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Abstrac t  

Over the past decade considerable interest has grown in epigenetics and chromatin 

modifications. The ability of two cells with identical genomes to have entirely different 

transcriptomes and therefore cellular behaviors has piqued the curiosity of many researchers 

creating the whole field of Chromatin Biology. 

The difference in behavior of otherwise identical cells comes from an array of covalent 

modifications to protein spools wrapped by DNA in each cell. The complex of DNA and proteins 

is referred to as chromatin. Chromatin modifications influence the expression of regulatory 

proteins that control effectors of cellular physiology and metabolism. The outcome of protein 

function within a cell decides its fate from size, shape, function, the ability to divide or the lack 

thereof.  

The behavior of cells that can divide to give rise to themselves or progeny with a distinct 

specified function in an organism is of interest the biomedical community at large. These cells, 

called stem cells, hold promise in regenerative medicine to treat dystrophic diseases and injury. 

Work in cell culture systems shows that proteins modifying stem cell chromatin control their fate 

to a large extent. 

In this thesis I present to you, my efforts at understanding the role of a chromatin modifying 

complex: the Paf1 complex in the maintenance and differentiation of in vivo stem cell 

populations that control the maintenance of Drosophila ovaries. 
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Chapter  1:  Introduct ion 

Tissue homeostasis is essential for the survival of all metazoans. Tissue damage, which occurs 

in the course of physical and metabolic activity while interacting with the environment can 

adversely affect the fitness of organisms if not repaired. The repair of damaged organs, such as 

skin, bones, intestinal epithelium and the liver depends on cells that possess the ability to divide 

to give rise to cells of the required lineage, while maintaining a complement of cells with such 

ability. Such a complement of cells is referred to as stem cells. Understanding fundamental 

molecular mechanisms that control the ability of stem cells to function is potentially of immense 

therapeutic value.  

Cellular behavior and function is an outcome of the set of proteins it expresses. Multiple 

mechanisms including transcription control the expression of the correct set of proteins. 

The process of transcription, in turn, is heavily regulated at multiple levels to ensure the survival 

and viability of cells. At a very basic level, the availability of DNA in a physical conformation 

amenable for RNA polymerase function influences transcription. Eukaryotes regulate DNA 

availability to RNA polymerases, by controlling the packaging of nuclear DNA at any given time. 

 

Regulation of Gene expression through Chromatin 

Eukaryotic nuclear DNA wraps around proteins called histones. This complex of DNA and 

histone proteins is referred to as chromatin. Irrespective of sequence and length, DNA makes a 

turn of 147 bases around a histone octamer. This physical arrangement, referred to as a 

nucelosome, repeats throughout the length of nuclear DNA. This arrangement allows for 

efficient DNA packaging into the volume of a nucleus. Chemical modification of histones 

influences the affinity of DNA to the histones themselves. DNA may or may not be exposed and 

available for transcription depending on its affinity to the histone octamer in its modified state. 
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The exposed state of DNA, and therefore availability of DNA for transcription of genes, is the 

function of physical packing of DNA around histones. 

Covalent modifications of histone tails known thus far include acetylation, phosphorylation, 

sumoylation, ubiquitination, and methylation. A large body of experimental evidence compiled 

during the past several years has demonstrated the impact of histone acetylation on 

transcriptional control. Although histone modification by methylation and ubiquitination was 

discovered long ago, it was only recently that functional roles for these modifications in 

transcriptional regulation began to surface[1]. 

Chromatin modifications regulate what genes get transcribed in a cell. Different histone 

modifications localize to subsets of overlapping and non-overlapping chromatin loci. In concert, 

they influence the transcriptome and thereby the expression of proteins. The enzymes and their 

cofactors that chemically modify chromatin thus have a critical role to play in the behavior and 

function of cells and their tissues[2]. 

 

Paf1 complex mediated histone modifications 

Chromatin conformation can be altered in many ways. The histone octamer can physically be 

moved along DNA to expose a promoter or enhancer element[3]. Secondly, canonical histones: 

H2A, H2B, H3 and H4 can undergo a large number of chemical modifications at select residues 

of histone polypeptides [4]. 

For example Histone H3 alone can be mono-, di- or tri-methylated at Lysines 4, 9, 27, 36, 79. 

Different methylation states of Histone H3 polypeptide are associated different transcriptional 

outputs. Our focus shall remain on Histone H3 and the trimethylation of Lysine 4 (H3K4me3). 

Stretches of H3K4me3 on chromatin are strongly correlated with transcription initiation and 

elongation at that chromatin locus. 

 A prerequisite to H3K4me3 is monoubiquitination of Histone H2B at Lysine 120 (H2BmonoUb).  
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Fig1.1 Schematics of Drosophila ovarioles and the Paf1 complex 

A. Anterior to posterior layout of an ovariole. The germarium houses the stem cells and developing cysts. Maturing 
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germline cysts, containing 15 nurse cells and an oocyte, get surrounded by a single layer of follicle cells as they 

move to the posterior end. Mature eggs, where the cytoplasm of the nurse cells has been dumped forming one large 

cell, are located in the posterior of the ovariole. B. The germarium contains multiple somatic cell types including 

terminal filament cells, cap cells, escort cells, follicle stem cells and follicle cells. Together they house developing 

stages of egg chambers that include germline stem cells, cystoblasts, 2-16 cell cysts. Branching of the fusome, which 

is marked in red, distinguishes these stages of germline development in the germarium. The fusome is single and 

rounded in germline stem cells and branches to connect cell in the same cyst. Specified nurse cells undergo 

endoreplication to form polyploid nuclei as they continue to mature. C. The relative placement of Paf1, Rtf1, Cdc73, 

Ctr9 and Leo1 in the Paf1 complex. 

D. The E2-E3 ligase complex of Rad6 and Bre1 that functions with the Paf1 complex. 

 
 
 
In yeast, global H2BmonoUb levels are established by the E2-E3 ligase complex of Rad6 and 

Bre1. At least two different complexes endow selectivity of genomic locus to Bre1 activity [5]. 

The cofactors that endow selectivity to the machinery have known physiological and 

developmental outcomes.  

One such cofactor complex is the Paf1 complex. The Paf1 complex consists of the proteins 

Paf1, Cdc73, Rtf1, Leo1 and Ctr9 (Fig1.1C). The biochemical function of these proteins have 

been investigated extensively in yeasts; mouse and human cell lines [6]. Together with E2-E3 

Ubiquitin ligases: Rad6-Bre1 (Fig1.1D), Paf1c lays a monoubiqutin mark on Lysine 120 at 

Histone H2B (H2BK120) in metazoans. The mono-ubiquitin mark at H2BK120 is a prerequisite 

for trimethylation of H3K4 (H3K4me3) at the same nucleosome, by the methyl-transferase Set1. 

The methyl-transferase Set2 trimethylates H3K36 and DotCom methyl-transferase trimethylates 

H3K79 [7]. 

Studies in yeast demonstrate that the Paf1c positively influences trimethylation at H3K4 at a 

subset of chromatin loci rather than globally [8][9]. Loss of function each member of the Paf1c 

has the same outcome, a reduction of trimethylation at H3K4, though for different reasons. 

Cdc73 is the first to bind chromatin followed by Rtf1. Together, Cdc73 and Rtf1 serve as a 

platform to recruit the hetero-trimer of Paf1, Leo1 and Ctr9 [10]. Paf1 associates with Leo1 and 
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only in the presence of Ctr9 does this heterotrimer bind chromatin bound Cdc73. Although Rtf1 

can promote Histone modification in the absence of other subunits, as a whole the complex 

recruits the Rad6-Bre1: E2-E3 ubiquitin ligases to carry out monoubiquitination at H2BK120 at 

specific loci [11]. This is the basis of interdependence of each member of the Paf1c to allow for 

the H2BK120 ubiquitylation. 

 

Although the five members of this complex can be consistently co-immunoprecipitated in yeast, 

biochemical data clearly supports independent functions for Paf1, Ctr9, Cdc73, Rtf1 and Leo1. 

These functions include poly-adenylation of cognate transcripts and the 3’ end formation of a set 

of noncoding RNAs: snoRNAs[12].  Individual members of this complex also respond differently 

to signaling stimuli in the context of developing tissues [13][14][15][16][17]. 

 

Studies have been performed on yeasts and cell lines to ascertain the effects of loss of 

chromatin modifiers on the transcriptome as well as cellular behavior in response to impeded 

transcriptional initiation and elongation [18]. 

 

These experiments have informed snapshot views of cellular behavior under controlled 

environments. Since the Paf1 complex plays a role at transcriptional and posttranscriptional 

levels of protein expression, we wished to examine how the loss of function of members of the 

Paf1 complex affects cellular and tissue behavior in vivo. Drosophila ovaries provide a good 

system for studies as we discuss below. 

 

Tissue Development: Drosophila ovaries as a model system to study Paf1 complex 

function 

The fruit fly, Drosophila melanogaster, is an excellent model system that has a vast set of 

molecular tools and mutants to dissect the genetic pathways. Cellular arrangement, protein 
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expression patterns and localization can be visualized at very high resolution. Drosophila 

ovaries are constantly in a state of renewal. An adult organ system whose cells actively divide 

and differentiate throughout the life of an organism, not only in response to injury but as part of 

steady state development, would be ideal to studying tissue formation. Drosophila ovaries 

present a genetically tractable system. Each female Drosophila has a pair of ovaries. Each 

ovary has 13-16 tubule like structures called ovarioles (Fig1.1A). At the anterior tip of every 

ovariole is a structure called the germarium (Fig1.1B). The germarium houses two stem cell 

populations: Germline Stem Cells (GSCs) and Follicle Stem Cells (FSCs). 

By definition, stem cells have the ability to divide to give rise to themselves and differentiated 

daughters. The ability of stem cells to give rise to daughters with distinct cellular function and 

morphology holds great promise in regenerative medicine and yet, remains somewhat an 

enigma. Exploiting stem cell function to treat dystrophic diseases, injury and even aging drives 

considerable scientific investigation towards understanding mechanisms of stem cell renewal 

and differentiation. 

We directed our curiosity towards understanding stem cell behavior and thereby tissue 

development a little better. Stem cells form the basis of development of multicellular organisms. 

As development proceeds, populations of stem cells retain an increasingly narrower potential to 

differentiate into other cell types. The function of these cells in adults is restricted to the vital 

function of tissue specific regeneration and repair. 

In the germarium, somatic cells directly in contact with GSCs provide signals to GSCs in order 

to self renew. GSCs divide to give rise to cystoblasts that are removed from cap cells. Nanos 

expression in GSCs keeps them in a self renewing state. Cystoblasts, after the expression of 

the differentiation factors Bam, undergo four incomplete divisions to give rise to a sixteen cell 

cyst that expresses A2BP1. Cells in these cysts connected through ring canals. Follicle stem 

cells pial to the sixteen cell cyst provide daughter cells that form epithelial cells surrounding 

each developing egg chamber. One cell in the sixteen cell cyst gives rise to the oocyte that 
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forms the entire egg from nutrients provided by the remaining fifteen nurse cells.  

The linear arrangement of stem cells at the anterior followed by intermediate stages of 

differentiation and then the mature egg at the posterior provides and easily visualizable system 

from which much can be learnt [19]. 

In this Thesis, I present to you my investigations and findings regarding the role of Ctr9, Hyx, 

Leo1 and Bre1 in Drosophila oogenesis. I also include a peculiar set observations with three 

independent, validated RNAi lines targeting Ctr9 that do not phenocopy the knockout. 
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Chapter  2:  Hyx, Ctr9,  Leo1 funct ion in 

Drosophi la ovar ies  

Previous characterization of the Paf1 complex (Paf1c) in Drosophila development has been 

limited to Rtf1, Paf1 (Atms in Drosophila) and Cdc73 (Hyx in Drosophila). Drosophila homologs 

of Ctr9 and Leo1 homologs have not yet been identified. Based on basic homology searches of 

primary structures of proteins we identified CG2469 and Atu as putative homologs of Ctr9 and 

Leo1 respectively. The CG2469 protein product is 58% identical to human CTR9 and 78% 

identical over four conserved TPR domains. The Atu protein shows 47% identity over a 

coverage of 54% of Leo1. 

We overexpressed all members of Paf1c individually in the germline with nos-gal4. nos-gal4 is 

expressed in germline stem cells (GSCs) and 8-16 cell cysts. We observed no variation from 

wildtype stem cell numbers per ovariole or oogenesis in general. This leads us to believe levels 

of individual proteins in the Paf1c are not rate limiting in the process of oogenesis. It is possible 

however that concomitant overexpression of all five proteins would be required to influence 

oogenesis, and this hypothesis remains to be tested. 

CG2469 and Atu physically interact with Paf1 

A primary characteristic of proteins that are members of the complex is physical interaction with 

Paf1. Antibodies targeting Paf1, Rtf1, Cdc73, Ctr9 and Leo1 are unavailable. We coexpressed 

tagged proteins Flag tagged CG2469 and Atu with Hemagglutinin (HA) tagged Paf1 in the 

Drosophila gut cell line: S2, and coimmunoprecipitated both Flag tagged proteins as well as HA 

tagged proteins. Tagged Rtf1 was comimmunoprecipitated with Atms as a positive control 

(Fig2.1). When Flag-CG2469 was pulled down we saw HA-Paf1 in the lysate and vice versa.  
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Fig2.1 CG2469 (Ctr9), Atu (Leo1) and Rtf1 individually coimmunoprecipitate with Paf1 

 

Physical interaction between CG2469 and Paf1 was thus confirmed. Similarly we were able to 

establish interaction between Atu and Paf1. As expected, Rtf1 interacts with Paf1. 

Sequence homology and physical interaction with Paf1 strongly indicate the CG2469 and Atu 

are homologs of human CTR9 and LEO1. In order to definitively demonstrate CG2469 is a 

functional homolog of human CTR9, we decided to create a genetically defined null mutation of 

CG2469 and rescue the phenotype with a human CTR9 transgene. 

Generation of the CG2469 Knockout 

Through an ends out recombineering strategy detailed in Appendix I we replaced the CG2469 

ORF in the Drosophila genome with a knockout cassette. The following steps were taken to 

accomplish this task. 
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The bacterial artificial chromosome (BAC) 38M10 from the P[acman] library contains ~100Kb of 

chromosomal sequence from the left arm of the third chromosome with CG2469 roughly at the 

center. From this vector, 500bp sequences 7.5 Kb upstream and 4.3 Kb downstream of the 

CG2469 CDS were PCR amplified and stitched together in the same orientation. These 

are referred to as the left homology arm (LA) and the right homology arm (RA). The 

PCR design included a BamHI site separating the two arms. Through Gateway cloning 

the 1Kb PCR SOE product was introduced into a P[acman] vector which has an attB 

site that allows for PhiC31 mediated integration at a preintroduced attP landing site in 

the Drosophila genome. 

The next step was to transfer genomic DNA spanning 7.5 Kb upstream to 4.3 Kb 

downstream of CG2469 gene into the integration competent P[acman] generated 

above. This was achieved by transforming the P[acman] vector linearized by BamHI into 

recombination competent DY380 cells bearing 38M10 Bac. After suitable selection and 

sequence verification from the homology arms into the P[acman] vector, the CG2469 

was replaced in the construct with the Knockout cassette. 

The knockout cassette consists of 3XP3-RFP and Kanamycinr genes. The cassette was 

PCR amplified with 50bp upstream and downstream of the CG2469 ORF included in the 

forward and reverse primers respectively. This amplicon was transformed into DY380 

cells bearing the P[acman] vector containing the CG2469 gene region described above. 

A recombinant clone bearing the knockout (KO) cassette was selected and the 

replacement of the CG2469 ORF was verified by sequencing. This integration 

competent P[acman] vector bearing the KO cassette with 7.5Kb and 4.3Kb homology 

arms was injected into Drosophila larvae bearing an attP landing site at 68E on the 

second chromosome through PhiC31 mediated recombination. 
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Successfully transformed flies bearing the P[acman] vector on the second chromosome 

are termed donors. The KO cassette flanked by its 7.5Kb and 4.3Kb homology arms 

was mobilized by the induction of Flippase and ISCeI through heatshock.  

Progeny with RFP positive eyes from the above flies were balanced and checked for 

lethality over a deficiency uncovering CG2469 [Df(3L)BSC250]. One of these 37 

potential knockouts was lethal over the deficiency. The cause of lethality of this potential 

Ctr9 Knockout was mapped to a twenty kilobase region encompassing CG9149, CG2277, 

CG2469, CG9186, CG9153, Myo61F by crossing this chromosome into overlapping deficiencies 

[Df(3L)BSC431, Df(3L)BSC250, Df (3L)BSC289]. By balancing this chromosome over TM3-kr-

GFP, we determined that 2% second instar larvae were homozygous with no survivors seen in 

the next stage of larval development. Therefore a balanced stock of this chromosome was 

maintained. 

To verify correct integration of the KO cassette we performed a southern blot on this stock. XhoI 

digestion sites are present flanking the homology arms on 3L and in CG2469. The KO cassette 

lacks an XhoI site. Therefore, upon XhoI digestion of genomic DNA extracted from 

heterozygous adults, a single 15.4 Kb genomic fragment from the KO chromosome and smaller 

fragments from the wildtype chromosome would be expected. We probed for left arm and right 

arm digestion products with DIG labeled DNA probes on a southern blot. Fig2.2 shows that we 

found bands of expected sizes from wildtype control genomic DNA from yw flies and 

heterozygotes. We have thus shown that the CG2469 ORF has been replaced with the KO 

cassette (Fig2.2). 
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Fig2.2 A. Schematic of the gene region, XhoI digestion sites and probe locations (red bars) used to generate the 
Ctr9KO chromosome. B. Southern blot on XhoI digested genomic DNA with Left Arm and Right Arm probes: The left 
arm probe runs at the expected 10Kb in Wildtypes. An additional and expected 15.4Kb band is seen in 
heterozygotes. The Right arm probe runs at the expected 4Kb in Wildtypes. An additional and expected 15.4Kb band 
is seen in heterozygotes. 
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In order to confirm the complete loss of CG2469 protein product and further studies, we 

generated a polyclonal antibody against the 200 amino acids from the peptide (Appendix I). In 

Fig2.4A we show that this antibody recognizes a protein product in all cell types in the 

Drosophila ovarioles. To make sure CG2469 is specifically recognized, the antibody had to be 

tested in CG2469 null tissue. Since our knockout chromosome is homozygous lethal, we had to 

generate CG2469 null cells in adult heterozygotes through the induction of clones. 

 

Clonal analysis is an important tool in Drosophila to investigate the role of homozygous lethal 

alleles of genes in a cell autonomous manner. It allows us to generate homozygous mutant cells  

Fig2.3 Schematic of clone induction and timeline of analysis 
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in vivo in an otherwise heterozygous animal. Homozygous product cells of this process are 

referred to as clones. Clones are induced in heterozygous animals bearing Flippase 

Recombination Target sites (FRT) on opposite chromatids that carry the gene of interest, at the 

same loci. One chromatid bears the mutation while the other has the wildtype allele and a gfp 

marker in addition.  Flippase expression during mitosis when opposite chromosomes are 

juxtaposed, induces a recombination at FRT sites. Daughter cells bearing recombined 

chromosomes when separated are either homozygous for the wildtype allele or homozygous for 

the mutant allele. (Schematized in Fig2.3) Since gfp marks only wildtype chromosome, mutant 

cells lack GFP expression.  

In our experiments, Flippase is under the control of the heatshock promoter on the X 

chromosome. We used a three day, twice a day heatshock regime to induce GSC and FSC 

clones in our heterozygous animals. We recombined CG2469KO allele onto an isogenized 

FRT2A chromosome to generate clones. 

In Fig2.4B we show that GFP negative clones also lack staining with our anti CG2469 polyclonal 

antibody. This observation not only validates our polyclonal serum but also demonstrates the 

lack of CG2469 protein product from our CG2469KO allele. 

As previously discussed, the loss of CG2469 would be predicted to lead to global loss of 

trimethylation at H3K4. To test this prediction we stained for this chromatin mark in CG2469 

clones. In Fig2.5 we can clearly see that the loss of CG2469 leads to global reduction of 

trimethylation at H3K4. 

Rescue of CG2469KO homozygous lethality by human CTR9 would be a final test of functional 

homology. To this end we drove ubiquitous expression of HA tagged human CTR9 in the 

background of CG2469KO/Df(3L)BSC250 with da-gal4. In Fig2.6 we show a representative 

example of an adult ovariole from rescued progeny. While the number of rescued animals is half 

as expected from Mendelian ratios, this experiment conclusively demonstrates CG2469 is in 

fact the Drosophila homolog of human CTR9. CG2469 will now be referred to as Ctr9. 
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Fig2.4 The CG2469 polyclonal antibody is specific to the CG2469 protein product. 
A. CG2469 polyclonal antibody stains nuclei in all ovarian cell types. B. Upon clone induction, CG2469KO clonal 
nuclei (DAPI)(GFP negative) no longer show CG2469 signal (red). Scale bar represents 20 microns. 
 

 



 16 

 

Fig2.5 CG2469KO clones show loss H3K4 trimethylation. 
Somatic and Ctr9 KO clones (GFP negative DAPI positive.) show highly reduced H3K4 trimethylation (red) in their 

nuclei. Scalebars represent 20 microns. 
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Fig2.6 Ubiquitous overexpression of HA tagged human CTR9 (Red) with da-gal4 rescues 

lethality in Ctr9KO/Deficiency animals. Note the lack of endogenous Ctr9 (green). 
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Effects of the loss of Hyx, Ctr9 and Atu on ovarian stem cell maintenance through and 

Clonal Analysis 

P element insertions in Paf1, Hyx, Rtf1, Atu and Ctr9 are available. The P element insertions 

(P{lacW} and P{EP}) at the 5’ end of Rtf1 are homozygous viable with no wing defects [16]. 

Their viability stands in contrast to insertions in all other Paf1c genes. The central role of Rtf1 in 

assembly of Paf1c at chromatin has been worked out down to the structural level in other 

systems. Given homology of Drosophila Rtf1 with other species, homozygous lethality would be 

expected in Drosophila. Therefore, we assumed publicly available Rtf1 alleles do not affect Rtf1 

function. Rtf1 was therefore not included in our studies. 

A lethal allele of Paf1: P{ry[+t7.2]=PZ}atms[rK509] ry[506] is available. However, due to the 

proximity of paf1 to the FRT82B site, we failed to recover recombinants in spite of repeated 

attempts with a large number of flies. So Paf1 was left out of our analyses in spite of its central 

role in chromatin modification. P element insertions were available in Hyx, Ctr9 and Atu. A 

published Hyx allele P{EPgy2}hyxEY06898 was obtained from the Basler lab at ETH, 

Switzerland[14]. P element insertions in Ctr9 (PBac{SAstopDsRed}LL04961 and Atu 

(P{w[+mC]=lacW}Atu[s1938]) haven’t been published.  

Upon the generation of clones in each of these lines, we counted the percentage of germaria 

that bore GSC clones and FSC clones over time. We compared the percentages of Hyx, Ctr9 

and Atu clones to the behavior of wildtype clones over time. Wildtype gfp -/- clones bore no 

mutation and therefore behavior is expected be similar to gfp +/+ clones. 

We would have expected a reduction in mutant GSC/FSC clones over time, if the loss of any of 

the above proteins was of detriment to stem cell maintenance. 
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Fig2.7 Clonal analyses of Hyx, Ctr9 and Atu mutant alleles in GSCs and FSCs 

The column on the left shows clonal analyses in GSCs. The column on the right shows clonal analyses in FSCs. The 

Y axis in each graph depicts the percent of germaria bearing GFP negative clonal stem cells. The X axis depicts the 
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days post heat shock on which animals were sacrificed and counts performed. Black lines depict the behavior of 

control clones whereas the grey lines depict the behavior mutant alleles over time. (n=100-200 ovarioles per 

genotype per timepoint) 

 

Clonal analyses for Hyx, Ctr9 and Atu are shown in Fig2.7. We see the loss of Hyx function 

leads to a reduction in GSCs occupying the niche between Day 14 and 21. This loss of stem 

cells is not as rapid as caused by the loss of other factors required for stem cell maintenance 

[20]. Both CG2469 alleles and the Atu allele show no trends in GSC clones different from 

controls. 

Atus1938 alleles do not show any loss of FSCs over time. While the Ctr9 knockout (Ctr9KO) allele 

did not contribute to a loss of FSCs over time, the Ctr9 LL04961 allele shows a definite loss of 

FSCs from the germarium. We speculate that the PBac{SAstopDsRed}LL04961 element 

generates a truncated Ctr9 peptide is responsible for this aberrant phenotype. The presence of 

an unidentified secondary mutation on the same chromosome arm as CG2469 may also 

contribute to the loss of Ctr9 LL04961 clones over time. 

Hyx clones show an unusual increase in the percentage of germaria bearing clones over time. It 

is possible that Hyx heterozygotes have a more active heatshock promoters in FSCs than 

wildtypes. It is conceivable that there is residual Flipase activity in heterozygous FSCs, since 

the Flippase element is under the control of a heatshock promoter. This hypothesis however 

remains to be tested. Hyx-/- FSCs in fact outcompete wildtype cells. This is clear when the 

proportion of germaria bearing double FSC clones to the total number of germaria bearing FSC 

clones is examined. This proportion in control clones is about 55% while in Hyx-/- clones it is 

85%. From current knowledge of FSC maintenance, it is hard to place Hyx in a pathway that 

might explain this behavior. 

From the above data we conclude CG2469 and Atu are in fact homologs of CTR9 and LEO1 at 

least at the level of sequence homology and interaction with Paf1. The loss of Ctr9, Hyx and Atu 
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alone does not affect GSC maintenance. The varied responses of Ctr9, Hyx and Atu loss of 

function on FSCs suggests that Ctr9 and Hyx might not act in the same direction of FSC 

maintenance.   
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Chapter  3:  Ctr9 knockout s tudies  in the germline  

In the previous chapter we generated a clean knockout of Ctr9 to study loss of Ctr9 function. 

Since the knockout is homozygous lethal, clones were generated for all loss of function studies 

in homozygous mutant cells. 

In Fig 3.1 we show an ovariole bearing clones at Day 8 post induction. The different stages of 

egg chamber development are labeled in red over each egg chamber. 

In wildtype ovarioles, each cystoblast undergoes four incomplete mitotic divisions to form a 16-

cell cyst. One of the cells within the cyst is specified as an oocyte. The other 15 cells become 

nurse cells and undergo a number of rounds of endoreplication [34]. During the first five cycles 

of increasing ploidy, nurse cell DNA remains aligned in a polytene state, which manifests itself 

with the appearance of five chromosomal blobs, corresponding to each of the major 

chromosomal arms (Stage 5 of egg chamber development). After the fifth cycle, the 

chromosomes exhibit dispersion, resulting in the loss of their polyteny (Stage 6 onwards) [34]. 

Egg chambers lacking Ctr9 undergo regular development until stage 5 (Fig4.1B). However a 

change in DNA morphology in nurse cell nuclei in clonal egg chambers past stage six is 

strikingly obvious. DNA in later stage clones remains polytene and fails to disperse like wildtype 

nuclei. We investigated the expression of proteins that are known to influence dispersion of 

nurse cell DNA in a Ctr9 null background.   
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Fig3.1 Ctr9 clonal egg chambers retain polytene nuclei past stage 6 (Arrow in DAPI panel). 

Scalebar represents 20 microns. 

 

Proteins regulating polyteny in the Drosophila female germline 

Various mutants affect the regulated switch of nurse cell chromosomes from a polytene to non-

polytene state including ovarian tumor (otu), heterogeneous nuclear ribonucleoprotein at 27C 
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(Hrp27C), Half pint [35] Squid [36], Cup, Smn [37], Rhino [38], Cap-H2 [39], Smd3 [40], MrG15 

[41] and Poly [42]. Many of these genes encode RNA binding proteins, some of which function 

in splicing. While these proteins have not been ordered into a single linear pathway, several of 

them affect the proper splicing of otu pre-RNA. Strikingly, the Otu104 isoform rescues the nurse 

cell chromosome defects of Hrb27c, eIF4e, and sqd mutants. The molecular function of this 

specific Otu isoform in regards to nurse cell chromosome structure remains unknown. 

The molecular mechanism that integrates the function of above mentioned proteins remains 

unclear. So our results merely suggest that the loss of Ctr9 influences the expression levels or 

localization of a subset of the above mentioned proteins, as we discuss below. 

Loss of Ctr9 disrupts the organization of nuclear and cytoplasmic bodies 

Previous results established a relationship between the organization of nurse cell chromosomes 

and a number of nuclear and cytoplasmic bodies [22][43][44]. Given that loss of Ctr9 disrupted 

the normal dispersal of nurse cell chromosomes that occurs during stage 6 of oogenesis, we 

sought to determine whether Ctr9 mutant nurse cells also exhibited defects in nuclear and 

cytoplasmic sub-compartments.  We stained Ctr9 mutant clones with the same markers used to 

define the subnuclear accumulation of Ctr9 protein, including the nucleolar marker Fibrillarin, the 

Histone Locus Body marker Lsm11, the Cajal body marker Coilin and the U-body marker Smn.  

We focused on examining mosaic egg chambers that contained both mutant and control clones 

so that direct comparisons between protein expression and localization could be made in a 

controlled manner.  
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Fig3.2 Nurse cell DNA dispersal factors in Ctr9 clones 
A-D Fibrillarin, Lsm11, Coilin, Smn show reduced levels or a change in localization in Ctr9 clones compared to Gfp 
positive wildtype clones. E-G. Hrb27c, Hfp, eIf4e show no changes in expression or localization in Ctr9 clones. 
Scalebars represent 20 microns. 
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Fibrillarin staining revealed that loss of Ctr9 results in a change in nucleolar morphology, 

consistent with previous studies that show disruption of nurse cell chromosome dispersal results 

in nucleolar phenotypes (Fig3.2A). In addition, Ctr9 mutant nurse cells also displayed a striking 

reduction in overall Fibrillarian levels within the nucleus. These observations suggest that the 

loss of Fibrillarin staining in Ctr9 mutant nurse cells may reflect differences in nucleolar 

architecture. 

Loss of Ctr9 also caused changes in Lsm11 expression and localization to Histone Locus 

Bodies (Fig3.2B). The intensity and number of Lsm11 positive Histone Locus Bodies clearly 

decreased in Ctr9 mutant clones relative to neighboring control cells. Likewise, the low levels of 

Coilin staining observed throughout the nuclei of control cells were not present in Ctr9 mutant 

clones (Fig3.2C). Despite this apparent reduction in Coilin expression levels, Coilin positive 

Cajal bodies were still often observed in Ctr9 mutant cells, suggesting that loss of Ctr9 did not 

disrupt the formation and maintenance of these nuclear sub-domains.  

A previous study linked Smn and the U-bodies this protein marks with the normal dispersal of 

nurse cell chromosomes [45]. We stained clonal egg chambers with antibodies directed against 

Smn to test whether the expression and distribution of this protein changed in Ctr9 mutant nurse 

cells. This analysis revealed that Ctr9 mutant cells exhibited a striking change in the number of 

Smn marked bodies in the nurse cell cytoplasm (Fig3.2D). In control cells, Smn marks multiple 

small U-bodies present throughout the nurse cell cytoplasm. By contrast, Ctr9 mutant clones 

carry a reduced number of enlarged Smn positive U-bodies, suggesting that Ctr9 may regulate 

the normal formation these structures and/or the activity of Smn, in direct or indirect manner. 

Given previous studies, these observations may in part provide a possible explanation for the 

chromosome dispersal phenotypes displayed by Ctr9 mutant nurse cells. 

Ctr9 does not regulate several other chromosome dispersal factors 

Heterogeneous nuclear ribonucleoprotein at 27c (hrb27c), Eukaryotic Translation initiation factor 

4E (eIF4e) and Half pint (Hfp) encode three RNA binding proteins that regulate the process of 
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chromosome dispersal normally seen in stage 6 nurse cells. We performed 

immunohistochemistry to test whether Ctr9 influences the expression or localization of these 

proteins. These experiments showed that the overall expression levels and the localization of 

nuclear Hrb27c, Hfp and eIf4E remained unaffected by loss of Ctr9 (Fig.3.2E,F,G), ruling out the 

possibility that the chromosome dispersal phenotypes observed in Ctr9 mutant cells are caused 

by misregulation of these three proteins. 

Ctr9KO rescue with human CTR9 

Of note, Ctr9KO/Df(3L)BSC250 females ubiquitously expressing the human CTR9 transgene not 

only rescue homozygous lethality, but partially rescued the chromosome organization defects of 

Ctr9KO homozygous clones. This suggests that human CTR9 could at least partially rescue this 

particular aspect of the Drosophila Ctr9 phenotype (Fig4.3A). 

However, these females remained sterile, suggesting that either the da-gal4 did not drive 

expression of the rescuing transgene in the correct pattern or at the correct levels.  

Ctr9KO homozygote lethality can be rescued by ubiquitous expression of human CTR9. 

However, the defect in chromosome dispersion in nurse cells is not completely rescued (Fig3.3). 

A possible explanation for the sterility of both Ctr9KO homozygote females and 

Ctr9KO/Df(3L)BSC250 flies is the divergence of amino acid sequences between Ctr9 and human 

CTR9. The divergence of sequence conceivably leads to incomplete conservation of function. 

Another possible explanation for incomplete rescue of the nurse cell DNA dispersal in rescued 

Ctr9KO homozygotes is the presence of a second mutation outside the region uncovered by 

Df(3L)BSC250. It is also possible that da-gal4 expression isn’t at high enough levels in all cells. 
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Fig3.3 Human CTR9 rescues lethality but not polyteny in Ctr9KO homozygotes 
Complete dispersion of nurse cell DNA is not seen in Ctr9KO homozygotes rescued by human CTR9 (DAPI). Smn 
remains localized in large perinuclear aggregates like in Ctr9KO clones (Red). 
 

Summary: 

The failure of human CTR9 to rescue fertility and DNA dispersion in nurse cells hints either at 

some functional divergence between the two proteins or some mutation in the Ctr9 gene region 

that prevents nurse cell DNA dispersal in a homozygous condition. We clearly observe Ctr9KO 

clones retain polytene structure of chromosomes and this maybe due to the disruption of 

cytoplasmic and nuclear bodies required for snRNP assembly. 
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Chapter  4:  Ctr9 s tudies  in GSCs through RNAi 

Clonal analysis is genetically a very clean way of studying cellular phenotypes of homozygous 

lethal mutations in adult tissue. Questions of cell autonomy are directly addressed with internal 

controls. However, the process of generating clones takes at least a week post eclosion and 

makes studying the phenotype of perturbations in combination with mutations tedious, 

especially on the same chromosome. 

We decided to construct RNAi lines targeting Ctr9 in the pValium20 vector in order to perform 

loss of Ctr9 function studies in vivo without the delay inherent in clonal analysis (Appendix 

II)[21].   

Knockdown of Ctr9 in the GSCs was achieved by driving three RNAi lines independently 

targeting different exons of Ctr9 with nanos-gal4::VP16 (nos-gal4::VP16) at 25°C. Ctr9 

knockdown was verified through Ctr9 immunostaining and verifying the loss of H3K4me3 

(Fig4.1B, ii.1) Strikingly, Ctr9 knockdown resulted in a pronounced accumulation of polyploid 

cells within germaria, consistent among all three RNAi lines (Fig4.1B, Figii.1A). We detected 

ploidy by proxy by counting the number of Histone locus bodies per cell as marked by Lsm11 

(Fig4.2). Histone Locus bodies are aggregates of Lsm11 and Sm like proteins formed at an 

expansive locus on the second chromosome from where histones H2A, H2B, H3 and H4 are 

transcribed [22]. While a single Lsm11 focus was observed in each WT cell, up to four foci of 

Lsm11 implying four second chromosomes were observed in Ctr9 knockdown cells in germaria. 

In all cases the germline is ultimately lost, leaving behind empty ovarioles consisting exclusively 

of somatic cells. The onset of this phenotype occurs at different days post eclosion in the three 

different knockdown lines. In a population of knockdown ovarioles, we observe the first polyploid 

cells on the first day post eclosion in the RNAi line from Bloomington (#33736), on the seventh  
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Fig4.1 Design, phenotype, and dynamics of Ctr9 RNAi 

A. The target exons of RNAi line 1 (exon 4) and 2 (exon 3) that we designed and the RNAi line from Bloomington 

(exon 6). B. Ctr9 (Green) is expressed throughout the germline and soma in the control animal +;;nos-gal4::VP16 

and Wildtype packaging of germline nuclei (White). Ctr9 is undetectable si1-Ctr9KD  and siBl-Ctr9KD germlines at 

Day7 and Day1 post eclosion respectively. Note the large nuclei in Ctr9KD germaria (White). Scalebars represent 20 

microns. C. Y axis represents the percentage of wildtype, emptying and empty germaria in each genotype. Control 

si1Ctr9 and nos-gal4::VP16 animals consistently show wildtype nuclear appearance in the germarium at Days 3, 7 

and 14 post eclosion (X axis). si1Ctr9KD animals show increasing percentages of emptying germaria (containing 

large nuclei) that ultimately empty out over time. n= 350 to 400 germaria per genotype per timepoint. 

 

day post eclosion in the RNAi line 1 and at two weeks post eclosion in RNAi line 2.  The 

quantitation of this phenotype for RNAi line 1 is presented in Fig4.1C.  RNAi line 1 and the 

Bloomington line, knockdown animals are infertile post eclosion and RNAi line 2 animals 

become infertile three weeks post eclosion. These phenotypes can be completely rescued in 

RNAi line 1 with both human CTR9 and CG2469 transgenes (Figii.2). 

 

Fig4.2 Ctr9KD cells in the germarium are polyploid 

Control germline cells show a single focus of Lsm11 per cell. CtrKD nuclei in the germarium show multiple Lsm11 

foci per cell indicating polyploidy (Arrowheads). Scalebars represent 20 microns 
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The rescue experiment suggests that Ctr9 contributes at least partially to the RNAi phenotype. 

With the caveat that RNA interference often has off target effects, the data as they stand 

suggest Ctr9 has a role to play in germline maintenance. 

To characterize the cell cycle of Ctr9KD germline cells, we examined the expression of Cyclin E, 

which is expressed at highest levels by GSCs in the G2 phase of the cell cycle. CycB along with 

CycE is required for GSC maintenance [23][24].  

We saw no difference in the expression of CycB in Ctr9KD and wildtype germaria (Fig4.3B). 

However, upon Ctr9 knockdown, at day seven with RNAi line 1 CycE is expressed in more cells 

upon Ctr9 knockdown than in wildtype cells (Fig 4.3A).  

Our interpretation is that CycE expression is retained in Ctr9KD cells even after displacement 

from the niche while it is lost in wildtype cysts. Previous observations agree with our data that 

CycE is expressed in the majority of wild type GSCs in Drosophila ovaries, but not in 

differentiating cysts [23]. Indeed, Ctr9KD cells retain molecular markers of stem cells while 

expressing no known differentiation markers (FigA3-5).  In GSCs, Cyclin E expression peaks in 

the G2 phase, but remains active throughout the cell cycle. Quantitation of the levels of CycE 

activity through the cell cycle remains uninvestigated. Overexpression of Cyclin E leads to a 

slight overproliferation of GSCs it would lead to G2-M exit, increasing the number of mitotic 

GSCs [25]. Therefore we decided to test if Ctr9KD GSCs show increased mitosis. 

To test if Ctr9KD leads to higher GSC mitosis, si1Ctr9 was driven with nos-gal4 in a bam null 

background. No differentiation occurs in bam null germline and these ovarioles are therefore full 

of GSC like cells that possess single rounded fusomes. Upon Ctr9 knockdown we saw a five 

fold increase in the percent of Bam null germline cells undergoing mitosis as marked by 

phospho-Histone H3 (Fig4.4). Also, dividing Ctr9KD bam null cells appear to undergo 

incomplete division as marked by the branching of fusomes (Fig4.5). Branched fusomes are 

also observed in wildtype multicellular germline cysts all of which are incompletely divided. 
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Fig4.3 Ctr9KD cells show retention of Cyclin E in the germarium. 
A. Cyclin E is expressed in all wildtype germline stem cells. Upon Ctr9KD (Day 7), CycE is expressed in cells 

towards the posterior in 40% of emptying germaria.  
B. Cyclin B expression is seen a in wildtype GSCs. No variation of Cyclin B expression was observed in Ctr9KD 

(Day 7) germaria. Scalebars represent 20 microns 
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Fig 4.4 CtrKD GSC like cells undergo higher rates of Mitosis. 

A. A comparison of phospho-Histone H3 positive (pH3+ve) (mitotic) cells in the germline of Bam null ovaries and 

Bam Null Ctr9KD ovaries. B. Tabulated data for the graph in A. Each row represents the number of pH3 positive 

germline cells and total germline cells in a single ovariole. 
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Fig4.5 Ctr9 KD leads to incomplete divisions in GSCS like cells in Bam null ovarioles 

Hts staining in Bam null germline cells shows single rounded fusomes. si1CtrKD in these cells leads to fusome 
branching which represents incomplete divisions (Day7 shown in figure). The number of such cysts and percentage 
of such emptying ovarioles over time is shown in the graphs. 
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In incompletely divided cells we imagined two scenarios that might lead to polyploidy. A failure 

of anaphase would lead to the formation of a single, undivided polyploid cell. Also, it is 

conceivable that the collapse of such multi-cellular cysts, due to degeneration of ring canals 

resulting in a syncytium that appears to be a single large polyploid cell.  

A combination of these cytological events can also result in polyploidy. Live imaging of Ctr9KD 

GSCs with fluorescently marked spindles would be ideal to verify this hypothesis. However, the 

duration of imaging demanded by such an experiment exceeds known limits on live Drosophila 

ovaries. Therefore we limited our experiments to imaging Ctr9KD cells in fixed tissue. 

Polyploidy through spindle misorientation and anaphase failure 

We considered the possibility that multiple spindles arising from defects in centrosome numbers 

per dividing CtrKD germline cell would disallow proper partitioning of replicated chromosomes 

into two daughter cells. To test this hypothesis, gamma tubulin was stained to examine 

centrosome numbers nos-gal4>si1Ctr9 germaria. At very low penetrance (2 of 20 dividing cells 

from sixty ovarioles) multiple centrosomes in each cell were observed (Fig4.6B). 

The presence of multiple centrosomes in a single cell raises that possibility of multiple spindles. 

To visualize mitotic spindles, we examined nos-gal4>si1Ctr9 ovaries in a background of nos-

gal4::VP16, UAS-α-tubulin::GFP (Bloomington stock). In two anaphasic cells in our sample of a 

hundred ovarioles, we found misorganized spindles.  In comparison, two GSCs in anaphase 

were observed in a sample of sixty ovarioles, with spindle fibers originating symmetrically on 

either side of the nucleus and ending at the metaphase plate (Fig4.3A). In Fig4.3B we show a 

Ctr9KD polyploid cell where two independent spindles originate on one side of the cell and 

without contacting DNA, terminate on the other side. As consequence of such misorientation of 

spindles, it is possible that mitotic chromosomes are not separated into two individual cells but 

remain within one giant polyploid cell. 
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Polyploidy through cyst collapse 

Another avenue leading to polyploidy is the collapse of incompletely divided cells in a cyst, 

leading to a single multinucleate cytoplasm. The differentiating daughter of a stem cell, the 

cystoblast, undergoes four incomplete divisions forming a sixteen cell cyst. Incomplete divisions 

refer to each cell being connected to a sister cell through a ring canal at the end of mitosis. The 

ring canal is formed when the mitotic cleavage furrow halts before the completion of cytokinesis. 

Proteins such as Kelch and Pavarotti localize to the ring canal [26]. To determine whether cysts 

collapse on themselves because of dilating ring canals, we visualized Pavarotti localization. 

When Ctr9KD cells expressing ubi > Pavarotti::GFP were examined, frayed ring canals were 

clearly observed as opposed to closed circular ring canals in WTs (Fig 4.6A). Such 

Pavarotti::GFP localization was observed in 5% germaria (n=60). 

Given that we observe both spindle misorientation and collapsing cyst like cellular states albeit 

at very low penetrance, it is possible that Ctr9KD leads to both conditions in different 

populations of cells or sequentially in the same population. 

In summary, we observe incomplete divisions of GSCs, centrosome defects, spindle defects 

and dilating ring canals in the germline upon Ctr9KD. This sequence of events occurring in the 

same germline cell is a plausible explanation for observed polyploidy. However, the low 

penetrance of cellular defects shown above in CtrKD germ cells suggest other phenomena that 

we haven’t conceived and therefore not tested. Simultaneous live cell imaging of fluorescently 

tagged centrosomes, mitotic spindles and cytoskeletal structures would be the most promising 

technique to test this sequence of events. Until imaging techniques for the required time frame 

of this experiment become available, we acknowledge that these data indicate, but do not verify 

this posited sequence of events leading to polyploidy.  
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Fig4.6 Ctr9KD Germline cells show frayed ring canals and multiple centrosomes per cell 
A. The ring canal marker Pavarotti::GFP localizes to the nucleus and forms rings at the junction of cells in a cyst in 
wildtype cells. Upon Ctr9KD it is clearly frayed and no longer forms circular rings at cellular junctions in 5% germaria 
(n= 60  , Day7) (Arrowhead). B. The centrosome marker gamma tubulin localizes to either side of a nucleus ready to 
undergo mitosis in a wildtype cell. Upon Ctr9KD cells with multiple centrosomes are observed (2 germaria in 
60)(Day7). Centrosomes were not seen in the remaining germaria. 
 

 

 

 



 39 

 Fig 4.7 Multiple spindles in the same cell observed upon Ctr9KD in the germarium. 

A. One GSC in 30 wildtype germaria showing the classic mitotic spindle. B. One out of the two cells in 100 siBL-
Ctr9KD germaria showing mitotic spindles (Day1). The series goes through a Z stack where the fronts of two different 
spindles are marked by blue and red asterisks progress through the same cell without visibly contacting DNA.  
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Germline clearance over time upon Ctr9KD is p53 dependent 

Ctr9KD leads to cytological disturbances that lead to clearing of the germline. It has been shown 

in mammalian cell culture studies that aneuploidy and tetraploidy arising from spindle defects 

can result in p53 dependent non apoptotic cell death [27]. To get a glimpse into cellular 

pathways that control clearing of the germline over time, we decided to knockdown Ctr9 in the 

background of p53 reporter [28]. The reporter consists of the p53 response element upstream of 

GFP. p53 reporter cells express GFP in response to p53 activation. It has been shown to 

faithfully represent p53 activity in response to DNA damage. If p53 activation in response to 

mitotic stresses such as slippage and aneuploidy are conserved between mammals and 

Drosophila, p53 reporter activation would be expected in Ctr9KD animals. 

Ovaries from si1Ctr9/+; p53R-GFP, nos-gal4/+ animals were examined for p53 activation. While 

the GFP expression in controls was very weak (Fig 4.8A), it was robustly expressed in all 

ovarioles upon Ctr9KD in the germarium (Fig 4.8B). We suspect driving Ctr9 RNAi leads to 

mitotic stress that contributes to p53 activation.  

To test if the clearance of the germline from Ctr9KD ovarioles was due to p53 activity, we drove 

si1Ctr9 in a p53ns/k1 background, which has both null alleles of p53 in trans. At Day 7 post 

eclosion we found no empty germaria in these animals (n=73). Day 7 post eclosion is when 

si1Ctr9KD leads to 70% empty ovarioles (Fig4.9C). The stark suppression of this phenotype by 

the loss of p53 strongly suggests p53 activation as seen above contributes to clearing of the 

germline in Ctr9KD ovarioles. 
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Fig4.8 The p53 reporter is activated upon Ctr9KD in the germarium and p53 null alleles 
suppress germline clearance due to Ctr9KD 

A. p53 reporter activity in wildtype germaria. B. p53 Reporter is robustly activated in all si1-Ctr9KD germaria (Day7). 
(Green: Reporter, Magenta: Hts, Blue:DAPI). C. si1-Ctr9KD germaria (Day7) showed no empty ovarioles in the 
background of p53K1/p53NS alleles n=73. 
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Fig4.9 Nuclear Ctr9 enriched foci colocalize with histone locus bodies 
A, B. Yellow nuclear foci show overlap of Lsm11 (red) and Ctr9(Green) in the germarium and egg 
chambers. Scalebar represents 20 microns C. Overexpressed human CTR9 also colocalizes with Ctr9 at 
nuclear foci. Scalebar represents 5 microns 
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Ctr9KD modifier screen 

To get a glimpse at the molecular mechanism through which germline Ctr9KD yielded our 

observed phenotypes, we decided to place defined mutations in the background of germline 

Ctr9KD. A variation in the phenotype due to a heterozygous mutation would suggest a role for 

the mutant gene in clearing the germline upon Ctr9KD. 

The list of candidate genes was constructed from top CG2469 interacting peptides from the 

Drosophila Protein interaction Map (DPiM) where mutant alleles or deficiencies were available 

(Table in Fig 4.9A, genes in green and blue). We also chose genes whose protein products 

localize to Histone Locus bodies where Ctr9 is enriched (Fig 4.8). Heptamers of Lsm11, Lsm10, 

SmdB, SmD3, SmE, SmF and SmG process histone transcripts at Histone loci to prevent their 

polyadenylation together with SLBP, Symplekin, CPSF-73 and p100. SmD1 and SmD2 are 

proteins that substitute Lsm11 and Lsm10 in the heptameric ring to process non histone 

transcripts [29][30][31][32]. 

At Day 7 post eclosion, we find that single copy mutations of p100, Smd1, Smd2, SlBP and cct-

gamma in the background of Ctr9KD lead to a complete loss of the germline (n=6 pairs of 

ovaries per genotype). This is much higher than 70% empty ovarioles in control Ctr9KD alone 

ovaries. The broad theme in which these proteins function is RNA processing. This suggested 

to us that Ctr9 maybe involved in RNA handling though this experiment does not help us specify 

at which level(s). 

14-3-3 and CycE mutations halve the percentage of empty ovarioles or more. In mammals,    

14-3-3σ prevents mitotic catastrophe after DNA damage[33]. Because its role hasn’t been 

investigated in the Drosophila germline, we refrain from speculating as to its role in suppressing 

Ctr9KD. The suppression of the clearance of germline by two independent alleles of CycE adds  
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Fig4.10 A. Candidate modifiers of Ctr9KD B. Enhancers and suppressors of Ctr9KD dependent germline clearance. 
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credence to this result. CycE retention in Ctr9 KD cells and this modification of Ctr9KD germline 

clearance by CycE mutations suggest that CycE contributes at least in part to the removal of 

cells from the Ctr9KD ovarioles. 

The modifier screen has given us a handful of candidates whose interaction with Ctr9 can be 

explored further. 

Polyploidy is not observed in Ctr9KO clones up to 21 days post heat shock 

To reconcile the phenotypic difference between Ctr9KO clones and Ctr9KD, we induced Ctr9KO 

clones and looked for any polyploid clones specific time points over the course of 21 days 

(Fig4.4). 0% polyploidy was observed in all clones over all timepoints. Since Ctr9 KD driven by 

nos-gal4 is active from the time of primordial germ cell specification, we also induced clones in 

larvae and saw no polyploidy well into adulthood. 

We speculated that Ctr9KD leaves GSCs lacking Ctr9 but also full of double stranded RNA. It is 

conceivable that cellular stress induced by dsRNA expressed at high levels induces the Ctr9KD 

phenotype. To test this hypothesis, we drove the expression of other RNAi lines in the 

background of Ctr9KO clones. We verified that these RNAi lines driven alone did not have a 

germline phenotype up to 21 days of adulthood. In Fig4.5 we show Ctr9KO clones in the 

background of 5 different RNAi lines at Day 14 post heat shock induction. None of these 

animals showed any polyploid clones, thereby disproving our hypothesis. 

We considered the possibility that the CtrKD phenotype is an off target effect. It is unlikely that 

three independent RNAi lines would have the same off-target. Even so, showing that Ctr9 RNAi 

still has a phenotype in the background of Ctr9KO clones would prove that the Ctr9KD phenotype 

is an off target. We were unable to test this hypothesis because bringing the hsFlp element 

together with RNAi vectors in the same animal proved impossible. This possibility remains open 

until it can be tested. 
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Fig4.11 No polyploidy is observed in Ctr9KO clones in the germarium up to 21 days after 

heat shock. 
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Fig4.12. Driving dsRNA in Ctr9KO clones does not lead to polyploidy. 

Five dsRNA driven in Ctr9KO clones (Day14 )(n>50 per genotype) examined. Scalebars represent 20microns. 
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Summary: 

We find that Ctr9KD in the germline triggers the following events. Cyclin E expression is 

retained in GSCs. Ctr9KD cells retain GSC markers and do not express differentiation markers. 

Ctr9KD GSC like cells hyperproliferate and daughter cysts of Ctr9KD GSCs appear to collapse 

and/or show spindle misorientation ultimately leading to large polyploid nuclei in the germarium. 

Ctr9KD triggers p53 activation that plays a role in the clearance of the germline from ovarioles. 

The fact that the Ctr9KD phenotype can be rescued both by Ctr9 and human CTR9 transgenes 

suggests that Ctr9 has at least some role to play in Ctr9KD dependent polyploidy and ultimate 

germline clearance. 

The discrepancy in the knockout and RNAi phenotypes is not due to the lack of germline Ctr9 

for a shorter duration in clones. The presence of dsRNA in the background of Ctr9 loss also 

does not induce polyploidy. However, Ctr9 contributes to preventing polyploidy in the germline 

at least partially. These results lead us to a model where RNAi lines targeting Ctr9 may also 

affect the expression of a redundant protein leading to polyploidy. The knockout exclusively 

targets Ctr9 expression without affecting the putative redundant protein(s) therefore not leading 

to polyploidy.   
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Chapter  5:  Conc lus ions and Discuss ion  

The chromatin modifying complex that consists of Paf1, Rtf1, Cdc73, Ctr9 and Leo1 has 

established roles in chromatin modification in yeasts and mammalian cell lines. The lack of 

annotated homologs of essential members CTR9 and LEO1 that are conserved from yeasts 

through to humans intrigued us. We show that CG2469 and CG1433 are their Drosophila 

homologs respectively. The functional homology of CG2469 and CTR9 is more definitively 

supported by the rescue of Drosophila CG2469KO lethality by human CTR9. 

Following the findings that suggest the requirement of individual members of the Paf1c 

embryonic stem cell maintenance[46], we decided to study the role of Paf1 and associated 

proteins in two adult stem cell populations controlling Drosophila ovary development. Previous 

attempts to study the role of these proteins in development of zebrafish and Drosophila have 

revealed functions in Notch and Wnt signaling pathways [47][15][13][17][16]. Our attempts have 

examined their roles in a genetically defined, cell autonomous fashion that Drosophila as a 

system allows. In thematic agreement with previous findings in zebrafish [48], we find that 

essential components of the complex, Hyx, Ctr9 and Leo1 might play different roles in 

maintenance of different stem cell populations. 

Our inquiries into function of Ctr9 in the Drosophila germline reveal a peculiar discrepancy 

between RNAi and knockout phenotypes. The Ctr9KD phenotype is strongly reminiscent of the 

yeast Ctr9 knockout phenotype that leads to chromosome missegregation [49]. The rescue of 

the Ctr9KD by overexpression of both CG2469 and human CTR9 transgenes suggests that Ctr9 

at least in part contributes to Ctr9KD effects in the germline. The fact that Ctr9KO clones do not 

phenocopy the Ctr9KD result suggests that RNAi targeting Ctr9 has an off target effect on a 

protein redundant with Ctr9.  
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A scenario where three independent RNAi have the same off target effects seems unlikely. Our 

attempts to bioinformatically search for transcripts that could be effective targets of all three 

RNAi lines have been futile.  At this point however, this remains our best hypothesis. 

Our studies have largely been limited to investigating the affects of loss of function of proteins 

through immunohistochemistry. Accurate molecular analysis of the function of our proteins 

relevant to our tissue of interest demands the ability to purify germline cells at distinct stages of 

development. Biochemical analysis from whole ovaries is likely to reflect an average from a host 

of different cell populations within the tissue. Since transcripts of Paf1c members are found in a 

large number of tissues, somatic cell culture studies may not reveal their germline specific 

functions.  

However, available techniques can effectively be employed to investigate the role of Paf1c 

proteins under multiple stresses such as starvation, infection, genomic instability, aging etc. 

Our findings challenge correlations being made between global H3K4 trimethylation and stem 

cell maintenance. A caveat remains that the reduction of global H3K4 trimethylation we observe 

does not reveal locus specific information or subsequent alterations to the transcriptome. We 

conclude that an in depth view of chromatin modifications from in vivo stem cell populations 

would be ideal to assess the role of chromatin modifiers in stem cell maintenance. 
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Appendix I :   

 Mater ia ls  and Methods 

 

Generation of the CG2469 Knockout: 

The Ctr9 Knockout was generated by the method described in Chan CC. et al 2012[50].  

Briefly, the PCR product amplifying the ey-RFP/Kan cassette, with ~50 bases upstream and 

downstream of CG2469 included in the forward and reverse primers respectively, was 

homologously recombined onto the BAC 38M10 (obtained from DGRC, Bloomington, IL) in the 

DY380 strain on E. coli.  

The forward primer employed 

was:  5’ACCGGAATGGAAAAAATATAGTTTTTTGCACATTCTCCGATTTCAGCACATTTTTATA

AGTTTTcGCGCCCACCCTTATAACTTC3’.  

The reverse primer employed was: 

5’CCCACCCTTTGCTGCTGCGCAGCTCTCGAAGACAACTCTAAATATAGTCAAAAGTGATTT

AACACGGTTGAGAGGTGC3’.  

The replacement of CG2469 ORF with the RFP/Kan cassette on the BAC was sequence 

verified. The RFP Kan cassette will hence be referred to as the knockout (KO) cassette. This 

BAC construct will now be referred to as the KO BAC. 

DNA including regions 7.5Kb upstream (left arm) and 4.3 Kb downstream (right arm) of the 

knockout (KO) cassette from this BAC DNA was transferred to a P[acman] vector by 

homologous recombination in DY380 cells. This construct was then injected into flies for 

integration into the 68E attP site with phiC31 integrase.  
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The P[acman] vector was generated as follows: 500 basepair regions flanking the left arm-KO 

cassette-right arm DNA were PCR SOEd with a BamHI site between the flanks. Using Gateway 

cloning this 1000 bp fragment was placed in a gatewayized P[acman] vector. This Pacman 

vector, linearized completely with BamHI restriction digestion was co-transformed with KO Bac 

DNA.  

The KO BAC bearing flies will now be referred to as donor flies. The KO cassette with its 

homology arms was mobilized in the fly genome by the induction of hs-Flp and hs-ISCeI. 

Progeny were screened for RFP positive eyes, which marks the mobilized element integrated 

into the genome. For checking integration into the correct locus, RFP positive animals were 

balanced over TM3 and subsequently crossed into a deficiency [Df(3L)BSC250 from 

Bloomington Stock Center] uncovering the CG2469 locus. We scored for lethality of the KO 

cassette over the deficiency. One stock, lethal over the deficiency, out of 37 potential knockouts, 

was used to generate clones with the FRT site at 2A and staining demonstrated the loss of Ctr9. 

The FRT2A chromosome used for recombination with CG2469 KO cassette was isogenized. 

The integration of the KO cassette with its homology arms at the correct locus was verified by 

southern blotting. 

 

The knockout was verified by southern blotting. Homozygous lethality of Ctr9 Knockouts (KOs) 

was mapped to a twenty kilobase region encompassing CG9149, CG2277, Ctr9, CG9186, 

CG9153, Myo61F by crossing the Ctr9KO chromosome into overlapping deficiencies 

[Df(3L)BSC431, Df(3L)BSC250, Df (3L)BSC289). Also, clones of this allele showed loss of 

H3K4 trimethylation (Figi.2).  
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Southern blotting: 

Briefly, genomic DNA was extracted yw, donor and dCtr9KO/TM3 flies. This was accomplished 

by freezing 30 flies of each genotype at -80 degrees centigrade for 30 minutes. The flies were 

ground in 200uL Buffer A [100mM Tris HCl (pH7.5), 100 EDTA, 100mM NaCl, 0.5% SDS] and 

incubated at 65 degrees Celsius for 30 minutes. 800uL LiCl/KCH3COO solution (1 part 5M 

KCH3COO stock with 2.5 parts 6M LiCl stock) was added to the lysate and incubated on ice for 

ten minutes and spun for 15 mins at RT. The supernatant was precipitated with equal volumes 

of chilled isopropanol and spun down. The pellet was ethanol washed, dried and resuspended 

in TE. 

10ug of DNA from each prep was digested overnight at 37Deg C with XhoI. In parallel, regions 

in the left and right homology arms were amplified from yw genomic DNA as probe templates. 

The primer sets used were as follows: 

Left arm :  

Forward - 5’ GGCCATTGACGAATGGAGTT3’ 

Reverse – 5’ AGGACCACAAGGCACTGGAA 3’ 

Right arm:  

Forward – 5’ TGGTACCCATCCGTCGGTAG 3’ 

Reverse – 5’ TGACCATGTGACGTGCTTCC 3’.  

The amplicons were gel extracted, boiled for 5 minutes and placed on ice. 10X Dig labeling mix, 

dNTP mix (both from Roche) and Klenow fragment from NEB was incubated overnight at 37 

degrees centigrade.   

Each digest was split into two parts and run on a 4% agarose gel. The fully run gel was 

denatured (in 1.5M NaCl, 0.5M NaOH for 45 minutes), depurinated (0.2N HCl, for 15 mins), 

neutralized (1M Tris pH7.4, 1.5M NaCl, 7% HCl). The gel was then transferred downward to a 

Nitrocellulose membrane from GE using the conventional buffer bridge method. After 
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crosslinking the membrane with 1200 units of UV light, the membrane probed with a left arm 

probe and right arm probe described in FigI.1A. After stringency washes, and anti Dig antibody 

probing, the gel was developed with CDP STAR solution. 

In FigI.1B, we see the expected sizes of bands probed for the left arm and right arm of the 

knockout construct.  

Antibodies 

Mouse monoclonals anti HA(1:100 for IHC) (Covance), Rabbit anti GFP (Invitrogen) Fibrillarin 

(1:2000 for IHC)(38F3 Abcam) H3K4me3 (1:1000 for IHC)(Cell signaling) mouse monoclonal 

anti Hts (1:20 for IHC)(1B1, DSHB, Iowa), rabbit polyclonals against Lsm11(1:1000 for IHC), 

Lsm10(1:1000 for IHC), Coilin(1:1000 for IHC) (Gifts from Joe Gall), monoclonal anti Smn 

(1:700 for IHC)(gift from Spyros Artavnis-Tsakonas) rabbit anti eI4e(1:1000)(Gift from Ji Long 

Liu), mouse monoclonal anti Half Pint (1:10 DSHB, Iowa), mouse anti gamma tubulin (1:100 for 

IHC GTU-88 Sigma). Charles Taylor generated the guinea pig anti Bre1 antibody in the lab. 

Generation of Drosophila Ctr9 antibody 

Guinea pig polyclonal sera against the CG2469 protein product were generated as follows. The 

first six hundred nucleotides of CG2469 cDNA were PCR amplified and cloned into pDest 17 

using gateway cloning. BL21-AI cells transformed with a sequence verified clone were grown in 

LB medium to an OD of 0.4 and induced with arabinose. 4 hours after induction, the culture was 

spun down and 6His tagged antigen was purified on a Ni column. The eluate was injected into 

guinea pigs and their serum was harvested by Covance. 

Overexpression of Drosophila Ctr9 and Human CTR9 in flies. 

Drosophila Ctr9 and Human Ctr9 ORFs were amplified from LD24034 (BDGP) and NM_14633 

(Origene) cDNA plasmids respectively with a 5’CACC overhang incorporated into the primers. 

These amplicons were cloned into the pPHW construct through Gateway cloning with a pENTR 

intermediate. The pPHW constructs were injected into M{3xP3-RFP.attP'}ZH-96 (Drosophila) 
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and EM{3xP3-RFP.attP}ZH-2A (Human) sites in Flies by Rainbow Transgenics CA. w+ 

transformants were used to establish stocks.  

 

 

Immunohistochemistry 

Briefly, the Adult ovaries were dissected in PBS at room temperature. The tissue was then fixed 

with 4% formaldehyde in PBS with nutation for ten minutes at room temperature. Three washes 

with PBST (0.4% Triton X100) of ten minutes each were performed and the tissue was 

incubated with the appropriate concentration of antibodies with nutation, overnight at four 

degrees Celsius. After three ten minute washes with nutation at room temperature, samples 

were incubated with appropriate fluorescently tagged secondary antibodies (all diluted to 1:200) 

for two hours at RT with nutation. The samples were then washed three times in PBST for ten 

minutes each and mounted. Imaging was performed with a Zeiss Lsm510 and an Zeiss Lsm710 

microscopes.  

 

Co-Immunoprecipitation and the generation of tagged constructs 

CG2469 and Paf1 were amplified with from cDNA constructs LD24034 and LD37523 

respectively from obtained from the DSHB. Through Gateway cloning CG2469 and Paf1 cDNA 

was then cloned into pAFW and pAHW constructs respectively. Maxi preps (Invitrogen) of 

sequence verified clones were employed for coimmunoprecipitation. 

Briefly, two wells of S2 cells, plated overnight to 40% confluency were transfected with 

combinations of (pAF-CG2469+pAH-Paf1), pAF-CG2469 and pAH-Paf1 each, using the 

Effectene reagent (Qiagen).  1ug of each plasmid was used per transfection. After 48 hours of 

incubation the cells tranfected with respective combinations of DNA were lysed by passing 

through a 27 gauge syringe six times. The debris was spun down and 10% of the supernatant 

was stored at -80C as input. The remaining lysate from each combination was divided into two 
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parts. HA tagged Paf1 was immunoprecipated with 10uL, lysis buffer equilibrated, anti-HA 

agarose beads from one part and Flag-Tagged CG2469 protein product was 

immunoprecipitated with 10uL, lysis buffer equilibrated, anti-Flag agarose beads (Invitrogen) 

from the other by overnight incubation with nutation at 4 degrees Celsius. 

The beads were then spun down and boiled in sample buffer for 10 mins. The supernatant from 

the boiled beads from each combination was probed separately with Anti HA( Roche), Anti-Flag 

(Invitrogen) antibodies on a western blot. 
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Appendix II :  RNAi l ine generat ion and 

Character izat ion  

 

Generation of RNAi lines 

To investigate the function of the Bre1, Atms (Paf1), Rtf1, Hyx, Atu (Leo1) and CG2469 in 

germline stem cell maintenance we decided to take advantage of pValium20 vectors [21]. Unlike 

other RNAi vectors in Drosophila pValium20 vectors allow for efficient knockdown of genes in 

the germline as well as the soma. 

Targeting siRNA sequences were chosen according the Designer of Small Interfering RNA 

website (http://biodev.extra.cea.fr/DSIR/DSIR.html) which is based on a formula calculated by 

Vert et al. 2006 [51]. The algorithm excludes sequences that aligns with more than 16 bases 

with any other transcript thus minimizing off target effects. As a secondary attempt at minimizing 

off target effects, sequences from the top five hits were manually blasted to ensure minimal 

overlap with other genes, to strike a balance between efficacy and best possible targeting of 

knockdown. 

The two targeting sequences targeting each of the above genes were picked. The following 

oligoes were annealed in a pairwise manner and cloned into pVAlium20 vectors. 

 

 

1siBre1plus 5’ctagcagtCTTAATTAATGTTAAGTTAAATAGTTATATTCAAGCATATTT

AACTTAACATTAATTAAGgcg 
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1siBre1minus 5’aattcgcCTTAATTAATGTTAAGTTAAATATGCTTGAATATAACTATTTA

ACTTAACATTAATTAAGactg 

2siBre1plus 5’ctagcagtGATCGTACAGGTTATTGATAGGTTATAGTTATAT 

TCAAGCATATAACCTATCAATAACCTGTACGATCgcg 

2siBre1minus 5’aattcgcGATCGTACAGGTTATTGATAGGTTATATGCTTGA 

ATATAACTATAACCTATCAATAACCTGTACGATCactg 

1siPaf1plus   5’ctagcagtGGTCATATTTGACAGTGATCCTAGTTATAT 

TCAAGCATAGGATCACTGTCAAATATGACCgcg 

1siPaf1 minus 5’aattcgcGGTCATATTTGACAGTGATCCTATGCTTGAATA 

TAACTAGGATCACTGTCAAATATGACCactg 

2siPaf1 plus   5’ctagcagtCAACCTGCCGGATATACCATTTGATTAGTTAT 

ATTCAAGCATAATCAAATGGTATATCCGGCAGGTTGgcg 

2siPaf1 minus 5’aattcgcCAACCTGCCGGATATACCATTTGATTATGCTTG 

AATATAACTAATCAAATGGTATATCCGGCAGGTTGactg 

1siRtf1 plus 5’ctagcagtACTCGATAGCGTATCTGGTTGTAAATAGTTAT 

ATTCAAGCATATTTACAACCAGATACGCTATCGAGTgcg 

1siRtf1 minus 5’aattcgcACTCGATAGCGTATCTGGTTGTAAATATGCTTG 

AATATAACTATTTACAACCAGATACGCTATCGAGTactg 

2siRtf1 plus 5’ctagcagtGAACCAATCGTGGATTGAGACTTAATAGTTATA 

TTCAAGCATATTAAGTCTCAATCCACGATTGGTTCgcg 

2siRtf1 minus 5’aattcgcGAACCAATCGTGGATTGAGACTTAATATGCTTG 

AATATAACTATTAAGTCTCAATCCACGATTGGTTCactg 
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1siCG2469 

plus 

5’ctagcagtCGTTCGAGATCGCGCTCAAAGTAGTTATATTC 

AAGCATACTTTGAGCGCGATCTCGAACGgcg 

1siCG2469 

minus 

5’aattcgcCGTTCGAGATCGCGCTCAAAGTATGCTTGAATA 

TAACTACTTTGAGCGCGATCTCGAACGactg 

2siCG2469 

plus 

5’ctagcagtAGTTCAACTTTGTGCTTAACCTAGTTATATTCAA 

GCATAGGTTAAGCACAAAGTTGAACTgcg 

2siCG2469 

minus 

5’aattcgcAGTTCAACTTTGTGCTTAACCTATGCTTGAAT 

ATAACTAGGTTAAGCACAAAGTTGAACTactg 

1siHyx plus 5’ctagcagtCGACGCAAATAGTATGTTACATAGTTATATT 

CAAGCATATGTAACATACTATTTGCGTCGgcg 

1siHyx minus 5’aattcgcCGACGCAAATAGTATGTTACATATGCTTGAATATA 

ACTATGTAACATACTATTTGCGTCGactg 

2siHyx plus 5’ctagcagtGACAGGCTGTACTACATTATGTAGTTATATTCAAGCA 

TACATAATGTAGTACAGCCTGTCgcg 

2siHyx minus aattcgcGACAGGCTGTACTACATTATGTATGCTTGAATATAAC 

TACATAATGTAGTACAGCCTGTCactg 

1siAtu plus ctagcagtCGGAGTCCTTTACGCACAAGATAGTTATATTCAAGC 

ATATCTTGTGCGTAAAGGACTCCGgcg 

1siAtu minus aattcgcCGGAGTCCTTTACGCACAAGATATGCTTGAATATAAC 

TATCTTGTGCGTAAAGGACTCCGactg 

2siAtu plus ctagcagtAGATCAGGTTCGTTGCAAAGTTAGTTATATTCAAGC 

ATAACTTTGCAACGAACCTGATCTgcg 
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2siAtu minus aattcgcAGATCAGGTTCGTTGCAAAGTTATGCTTGAATATAAC 

TAACTTTGCAACGAACCTGATCTactg 

 

Upon injection of siRNA bearing vectors into the M{3xP3-RFP.attP'}ZH-68E site and 

establishing stocks, each line was crossed into crossed into da-gal4 to ubiquitously knockdown 

target genes. Only transformants whose knockdown progeny were lethal in this cross were 

chosen for further studies, since all known hypomorphic alleles of these genes are homozygous 

lethal. 

As a next step, individual lines were crossed into nos-gal4 and raised at 18,25 and 29 degrees 

celsius in separate batches to test if different levels of knockdown changed the severity of a 

possible phenotype. All dissections were performed on day 7 post eclosion. 

 

The results are summarized in the following table. 

 

Sequence Phenotype at 18 25 29 

Si1CG2469 Polyploidy in Germarium Polyploidy in Germarium Polyploidy in Germarium 

Si2CG2469 Polyploidy in Germarium Polyploidy in Germarium Polyploidy in Germarium 

Si1Rtf1 Complete germline loss Complete germline loss Complete germline loss 

Si2Rtf1 No change wrt WT No change wrt WT No change wrt WT 

si1Paf1 No change wrt WT No change wrt WT No change wrt WT 

si2Paf1 No change wrt WT No change wrt WT No change wrt WT 
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si1Hyx No change wrt WT No change wrt WT No change wrt WT 

si2Hyx No change wrt WT No change wrt WT No change wrt WT 

si1Atu No change wrt WT No change wrt WT No change wrt WT 

si2Atu No change wrt WT No change wrt WT No change wrt WT 

si1Bre1 No change wrt WT No change wrt WT No change wrt WT 

si2Bre1 No change wrt WT No change wrt WT No change wrt WT 

 

Only siRNA targeting CG2469 showed consistent results, albeit at differing penetrance at day 7 

post eclosion. Antibodies for proteins that we targeted are not publicly available which precludes 

the possibility of verifying knockdown through IHCs. Our inability to purify germline cells where 

nos-gal4 is driven further disallowed a meaningful examination of transcript levels of Paf1, Rtf1, 

Hyx, Leo1, and Bre1 through RT PCR upon downregulation. 

Polyclonal sera that we raised against the first two hundred amino acids of CG2469 clearly 

demonstrate a reduction in CG2469 levels in the germarium upon knockdown with both RNAi 

lines. They show polyploid cells in the germarium (Figii.1A) and a consistent reduction in the 

levels of H3K4 trimethylation staining in knockdown cells (Figii.1B). We can rescue the 

phenotype by overexpression of CG2469 and human CTR9 transgenes. As a control for dilution 

of gal4 by excessive UAS sites we simultaneously drove UAS GFP in the background of 

CG2469 knockdown, which showed no rescue (Figii.2B,C,A). With this rescue we can safely 

refer to CG2469 as Drosophila Ctr9. Both RNAi lines targeting CG2469 were used for further 

studies (Chapter 3). 

Figii.1. A. si2-Ctr9KD with nos-gal4::VP16 shows polyploid cells in the germarium (Day14) B. si1-Ctr9KD 
and si2-Ctr9KD with nos-gal4::VP16 shows reduction in germline H3K4 trimethylation in the germarium 
(Day7 and Day14 respectively). Scalebars represent 20 microns. 
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Figii.3 Ctr9KD cells retain the expression of self renewal factors 
A. A reporter of DPP signaling, dad-lacZ remains activated in cells that move away from the cap cells in si1-Ctr9KD 
cells (10% germaria, n=83, Day7). B. Nanos expression is retained in all si1-Ctr9KD germaria (Day7). Scalebars 
represent 20 microns. 
 

Figii.4 Ctr9KD cells in the germarium do not express differentiation factors 
Expression of A2BP1, C3G and Bam is completely abolished in si1-Ctr9KD germaria (Day7, n=50 to 75). Scalebars 
represent 20 microns. 
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Figii.5 A. Expression of Armadillo is unaffected in si1-Ctr9KD germaria (Day7). B. Coilin localization in Ctr9KD 
germaria is similar to wildtype GSCs. Scalebars represent 20 microns. 
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Preliminary characterization through immunohistochemistry revealed that Ctr9 knockdown 

GSCs at Day7 post eclosion retained self renewal factors such as Nanos  (100% penetrance) 

and expanded responsiveness to DPP signaling from cap cells as judged by dad-LacZ 

expression (10% penetrance)(Figii.3A,B). Differentiation markers such as A2BP1, Bam and the 

synaptonemal complex marker C3G were not expressed in any Ctr9KD germaria (FigII.4). The 

distribution of Coilin, which is diffused in the nucleus of wildtype GSCs but punctate in 

differentiating daughters, remained diffused in Ctr9KD cells in the germarium (20% penetrance) 

(Figii.5). Taken together, that it appears that Ctr9KD in the germarium leads to a loss of Ctr9 

function and knocked down cells retain GSC markers. 
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Appendix III :  Bre1 s tudies  in GSCs  

The E3 ligase Bre1 is the business end of known chromatin modification functions of the Paf1 

complex. Together with the E2 ligase Rad6, the Histone H2B lysine 120 monoubiquitination of 

chromatin function of Bre1 is given locus specificity by the Paf1 complex [52][53]. Bre1, like Ctr9 

is expressed in all cell types in Drosophila ovarioles (Figiii.1A). As yet, chromatin modifying 

functions of the Paf1c operating through another effector have not been reported. As we have 

shown in the case of Ctr9 clonal germ cells, Bre1 germline clones also show global loss of 

H3K4 trimethylation (Figiii.1B). In contrast to Ctr9, Bre1 clones are lost from the stem cell niche 

over time (Figiii.1C). 

We examined the expression of the GSC maintenance factors Nanos and E Cadherin in GSC 

clones of Bre1. In FigIII.2.B we show that no difference in expression levels of Nanos or E 

cadherin are seen in Bre1 clonal GSCs when compared to their adjacent wildtype neighbors. 

Premature expression of the differentiation factor Bam in Bre1 GSC clones could also lead the 

loss GSCs over time. A representative image in FigC.2B shows that no premature expression of 

Bam was observed in Bre1 null GSCs. Bre1 null cells do not undergo any form of cell death as 

evidenced by presence of otherwise normal looking GSCs, cysts and egg chambers (Figiii.2C). 

Xuan T et al [54] found that pMad levels, which indicate responsiveness to DPP signals from the 

niche, are reduced in Bre1 clones. The necessity of active DPP signaling in GSCs has for long 

been established in the field. This would suggest that the reduction in DPP signaling in Bre1 

clones puts them at a disadvantage for occupation of the niche. Once displaced, they undergo 

normal steps of differentiation. It is not yet clear what specific chromatin regions or non histone 

proteins targeted by Bre1 maintain stem cells in a self renewing state. 
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Fig iii.1. A. Bre1 expression is seen at high levels in all cell types in Drosophila ovarioles. B. Loss of Bre1 through 
two alleles Bre1P1541 and Bre1E132 consistently show loss of GSCs over time (n>300 germaria per genotype per 
time point. N=4 experiments). C. Clones of both Bre1 alleles also show loss of global H3K4 trimethylation. Dotted 
lines outline clones. 
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Figiii.2 Bre1 clones show no defect in expression of maintenance factors of 

differentiation factors 

A. A schematic of E cadherin, Nanos and Bam expression in germaria. B. Bre1 GSC clones do not show a difference 
in E cadherin and Nanos expression compared to adjacent control clones. No premature Bam expression was seen 
in Bre1 GSC clones.  
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Figiii.3 Unexplored phenotypes in Bre1 clones. 

A. Regular arrangement and polygonal shape of follicle cells is lost in Bre1 clones as visualized through E-cadherin 
staining in clones of two different alleles of Bre1. B. Bre1 clonal nurse cell nuclei are larger than their adjacent 
wildtype cells C. Bre1 null GSCs go develop to morphologically normal eggs. 
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We observed two additional phenotypes in Bre1 clones with full penetrance. Patches of Bre1 

null follicle cells over egg chambers were not arranged in a regular polygonal array like adjacent 

wildtype follicle cells. Also, nurse cell nuclei in partially clonal egg chambers are larger than 

adjacent wildtype nurse cells (Figiii.2A,B). There is no precedence for the latter observation in 

the Drosophila germline literature. Further investigation is needed to uncover the link between 

the loss of Bre1 and the follicle cell and nurse cell phenotype.  

While neither we, nor Xuan T et al have been able to conclusively demonstrate an abrogation of 

known stem cell maintenance mechanisms, we concur that Bre1 is required for Drosophila 

female GSC maintenance. 

We conclude from our data, that Bre1 is essential for GSC maintenance and affects follicle cell 

organization and nurse cells nuclear size. We believe with the appropriate tools the real 

mechanism behind Bre1 function in Drosophila can be worked out with greater accuracy. 
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