms showed these proteins 

physically associate with themselves and with each other (Figure 3.17B). 
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Figure 3.17: Different A2BP1 isoforms might be forming a complex together. 
 
(A) Yeast two-hybrid assay showing the interaction between two different A2BP1 
isoforms, RE and RI.  (B) Co-immunoprecipitation from S2 cells showing that 
A2BP1 isoforms bind to themselves.  
 

 These experiments indicate that different A2BP1 isoforms do form a 

functional complex together to regulate gene expression during germline cyst 

development. 

 

V. Germ cell cysts breakdown into single germ cells in A2BP1 mutant ovaries 

During the GSC division to form a cystoblast, a spherical mass of fusome 

material (the "spectrosome") is transferred to the daughter cell, the cystoblast. To 

form an interconnected 16-cell cyst, during the subsequent germ cell divisions, 

the growing fusome branches and extends through the newly formed ring canals 

after each division is completed (Figure 3.18A’). Once the 16 cells-cyst is formed, 

the fusome starts to break down and disappears in the maturing egg chambers. 
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However, in A2BP1 mutants, the germ cell cysts appeared to breakdown into 

single germ cells upon failure to differentiate into egg chambers. I stained wild 

type and the A2BP1e03440 mutants using P-Tyrosine antibody (green) to label ring 

canals and 1B1 (red) to label fusome. In wild type, fusome extends through the 

ring canals and disappears in mature egg chambers as the ring canals mature and 

get bigger at later stages. However in A2BP1e03440 mutants, the fusome starts 

breaking down prematurely, and ring canals start getting degraded (green 

remnants on top of the red fusome staining, Figure 3.18B’). 
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Figure 3.18. Germ cell cysts breakdown into single germ cells in A2BP1 
mutants.  
(A) Wild type germarium stained with P-Tyrosine antibody (green) and 1B1 (red) 
to show ringcanals and fusome, respectively. (A’)Arrowheads point to the 
individual ringcanals in a 16-cell cyst. (B) Signs of cyst breakdown are shown in 
A2BP1e03440 mutants. (B’) A 8-cell cyst with ringcanal breakdown products. 

 

VI. A2BP1 is required in a germ cell autonomous manner for germline 
differentiation  

 

To determine whether A2BP1 functions in the germline or in the 

surrounding follicle cells, I employed FRT-mediated mitotic recombination using 

the A2BP1e03440 allele. This clonal analysis showed germ cells homozygous for 

the A2BP1e03440 allele failed to differentiate properly and became tumorous 

(Figure 3.19).  

 
 
Figure 3.19: A2BP1 is required in a germ cell autonomous manner for 
germline differentiation  
 
Germline clones of the wild type and A2BP1e03440 stained for GFP (green), 1B1 
(red), fusome and DAPI (blue), nuclei.  (A) A stem cell clone and a 2 cell cyst 
clone are shown by arrowhead. Later stage egg chamber clone is shown by an 
arrow. (B) A2BP1e03440 mutant germline cells do not differentiate and form 
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pseudo egg chambers filled with single spectrosome containing cells. GFP marks 
the wild type cells where lack of GFP marks the clonal cells.  
 

While homozygous mutant germline cysts were enveloped by follicle cells 

and budded off of the germarium, they failed to breakdown the fusome, a clear 

sign of their inability to differentiate properly. These clones produced pseudo egg 

chambers similar to those observed in the homozygous mutant. In contrast, egg 

chambers in which the entire follicle cell layer was homozygous for the 

A2BP1e03440 allele appeared normal through the early stages of oogenesis (data not 

shown). These results indicate that A2BP1 functions cell autonomously within the 

germline during early cyst development.  
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CHAPTER FOUR 
 

A2BP1 IS REQUIRED FOR MITOTIC TO MEIOTIC TRANSITION 
DURING DIFFERENTIATION 

 
I. Summary 
 

This set of experiments was designed to identify A2BP1’s role in mitosis 

to meiosis transition. Molecular characterization of A2BP1 mutants revealed that 

Cyclin A (CycA) and Cyclin B (CycB) were not downregulated and meiosis 

markers never accumulated in the A2BP1 mutant ovaries. In addition, cytoplasmic 

Sxl expression was also expanded in A2BP1 mutants, similar to the phenotype 

exhibited by arrest mutants. The arrest gene encodes the translational repressor 

Bruno. Previous studies have shown that Bruno protein binds to the 3’UTR of sxl, 

Cyclin A and other target mRNAs and represses their translation in the posterior 

region of the germarium (Sugimura and Lilly 2006; Wang and Lin 2007). Genetic 

analyses showed that arrest is a strong enhancer of the A2BP1 phenotype.  I used 

A2BP1 polyclonal antibodies and tagged A2BP1 transgenes to immunoprecipitate 

A2BP1 protein from ovarian extracts/S2 cells to identify associated protein 

partners. In particular, A2BP1 can immunoprecipitate Bruno from ovarian 

extracts and the A2BP1-Bruno complexes are RNase insensitive. By IHC 

analyses, Bruno and A2BP1 show a modest amount of colocalization in early 

germ cells. To determine whether A2BP1 regulates the same targets as Bruno, I 

immunoprecipitated A2BP1 and reverse transcribed mRNAs that are bound to it, 
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and amplified them by PCR. sxl turned out to be a potential common target for 

A2BP1.  Taken together, these studies suggest that A2BP1 may function in the 

cytoplasm and that its association with Bruno may support a role with mRNA 

translational repression during early stages of germ cell differentiation.  

 
II.  A2BP1 mutants fail to exit mitosis and initiate meiosis. 
 

A2BP1 mutant cysts appeared to remain mitotically active beyond the 

point when the meiotic program should normally be initiated. To formally test 

whether A2BP1 mutant germline cells displayed defects in the mitotic to meiotic 

transition, I stained wild type and mutant ovaries with C(3)G and Cyclin A or 

Cyclin B (Figure 4.1). C(3)G is a component of the synaptonemal complex and in 

wild type samples only accumulates at high levels after cells have exited the 

mitotic cell cycle (Sugimura and Lilly 2006). Hemizygous A2BP1f02600, 

A2BP1e03440 and A2BP1KG06463 mutants displayed defects in Cyclin A/Cyclin B 

and C(3)G staining to varying degrees. Sometimes, I observed an overlap between 

these two markers in A2BP1f02600/ Df(3L)ED4457 mutants. In A2BP1e03440 and 

A2BP1KG06463 hemizygous ovaries, Cyclin A/Cyclin B expression persisted 

throughout the germarium and robust C(3)G accumulation was not observed. 

These data indicate that A2BP1 mutants largely fail to enter a normal meiotic 

program. 
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Figure 4.1: A2BP1 mutants fail to exit mitosis and initiate meiosis. 
 
A2BP1 mutants fail to downregulate Cyclin A and Cyclin B (mitosis markers) and 
fail to accumulate C(3)G, a meiosis marker.  (A,E) w1118,  (B,F) A2BP1f02600 
hemizygous,  (C,G) A2BP1e03440 hemizygous  and (D,H) A2BP1KG06463  
hemizygous ovaries stained for  C(3)G (green), CycA/CycB (red) and 
DAPI(blue). (C-H) CycA and CycB persists in A2BP1e03440 and A2BP1KG06463 
ovaries and little to no C(3)G staining is observed. 
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III. Mutations in arrest  is a strong enhancer of A2BP1 phenotype 

A small number of genes have been shown to function during the 

transition from mitosis to meiosis. One gene that stood out as a potential A2BP1 

interactor was arrest. The arrest (aret) gene encodes the translational repressor 

Bruno. Previous studies showed that Bruno protein binds to the 3’UTR of sxl 

mRNA and other target mRNAs and represses their translation in the posterior 

region of the germarium (Sugimura and Lilly 2006; Wang and Lin 2007). It is 

also known that a failure to block cytoplasmic Sxl expression results in a 

tumorous phenotype (Wang and Lin 2007).  In wild type germaria, cytoplasmic 

Sxl and A2BP1 are mutually exclusive (Figure 3.5).  Given this relationship, I 

tested whether disruption of A2BP1 results in an expansion of cytoplasmic Sxl 

expression (Figure 4.2).  Normally cytoplasmic Sxl expression is limited to the 

GSCs, cystoblasts and early multicellular cysts in the anterior region of the 

germarium.  However in A2BP1 mutants, I detected cytoplasmic Sxl expression in 

cells away from this region. In A2BP1e03440 /Df(3L)ED4457 and A2BP1KG06463 

/Df(3L)ED4457 mutants,  Sxl persisted in most cells throughout the germarium 

and appeared to be expressed at slightly higher levels than what was observed in 

control samples (Figure 4.2C, D).   
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Figure 4.2: Sxl expression appears expanded in A2BP1 mutant ovaries.    
 
Sxl expression in wild type (A) vs.  A2BP1 mutants (B, C, D). (B) Sxl expression 
looks normal in GSCs in A2BP1f02600  mutants and eventually accumulates in the 
nuclei  (Yellow arrows).  (C-D) Only cytoplasmic Sxl is observed in strong 
A2BP1e03440  and  A2BP1KG06463 mutants. Ovaries are stained for Sxl (red) and 
DAPI (blue).  
 

If Bruno and A2BP1 worked together to regulate common RNA targets 

during cyst development, mutations in arrest (Bruno) would be expected to 

enhance weak A2BP1 mutant phenotypes. To test this, I crossed a single copy of 

the aretQB72 allele into A2BP1f02600 / A2BP1e03440 background. The A2BP1f02600 / 

A2BP1e03440 transallelic combination is a sensitized background and showed great 

promise for identifying genetic interactors in our previous pilot screens. The 
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A2BP1f02600 / A2BP1e03440 flies were fertile and displayed a weak phenotype 

marked by germ cell counting defects. AretQB72 dramatically enhanced this 

phenotype (Figure 4.3). These flies were no longer fertile and displayed a 

tumorous phenotype similar to the strongest A2BP1 mutants.   

I also tested other mutations in this background to make sure that our 

observations are due to a significant crosstalk between A2BP1 and Bruno. I 

introduced a null allele of rbp9, rbp9Δ1 to the A2BP1f02600 / A2BP1e03440 

background and showed that mutations in this other ovarian tumor gene does not 

modify the A2BP1 sensitized background as strong mutations in arrest does 

(Figure 4.3).  
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Figure 4.3: A2BP1 genetically interacts with arrest but not with rbp9.  
 
(A, A’) A2BP1f02600 / A2BP1e03440, (B, B’) aretqb72/+; A2BP1f02600 / A2BP1e03440 
(C, C’) rbp9Δ1 /+; A2BP1f02600 / A2BP1e03440 ovarioles stained for VASA (green), 
1B1 (red) and DAPI (blue). Introduction of one copy of the aretqb72mutation into 
the A2BP1f02600 / A2BP1e03440 background enhances the A2BP1 phenotype so that 
tumorous pseudo egg chambers (arrows) are now observed but not with an rbp9Δ1 
mutation. (D) Graph showing quantification of the phenotype. 
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IV. A2BP1 associates with the translational repressor Bruno in an RNA 
independent manner 

 
To test whether A2BP1 and Bruno physically interact, I conducted several 

coimmunoprecipitation experiments with anti-A2BP1 polyclonal antibodies. 

Bruno functions in the translational repression of several mRNA targets including 

sxl, Cyclin A, gurken and Oscar etc. (Filardo and Ephrussi 2003; Nakamura, Sato 

et al. 2004; Sugimura and Lilly 2006; Wang and Lin 2007). Immunoprecipitation 

experiments were performed in ovarian extracts with anti-A2BP1 polyclonal 

antibody and Western blotting performed with an anti-Bruno antibody. This 

experiment revealed that a modest level of Bruno binds to A2BP1 in ovarian 

extracts, suggesting that both proteins may play a role in regulating translational 

repression of common mRNAs (Figure 4.4A).   

To determine whether the endogenous A2BP1-Bruno complex require 

RNA for efficient interaction, I treated ovarian extracts with RNase A prior to 

immunoprecipitation. RNase treatment of ovarian extracts did not affect the 

ability of anti-A2BP1 antibody to efficiently pull down Bruno. 

Coimmunoprecipitation experiments in RNase-treated and untreated extracts 

demonstrated that treatment did not affect the ability of A2BP1 to associate with 

Bruno, suggesting that the A2BP1-Bruno complex do not contain RNA or are not 

dependent upon RNA for efficient interaction (Figure 4.4A). 
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I also tested whether A2BP1 and Bruno can interact from S2 cell extracts 

and included Cup, Atx-2 and Rbp9 in these experiments (Figure 4.4B). Only 

Bruno showed a significant interaction with A2BP1. Although, CUP, an eIF4E-

binding protein that inhibits translation by preventing the recruitment of eIF4G, 

interacts with Bruno (Nakamura, Sato et al. 2004), it did not interact with A2BP1 

in S2 cells. I also did not detect any interaction between Atx-2 and A2BP1 in S2 

cells, despite the fact that A2BP1 was identified as an Atx-2 interacting protein 

(Shibata, Huynh et al. 2000). Lastly, I also did not see Rbp9 coming down with 

A2BP1, which is expressed at a similar stage as Bruno and also has an ovarian 

tumor phenotype suggesting that the physical and genetic interaction between 

A2BP1 and Bruno is significant.  
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Figure 4.4: Bruno interacts with A2BP1 from both ovary and S2 cell extracts. 
 
(A) Bruno physically associates with A2BP1 in ovaries and this interaction is 
RNA independent. Ovary extracts were treated with an RNase Inhibitor (no 
RNase) or RNase (+ RNase A) prior to IP with anti-A2BP1 antibody. Agarose gel 
picture shows efficient RNAse treatment in lane 5 and 6. Load RNAs are not run 
on the agarose gel.  (B) S2 cells are transfected with HA tagged A2BP1 and 
FLAG tagged Cup, Atx2, Rbp9 and Bruno respectively. A modest level of Bruno 
is detected in the HA-A2BP1 pellet (lane 8) while Cup, Atx2 and Rbp9 are not. * 
indicates non specific band.  
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Last but not least, we tested to see whether A2BP1 and Bruno interaction 

is direct or bridged by another protein, we performed a yeast two hybrid assay and 

showed that A2BP1 and Bruno did not interact with each other directly, 

suggesting that the interaction is bridged by an unknown protein (Figure 4.5).   

 

 

Figure 4.5: Bruno-A2BP1 interaction is not direct.  
 
(A) Yeast two-hybrid assay showing the interaction between two different A2BP1 
isoforms, RE and RI as a positive control and no interaction between A2BP1 and 
Bruno indicated by lack of blue color.   
 

These experiments demonstrated that A2BP1 associated with Bruno in 

both ovarian and S2 cell extracts. These genetic and physical interactions are 

consistent with the idea that A2BP1 cooperates with Bruno to promote the 
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continued differentiation of germline cysts through the transition from a mitotic to 

a meiotic cell cycle. 

 
V.  sxl and other potential A2BP1 mRNA targets 
 

The lack of either Bruno or the BRE-containing region in sxl 3’UTR leads 

to misexpression of Sxl, which in turn causes defects in cystoblast differentiation  

similar to the arrest mutant phenotype (Wang and Lin 2007). I also observed Sxl 

overexpression in A2BP1 mutant background (Figure 4.2). In addition to the 

strong genetic and physical interaction between Bruno and A2BP1, I also know 

that A2BP1 and Sxl are expressed in a mutually exclusive pattern in the 

germarium (Figure 3.5). All these observations led to a model that A2BP1 and 

Bruno regulate sxl mRNA to promote differentiation. Others have shown that sxl 

mRNA is bound by Bruno in in vitro assays (Wang and Lin 2007).  I verified that 

result by immunoprecipitation followed by reverse transcription and PCR (IP-

RTPCR, see Materials and Methods). Next I tested to see whether sxl mRNA is 

enriched in A2BP1 pellets from ovaries. Compared to our negative control Rpl32, 

sxl mRNA levels looked enriched in A2BP1 pellets (Figure 4.6) which suggested 

that sxl might be a potential A2BP1 target.  
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Figure 4.6: sxl mRNA is one of the potential targets of A2BP1.  
 
(A) IP-RT PCR assay showing various mRNA levels in PRE vs. A2BP1 IP 
pellets. Potential targets that show enrichment in A2BP1 pellets compared to PRE 
IP pellets. Rpl32 is used as negative control. Primers were designed against 
3’UTR of each transcript. The cycle number is 30 in each experiment.  
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I also tested other potential targets such as Cyclin A, Bruno, Rbp9 and mub 

which are enriched in A2BP1 pellets in our IP-RTPCR assays. CycA mRNA is 

translationally repressed by Bruno during early stages of germ cell differentiation 

(Sugimura and Lilly 2006) where A2BP1 is highly expressed (Figure 4.7). In 

addition, CycA and CycB levels are highly upregulated in the absence of A2BP1 

(Figure 4.8). For that reason, it emerged as another potential target.  

 

 

Figure 4.7: Cyclin A and Cyclin B are highly expressed in early mitotic germ 
cells.  
 
A2BP1 expression follows Cyclin A and Cyclin B expression. The ovaries are 
stained with (A) CycA (red), (B) CycB (red), A2BP1(green) and DAPI (blue, 
nuclei). 
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Figure 4.8: Cyclin A and Cyclin B are highly upregulated in A2BP1 mutant 
germ cells. 
 
Germline clones of A2BP1e03440  allele is generated and the ovaries are stained 
with CycA, CycB, GFP (labels wild type cells) and DAPI(nuclei). (A) CycA 
levels are upregulated in A2BP1 mutant germ cell cyst compared to the 
neighboring wild type germ cell cyst. (B) CycB levels are upregulated in A2BP1 
mutant germ cell cyst compared to the neighboring wild type germ cell cyst. (C) 
A late stage pseudo egg chamber filled with undifferentiated germ cell cyst 
mostly positive for CycB indicative of an arrest at a mitotic state. 
 

In addition to CycA, we recovered arrest, rbp9 and mub mRNAs in 

A2BP1 pellets. As mentioned above A2BP1 protein expression precedes high 

levels of Bruno and Rbp9 protein expression. Another gene of interest is mub, 

which is co-expressed with A2BP1 in the same germ cell cysts. The mub gene 
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encodes a protein containing three KH domains that is thought to be involved in 

mRNA stabilization (Grams and Korge 1998). arrest, rbp9 and mub mRNAs 

showed enrichment up to varying degrees in our IP-RTPCR assays. Although 

A2BP1 binds to Bruno protein, it might also regulate arrest mRNA in a different 

context. Based on its association with the known translational repressor protein 

Bruno, I favor a model where A2BP1 is involved in translational repression. 

However, it may also act as a splicing factor and regulate splicing of arrest, rbp9 

and mub at 16 cell cysts.  

 

 

Figure 4.9: Mub and A2BP1 are highly expressed in early germ cell cysts.  
 
A2BP1 and Mub are co-expressed in early germ cell cysts. The ovaries are stained 
with GFP (pink), A2BP1(green), 1B1(red, fusome) and DAPI (blue, nuclei). 
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In summary, the set of experiments done in this chapter indicates that 

A2BP1 is associated with a pool of mRNAs that are specifically expressed during 

early germ cell differentiation. It will be very important to know whether A2BP1 

functions in mRNA splicing, mRNA transport of mRNA translational repression 

or all of the above.   
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CHAPTER FIVE 
 

A2BP1 IS NOT REQUIRED FOR SEXUAL IDENTITY DURING  
GERM CELL DIFFERENTIATION 

 
I. Summary 
 

Drosophila germline sex determination is controlled by a group of genes 

expressed at early stages of oogenesis like ovo, otu, sxl and bam (Oliver, Pauli et 

al. 1990; Pauli, Oliver et al. 1993; Bae, Cook et al. 1994; Wei, Oliver et al. 1994; 

Casper and Van Doren 2006).  Mutations in these genes cause not only defects in 

sexual identity of female germ cells, but also ovarian tumors. Since mutations in 

A2BP1 can also cause an ovarian tumor phenotype, I examined whether A2BP1 is 

also required for germline sex determination. I designed a series of experiments to 

assess sexual identity in A2BP1 mutants. I looked at sxl splicing, male specific 

enhancer trap lines, and also upregulation of male specific transcripts by semi 

quantitative RT-PCR and in situ hybridization experiments in A2BP1 mutant 

ovaries and  I have not detected any defects in sxl splicing or at the levels of male 

specific transcripts in A2BP1 ovaries. These results revealed that the A2BP1 

mutations did not affect establishment or maintenance of sexual identity and 

A2BP1 was dispensable for both. Therefore, A2BP1 is separated from all the 

other ovarian tumor genes that regulate sexual identity somewhere along the germ 

cell differentiation and sex determination pathway.  
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II. Sexual identity is not misregulated in A2BP1 ovarian tumors 
 

A. Male specific enhancer trap lines are not turned on in A2BP1 
ovarian tumors 

 
For male-specific markers, two testis-specific enhancer traps, lacZ[606] 

and mgm1-lacZ (Gonczy, Viswanathan et al. 1992; Heller and Steinmann-Zwicky 

1998) were used. I analyzed expression of these markers in A2BP1e03440 mutants 

versus snf148 mutants. snf148 mutants were used as a positive control  as others 

showed that both of these testis-specific enhancer trap lines are highly expressed 

in snf148 background (Staab, Heller et al. 1996). Homozygous A2BP1e03440 females 

carrying either lacZ[606] and mgm1-lacZ were tested for β-galactosidase (β-gal) 

expression in germ cells by X-gal staining. In wild type samples, LacZ[606] 

enhancer trap line showed strong β-galactosidase expression in the male germ line 

in both stem cells and mitotic phases of germ cell differentiation, while mgm1-

lacZ was restricted to germline stem cells (Figure 5.1A,D arrows).  LacZ[606] 

and mgm1-lacZ did not express the reporter gene in any other stages of male germ 

line differentiation or in the female germ cells. snf148 homozygous mutant ovaries 

with either lacZ[606] and mgm1-lacZ enhancer trap lines showed significant 

levels β-galactosidase expression (Figure 5.1C,F) while A2BP1e03440 homozygous 

mutant ovaries did not (Figure 5.1B,E).  
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Figure 5.1: Expression of male-specific reporter genes, lacZ[606] and mgm1-
lacZ  in wild type, A2BP1e03440  and snf148 homozygous mutant ovaries.  
 
Gonads were processed as described in Materials and methods. (A) Nomarski 
view of the tip of a testis showing β-galactosidase expression in stem cells and in 
the mitotic region and (D) in male germline stem cells. (B, E) Nomarski view of a 
lacZ[606]; A2BP1e03440 and mgm1[lacz]; A2BP1e03440 with  (C,F) snf148; 
lacZ[606] and snf148; mgm1-lacZ. Strong staining was observed in ovaries 
homozygous for snf148 , while no staining was observed in  A2BP1e03440  ovaries. 
Arrows in (B-F) point to the terminal filaments of individual germaria. 
 
 

B. Male specific transcripts are not upregulated in A2BP1 ovarian 
tumors 

 
I examined transcript levels of defined male specific genes such as 

CG15930, a testis-enriched transcript, or escargot (esg) as another way to test 

whether A2BP1 mutations disrupt normal sexual identity in female germ cells. I 

looked at CG15930 levels by both in situ hybridization and semi quantitative RT-
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PCR (Figure 5.2 and 5.3) and esg levels by semi quantitative RT-PCR (Figure 

5.3).  

CG15930, a testis specific transcript whose expression was found to be 

significantly enriched in purified bam mutant germ cells and snf148 mutant ovaries 

(Kai, Williams et al. 2005; Chau, Kulnane et al. 2009) (Figure 5.2A). Compatible 

with these observations, our in situ experiments and RT–PCR analysis show that 

CG15930 is a testis-enriched transcript whose expression is markedly increased in 

snf148, mei-P26mfs1, rbp92690, but not A2BP1e03440 mutant ovaries (Figure 5.2 and 

5.3) compared to wild type ovaries. Although I observed negligible levels of 

expression in A2BP1e03440 mutant ovaries (Figure 5.2E, Figure 5.3), the levels 

were not significant when compared to snf148, mei-P26mfs1, rbp92690 which clearly 

have sexual identity defects shown by other investigators and our group (Pauli, 

Oliver et al. 1993; Bae, Cook et al. 1994; Wei, Oliver et al. 1994; Lee, Kim et al. 

2000).  
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Figure 5.2: Male specific transcripts are not upregulated in A2BP1 ovarian 
tumors.  
Expression of male-specific CG15930 transcripts as assayed by in situ 
hybridization with a digoxigenin-labeled probe. The hybridization signal appears 
as darkly stained material. (A) Male-specific transcripts are observed in a 
ubiquitous pattern throughout the testis but no hybridization signal is detected in 
wild type ovaries. (B, C, D) Male-specific transcripts are observed in a mottled 
pattern throughout the mei-P26mfs1 , snf148 , rbp92690 ovaries. (E) No hybridization 
signal is detected in A2BP1e03440 ovaries. 
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Gonadal expression of esg is also testis specific and has been used by a 

number of investigators as a marker for male sexual identity (Staab, Heller et al. 

1996; Kiger, White-Cooper et al. 2000; Streit A, Bernasconi L et al. 2002; 

Wawersik, Milutinovich et al. 2005; Chau, Kulnane et al. 2009) (Figure 5.3). esg 

sequence was not appropriate for making a specific in situ probe, so I have only 

looked at esg levels by RT-PCR.  
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Figure 5.3: Male specific transcripts are not upregulated in A2BP1 ovarian 
tumors.  
 
RT–PCR analysis of CG15930, esg, and Act5C mRNA levels in testis from wild 
type animals and in ovaries from wild type, A2BP1e03440 ,  rbp92690, snf148 , mei-
P26mfs1. Act5C is used here as a loading control. To ensure that the mRNA 
measurements fall within a linear range of amplification, differentially diluted 
templates were used in independent experiments (data not shown) and similar 
results were obtained. The cycle number is kept below 30 in each experiment. 

 

Taken together, all these data suggest that A2BP1 is not required for 

sexual identity and it is different from other ovarian tumors in that sense. 
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Although most mutations that cause ovarian tumors also affect sexual identity of 

female germ cells, finding genes such as A2BP1 that do not have a clear role in 

establishing sexual identity, suggests that the disruption of other molecular 

pathways can also block cyst differentiation without affecting sexual identity.  
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CHAPTER SIX 

 
A2BP1 DEFINES A NEW TIER WITHIN THE GENETIC HIERARCHY 

THAT PROMOTES GERM CELL DIFFERENTIATION. 
 

I. Summary 

The experiments presented in Chapter 6 analyzed the expression pattern of 

various markers in A2BP1 mutant background to molecularly characterize A2BP1 

mutants. It also includes characterization of a group of other ovarian tumors by 

A2BP1 expression pattern. First, I looked at Bam and Nanos expression, since 

they are known to be mutually exclusive from one another and Bam is expressed 

in the CB and the 2-, 4-, 8-cell cysts, then it is turned off and Nanos comes on. I 

observed expanded Bam expression in A2BP1 mutants. Then, I analyzed 

expression of late differentiation markers such as Bru, Rbp9 and Orb and showed 

that their levels are significantly reduced in A2BP1 mutants. This suggested that 

A2BP1 mutations interfere with the late differentiation pathways and A2BP1 is 

required to turn on these markers. 

 

II. Expression of early differentiation markers expanded in A2BP1 mutants 
while late differentiation markers are either delayed or not expressed. 

 
To begin to characterize the molecular function of A2BP1, I tested 

whether mutations in A2BP1 affect the expression of early and late markers 

within the germline. First, I compared Nanos and Bam staining in ovaries from 
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wild type,  A2BP1f02600, A2BP1e03440  , A2BP1KG06463 hemizygous females. This 

analysis showed disruption of normal A2BP1 function in these strong mutants 

resulted in an expansion of Bam expression and a subsequent delay in late Nanos 

expression (Figure 6.1). The expression of Nanos remains unaffected in GSCs, 

consistent with the observations that A2BP1 mutants do not display overt GSC 

defects.  

 

Figure 6.1: Bam expression is expanded in A2BP1 mutants and Nanos 
expression is delayed.  
 
Bam and Nanos (Nos) expression in (A) wild type vs. (B, C, D) A2BP1 mutants. 
Nanos expression is not affected in A2BP1 mutant germline stem cells (shown by 
arrows).  (B-D) Bam expression domain is greatly expanded and late Nanos 
expression is delayed in strong A2BP1 mutants.  
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Also, I found expression of Nanos and Bam remained mutually exclusive 

from one another in A2BP1 mutant cysts. These data indicated that A2BP1 does 

not directly participate in the negative regulation of Nanos and suggested that 

A2BP1 functions downstream of the initial steps of cyst differentiation.  

To further examine how mutations in A2BP1 affected gene expression 

during cyst development, I examined the expression of three late markers in wild 

type and A2BP1e03440 mutant ovaries: Rbp9 (Figure 4E-H), Bruno (Figure 4I-J) 

and Orb (Figure 4I-J). Normally, early developing cysts express low levels of 

Orb, Rbp9 and Bruno. The expression of all three genes increases in 16-cell cysts. 

In A2BP1f02600/ Df(3L)ED4457 ovaries the expression of Rbp9 and Bruno appears 

to be moderately reduced but eventually accumulates in the oocyte as it does in 

the control samples. The two stronger alleles, A2BP1e03440  and  A2BP1KG06463 

display a much more severe reduction in Rbp9 and Bruno levels, even though 16-

cell cysts were clearly present in the samples (arrows) (Figure 6.2 and 6.3). 

Likewise, the expression of Orb was variable in A2BP1f02600/ Df(3L)ED4457 

ovaries but extremely low in A2BP1e03440  and  A2BP1KG06463 hemizygous mutant 

ovaries (Figure 6.4). Therefore, I conclude that A2BP1 is required for the normal 

expression of several markers needed for final steps of cyst development just 

before the egg chamber buds off of the germarium. 

 



 
 

94 
 

 

Figure 6.2: Rbp9 expression in wild type vs. A2BP1 mutants.  
 
(A) Rbp9 is expressed throughout the germarium but its expression peaks at the 
late 16 cell cysts. (B) Rbp9 expression is moderately reduced in A2BP1f02600 but 
eventually accumulates in the oocyte. (C-D) Rbp9 expression is severely reduced 
in strong A2BP1e03440  and  A2BP1KG06463 mutants.  
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Figure 6.3: Bru expression in wild type vs. A2BP1 mutants.  
 
(A) Bru is expressed throughout the germarium but its expression peaks at the late 
16 cell cysts. (B) Bru expression is moderately reduced in A2BP1f02600 but 
eventually accumulates in the oocyte. (C-D) Bru expression is severely reduced in 
strong A2BP1e03440  and  A2BP1KG06463 mutants.  
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 Figure 6.4: Orb expression in wild type vs. A2BP1 mutants.  
 
(A) In wild type ovaries, Orb expression peaks at 16 cell cysts. (B) Orb 
expression is moderately reduced in A2BP1f02600 but eventually accumulates in the 
oocyte. (C-D) Orb expression is severely reduced in strong A2BP1e03440  and  
A2BP1KG06463 mutants.  
 
 
III. A2BP1 germline expression depends on bam, mei-P26 and snf but not 
arrest or rbp9 
 

Up to now, fusome branching has served as the primary marker for 

evaluating germline cyst differentiation (de Cuevas and Spradling 1998). The 

fusome is a germline specific organelle that has many properties of the 

endoplasmic reticulum (Snapp, Iida et al. 2004; Lighthouse, Buszczak et al. 

2008). Within germline stem cells, the fusome appears small and round. Once a 
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stem cell daughter exits the cap cell niche, it goes through four incomplete mitotic 

divisions. During these divisions, the fusome becomes branched and runs through 

the ring canals of the interconnected cells within a cyst. While changes in fusome 

morphology reflect cell division, we reasoned that A2BP1 protein expression 

could provide a new marker for evaluating the molecular state of these cysts as 

they progress through differentiation.  

To test this idea, I examined the expression pattern of A2BP1 in tumorous 

ovaries from a variety of female sterile mutants. Loss of bam completely blocks 

the differentiation of germline cells. As anticipated, germline cells from bam 

mutant ovaries do not appear to express A2BP1 even though low levels of nuclear 

expression are still observed within follicle cells (Figure 6.4). Next, I examined 

A2BP1 expression in snf148 , mei-P26mfs1, rbp9 2690 and aretQB72 mutants, which all 

exhibit a cystic tumorous phenotype. Surprisingly, I did not observe A2BP1 

expression in the germline cells of snf148 and mei-P26mfs1 mutant ovaries, although 

8-cell and 16-cell cysts were clearly present in the samples (Figure 6.4C, 6.4D). 

In contrast, germline cells from rbp92690 and aretQB72 mutants expressed high 

levels of A2BP1 at the appropriate stages (Figure 6.4E, 6.4F).  
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Figure 6.4: A2BP1 is not expressed in bam∆86, mei-p26mfs1, snf148 mutant 
ovaries but is expressed at normal levels in Rbp92690 and aretQ B72 mutant 
ovaries.  
 
(A) w1118, (B) bam∆86, (C)mei-p26mfs1 , (D) snf148 , (E) rbp92690 , (F) aretqb72 
ovaries stained with A2BP1 (green), 1B1 (red) and DAPI (blue). A2BP1 is 
expressed in early differentiating germ cells in (A) w1118, but is not expressed in 
(B) bam∆86  stem cell like tumors as expected. However, A2BP1 shows 
differential expression patterns in different cystic ovarian tumors like its 
expression is not turned on in (C) mei-p26mfs1 , (D) snf148  ovaries while it is 
expressed in (E) rbp92690 , (F) aretqb72 ovaries. 
 

These results show that although different cystic tumor mutants display 

related phenotypes based on fusome morphology, their gene expression profiles, 
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as marked by A2BP1, vary significantly. Based on these findings, loss of mei-P26 

and snf appears to block the molecular differentiation of germline cysts at an 

earlier step than rbp9 and arrest mutants.  

 

Figure 6.5: A2BP1, a new tier in the regulatory hierarchy controlling 
germline differentiation.  
 

Analyzing expression of various markers in A2BP1 mutants and 

characterizing changes in A2BP1 expression within various mutants helped us 

understand how the different steps of cyst differentiation are regulated. The 

misregulation of gene expression programs within A2BP1 mutants appears to 

block the normal transition from a mitotic cell cycle to a meiotic cell cycle for 

further differentiation. 
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CHAPTER SEVEN 

 
DISCUSSION AND FUTURE AIMS 

 
Here, I summarized my findings that the Drosophila homolog of human 

Ataxin 2-Binding Protein 1 promotes the differentiation of germline cells into 16-

cell cysts. A2BP1 is expressed in a novel pattern during early cyst development 

and mutations in A2BP1 disrupt early oogenesis, resulting in the formation of 

cystic tumors. All our data suggest that A2BP1 participates in a previously 

unrecognized step in the early development of germline cysts. 

 

I. A2BP1 marks a distinct step in the molecular differentiation of germline 

cysts 

Past studies have sought to characterize the mechanisms that control bam 

expression in germline stem cells and cystoblasts. These efforts led to the 

understanding that dpp signaling from the cap cells initiates a phosphorylation 

cascade that ultimately results in the transcriptional repression of bam in stem 

cells through a well-defined element within its promoter (Xie and Spradling 1998; 

Chen and McKearin 2003; Chen and McKearin 2003; Song, Wong et al. 2004). 

Once a stem cell daughter dissociates from the niche, this repression subsides 

resulting in active bam transcription. The expression of bam continues up until the 

8-cell cyst stage whereupon Bam expression is again repressed through 
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mechanisms that likely to involve changes in protein stability (McKearin and 

Ohlstein 1995). Given these findings and the lack of 2-, 4- and 8-cell cyst specific 

markers, the prevailing view has been that all Bam expressing cysts are roughly 

equivalent on a molecular level. Subsequently, fusome branching has served as a 

widely used marker to track the progress of cyst differentiation. However, the 

expression of A2BP1 now shows that the number of mitotic divisions undertaken 

by a cyst does not necessarily reflect the underlying molecular state of these cells. 

The results presented here show that in addition to undergoing successive rounds 

of incomplete mitotic divisions, cystoblasts, 2-, 4- and 8-cell cysts also exhibit 

distinct changes in their gene expression programs. For example, the cystoblast 

expresses both cytoplasmic Sxl protein and Bam. In 2-cell cysts, Sxl expression 

begins to recede while Bam levels increase. In 4-cell cysts, cytoplasmic Sxl 

protein is no longer detectable, Bam expression continues and A2BP1 protein 

expression is induced. In 8-cell cysts, Bam expression begins to decrease while 

A2BP1 expression continues to increase. Finally, in 16-cell cysts, Bam is absent, 

A2BP1 is present and the expression of other proteins such as Nanos, Orb, Rbp9 

and Bruno are observed. These markers likely reflect much broader changes in the 

transcriptional and post-transcriptional regulation of gene expression programs 

during cyst development.  

In situ hybridization suggests that the regulation of A2BP1 expression 

occurs at the level of transcription (data not shown). However given the 
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complexity of the A2BP1 locus, I cannot completely rule out the possibility that 

alternative splicing and translational regulation also restrict A2BP1 expression. 

Examining A2BP1 protein expression in various mutant backgrounds has allowed 

me to further subdivide cystic tumors. Although mei-P26, snf, rbp9 and arrest 

tumors morphologically resemble one another, A2BP1 expression shows that 

these mutants are arrested at different stages of differentiation. I favor a model in 

which loss of mei-P26 and snf blocks molecular differentiation prior to the 

induction of A2BP1 expression. The absence of A2BP1 expression within mei-

P26 and snf mutant germline cysts indicates that mitotic divisions can continue in 

the absence of molecular differentiation. These findings suggest mei-P26, snf and, 

by inference, sxl help drive cyst development to a point defined by A2BP1. In 

turn, A2BP1 promotes cyst progression towards a terminally differentiated state 

marked by reduced levels of Bam and Sxl and increased levels of late markers 

like Rbp9 and Orb. This hierarchy will be further refined as more molecular and 

genetic markers are identified. 

 Previous experiments demonstrated that developing germline cysts can 

undergo dedifferentiation, break-down into single cells and reacquire a GSC 

identity. These studies found that cysts are capable of dedifferentiation up until 

the 8-cell cyst stage but not after, suggesting that the cell fate of germline cysts 

becomes fixed shortly before or just after the last mitotic division. Our analysis 

shows A2BP1 plays a significant role in the final steps of cyst maturation before 



 
 

103 
 

egg chambers bud off of the germarium. This gene may also participate in 

regulating the developmental switch that locks cyst cells into their terminal fates. 

A2BP1 now provides a useful marker for further evaluating whether changes in 

gene and protein expression programs accompany the break-down of cysts during 

the process of dedifferentiation. 

 

II. Progressive germline differentiation depends on the ability to repress 

earlier programs 

What is the developmental function of A2BP1? A number of mutations 

that result in germline tumors have been isolated. Some of these mutations disrupt 

genes involved in the regulation of sex-specific splicing and germline sexual 

identity. Drosophila germline sexual identity is controlled by a group of genes 

expressed at early stages of oogenesis like ovo, otu, sxl and bam (Oliver, Pauli et 

al. 1990; Pauli, Oliver et al. 1993; Bae, Cook et al. 1994; Wei, Oliver et al. 1994; 

Casper and Van Doren 2006).  Mutations in these genes cause not only defects in 

sexual identity of female germ cells, but also ovarian tumors. However, the 

question of why defects in sexual identity result in tumorous phenotypes remains 

largely unresolved (Casper and Van Doren 2006) and connection between the 

ovarian tumor formation and the sexual identity has yet to be discovered.  Until 

recently, relatively little is known about the early stages of germ cell sexual 

development.  For that reason, much of the work on germline sex determination 
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has involved analyzing phenotypes at relatively late stages, even though many of 

the crucial events in germ cell development occur much earlier. This made it 

difficult to know whether a particular gene affects germline sexual identity or 

other aspects of germ cell development. Other mutations such as A2BP1 and 

arrest do not have a clear role in establishing sexual identity, suggesting that the 

disruption of other molecular pathways can also block cyst differentiation without 

affecting sexual identity.  

The emerging picture that comes out of the work presented here and 

previous results obtained with genes such as encore and arrest is that cysts must 

turn off earlier programs of gene expression in order to move on to the next stage 

of differentiation. For example, Bam expression must be repressed in 16-cell 

cysts. In encore and A2BP1 mutants, the expansion of Bam expression results in 

extra mitotic divisions and a subsequent delay in meiosis (Hawkins, Thorpe et al. 

1996; Van Buskirk, Hawkins et al. 2000). Significantly, bam null mutations can 

suppress both encore and weak A2BP1 mutant phenotypes ((Hawkins, Thorpe et 

al. 1996); Figure 3.10). Similarly, expansion of cytoplasmic Sxl and Cyclin A 

expression in arrest and A2BP1 mutants also correlates with an inability to enter 

meiosis. 

 Recent results show that Bam functions to repress the translation of 

Nanos through elements within the 3’UTR of nanos mRNA(Li, Minor et al. 

2009). There are also hints that Bam may cooperate with Mei-P26 to negatively 



 
 

105 
 

regulate miRNA mediated silencing in the cystoblast (Neumuller, Betschinger et 

al. 2008). Therefore repressors of gene expression that function to maintain GSCs 

must themselves be repressed before differentiation can proceed. This same theme 

is revisited later in cyst development where the expression of factors such as 

cytoplasmic Sxl and Bam must be turned off before the cyst can continue through 

differentiation. Failure to repress this early differentiation program results in extra 

mitotic divisions, failure to specify oocyte and nurse cell fates and an inability to 

enter meiosis. 

 

III. Molecular function of A2BP1 

A2BP1 contains a highly conserved RNA recognition motif (RRM). The 

mammalian homolog of this gene was first identified based on its association with 

Ataxin-2 in a yeast 2-hybrid screen. While the Drosophila homolog of Ataxin-2 

may function during oogenesis, I find little evidence that A2BP1 physically or 

genetically interacts with this protein in S2 cell extracts or during early cyst 

development (Figure 4.4). However, this conclusion is based on negative data and 

the findings that A2BP1 functions during nervous system development (Koizumi, 

Higashida et al. 2007) leaves open the possibility that these two proteins may 

interact with one another in different contexts. 

 Mammalian A2BP1 binds to UGCAUG RNA elements within introns 

and regulates the alternative splicing of specific messages (Jin, Suzuki et al. 2003; 
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Underwood, Boutz et al. 2005; Lee, Tang et al. 2009). Given that the amino acid 

sequence of the RRM domain in A2BP1 is 90% identical to its mammalian 

homologs, A2BP1 may also bind to elements similar to UGCAUG sites. The 

original study that defined the A2BP1 RNA binding elements in vitro showed that 

the protein associated with GCAUG sites with a slight bias for UGCAUG and 

AGCAUG sequences (Jin, Suzuki et al. 2003). Further in vivo work showed 

A2BP1 bound preferentially to UGCAUG sites (Underwood, Boutz et al. 2005). 

The cytoplasmic localization of A2BP1 protein in 4-, 8- and 16-cell cysts and its 

association with Bruno suggests the protein may participate in translational 

repression. Indeed, a small number of annotated Drosophila transcripts contain 

multiple UGCAUG and AGCAUG sites within their 3’UTRs. However, Bruno 

may also play a role in splicing (Park, Parisky et al. 2004). Determining whether 

A2BP1 functions to repress translation or regulate alternative splicing during cyst 

development will further enhance our understanding of the complex genetic 

hierarchies that control germline cyst development.  

 

IV. Future Aims 

In the following section, I will detail some future experiments that will 

further our understanding of A2BP1 function and how it might regulate the 

translational repression of its targets.  
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A. Identification of A2BP1-associated RNAs 

Based upon the RNA binding domain of A2BP1, its localization to 

cytoplasm and its interaction with a well known translational repressor, a 

reasonable prediction follows that A2BP1 protein will be found in protein-RNA 

complexes with translationally-repressed mRNAs. To identify the mRNAs 

associated with A2BP1 RNP complexes, future experiments will focus on the 

immunoprecipitation of A2BP1 followed by nucleic acid recovery and probing 

oligonucleotide microarrays.  

Using this approach, we should be able to identify the RNAs that are 

associated with A2BP1. Based upon IP-RTPCR experiments that I have done with 

A2BP1, I am convinced that a group of RNAs will be found in A2BP1 

immunoprecipitates. In addition, preliminary studies showed that A2BP1 pellets 

have significantly enriched RNA levels compared to our controls.  

 

B. Identification of A2BP1-associated Proteins 

Recently, a systemic examination of physical interactions between A2BP1 

and other RNA binding proteins revealed Bruno as an interactor of A2BP1. 

Following studies showed that A2BP1 and Bruno might be forming a complex 

together. I also recovered Cup, an eIF4E binding protein, from A2BP1 pellets in 

ovaries. Although I could not detect the interaction in S2 cells, this might be due 

to the lack of a key bridging factor in S2 cells. Drosophila Cup associates with 
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Bruno and regulates oskar mRNA translation in oogenesis (Nakamura, Sato et al. 

2004; Chekulaeva, Hentze et al. 2006). This suggested that A2BP1 might be 

functioning together with Bruno-Cup protein complex during mRNA translational 

repression.   

 To understand molecular function of A2BP1, two different approaches 

will be utilized in order to discover other A2BP1 interactors. First, a biochemical 

purification approach will be used: A2BP1 polyclonal antibodies will be used to 

immunoprecipitate endogenous A2BP1 protein from ovarian extracts and the 

pellets will be analyzed using mass spectrometry. One disadvantage of this 

method is that we will be pulling down all different isoforms of A2BP1. Since 

A2BP1 has multiple different isoforms with various functions in the nuclei and 

cytoplasm this approach will identify a big pool of potential partners. We are most 

interested in A2BP1 partners that function in the cytoplasm. To identify those; a 

tagged cytoplasmic A2BP1 isoform will be expressed with a tissue specific driver 

and extracts will be prepared. A2BP1 will be pelleted using the tag and the 

proteins in the pellet will be analyzed by mass spectrometry. This method will 

eliminate the nuclear partners of A2BP1 and enrich the samples for cytoplasmic 

partners. Second, yeast two hybrid (Y2H) screen will be performed using the 

cytoplasmic isoform of A2BP1. Y2H screens can reveal several A2BP1-binding 

proteins; it may not reveal the critical ones because of the nature of this technique. 

Y2H assumes binary interactions, which might not be true if A2BP1 needs an 
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intermediate protein to form a complex with another critical protein. Moreover, 

because of the high percentage of false-positive results, we may not identify the 

critical A2BP1-binding partner if the protein abundance of that partner is too low. 

In any case, both techniques will give us a pool of candidates from which we can 

further analyze.   
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