Characterisation of genes involved in early oogenissin

Drosophila melanogaster.

A thesis submitted to the University of Manche$terthe degree of Doctor of

Philosophy (PhD) in the Faculty of Life Sciences.

2012

Nicola Ford



Contents

FIGURES ...ttt ettt e ettt e e e h et e e e ek bt e e ek b et e e ekttt e e e abbeeeesabbeeeesabbeeeesabbeeeeaas 5
ABSTRACT oottt ettt ettt e e ettt e e e sttt e e ettt e e e et be e e e e tbee e e e Ebe e e e ettt e e e et te e e e e tbeeeeatbeeeeataeeeeannes 6
DECLARATION ettt ettt ettt e e ettt e e s st b e e e e atbe e e e s et teeeeeasbeeeesasbeeeesasbaeeesasbneeesastenaeaas 7
COPYRIGHT STATEMENT  oeiiiiiitiiie ittt ettt sttt e e st e e st e e e sstteeesssseeeessnsseeeesnsseeesansseeesanneees 7
ACKNOWLEDGEMENTS ...oiiiiiiiiee ittt ettt ntee e s tte e e e sttt e e e e tbe e e e antteeeesntbeeeeansaeeeeansaeeeennees 8
INTRODUCTION TO THESIS AND CO-AUTHOR CONTRIBUTIONS ...cccoiiiiiiiee i 9
ABBREVIATIONS ..ttt ettt ettt e e ettt e e s sb bt e e e et b e e e s aabe e e e s abbeeeesabbeeeesanbeeeeans 12
CHAPTER 1. INTRODUCTION L...uitiiiiiiiiiieeiiie ettt ettt e st e e s nntae e e s nnbnee e e e 15
L TISSUE HOMEOSTASIS ..uttiutettrteutetestenestessesessesesessensessenessesesessessenessensesessensesessentesenseneessenessensesessensens 16
2 STEM CELLS ...ttt sttt ettt et et b e s r et bt bt ettt be s e e b e s b s b sb e b e saeeb e bt eae e s e e e e 17
2.1 What are Stem CeIISZ....uuiiireieriiniiesieiitrsitnst e sis s sis st st s s e s s se s ss s sssssessssasanes 17
2.2 Maintaining stem Cell POPUIALIONS....c.uceviresirssirssirssirssiissiissiissiisisssissstsssissstssssssssssssssssesseees 18
2.3 Intrinsic and extrinsic signalling in sStem Calll......cccceveeerereererrrnrrercsrereseeresencesnescsneseseenenes 19
2.4 WhY StUAY STEM CEIIS2...eerreereeercerrsnresceereiercrnnessnresenesesnssssassssssesessesessssesassssasessssasensassnes 23
P R =Yg Lo = ST TUPPTUPPOPPPPPPPPPPIRt 24
p Y o 11 o T TP PP 26
S DROSOPHILA OVARIES ... .cueetiieiteterietesietetestentetesteseste st estestebeseeststessesessenessessesesbensesesteneesesneesessesessensne 27
3.1 Why use Drosophila as a model SYSteM2......cccccererererrercnerceerereerernnscsnesesnesssssssssesesneses 27
3.2 Drosophila ovary structure and 00gENESIS......ccvuerrerssersserssirssirssinssinssinssinsssssnsssssssssssssens 29
3.3 Germling StEM CEIIS...ccieeiieiritreere ettt ss s s s s s sessssasessssasas 34
3.3.1 Self-renewal and differentiation.............cccoovviriieinie e 34
3.3.2 Adhesion and MaiNtENaNCE...........cocuiiiiiieiee et 40
3.4 Cyst progression and germline differentiation....c..cceeeeveenseesserssirssenssenssinnsinnseensenssenssensnen 41
TR o] o o= | N 46
3.6 Follicle cell differentiation; epithelial cellsstalk cells and polar cells......c..cceeuerrurrrurruennnen. 47
................................................................................................................................................... 49
A oot [= e (=T T o= 50
3.7.1 Follicle stem cell MaiNtENANCE...........uuiiiiieeiiiieiee e e 50
3.7.2 Follicle stem cell self-renewal and prolif@aa..................cccoeeiiiiiiiii s 52
3.8 External factors which affect stem cell behauio........ccecvvrevvvsvrirevsvsesirerscnirecennens 53
0 C 700 I A1 1 11T o PP PUPPPPR 53
R T N o o] o] (01 PP PPUPPPPR 56
3.8.3 HOrmoNeS and the OVALY.......coueaiiiiiiiiiiiie ettt e e e e 57
3.9 Effects of ageing in the Drosophila OVary......cccccevevererceercinnesiniessrsstnscisscisscssssssescneeaes 57
4 GENETIC SCREEN FOR IDENTIFYING GENES REQUIRED FOREN CELL REGULATION......ccceerveeriereenns 58
4.1 AIMS OF PrOJECL.ceerrrerereereirrerrrsrntesenesereseseesesesesssesessesessessssssssassssasssessassssessssssssassssssesssnases 63
CHAPTER 2. RESULTS PART Lutoitiiiiiiiiie ettt e nntae e e nntae e e s nnnaea e e e 70

THE RNA BINDING PROTEINS ATAXIN 2 BINDING PROTEIN-1 AND GEMIN-3, COOPERATE TO REGULATE

SOMATIC AND GERMLINE CELL DIFFERENTIATION DURINGDROSOPHILA MELANOGASTER OOGENESIS 71

Y 4511 = Lo P 72
10T 1 o3 1o ] o 73
Y =T 1 o T 76
Fly Stocks and MaintENaNCE. ........ocuuiiiiiie et ee e e e 76
(D[S STl (0] L= TP PPPPR PP 76
Antibody and Actin immunoflUOrESCENCE........ccoiiiiiiiiiiii e 77
Polymerase Chain Reaction, Reverse TranscriptidgrRerase Chain Reaction............. 78
= Lol (= Tod 1 0] o] T ] (=1 I OSSR 78



PhenotypiC @NalYSIS.......ccuuiiiiiie et a e 79
RESUIS .ttt ittt sttt s st s sis st st e s s s s ssesssassssasessssasessasssnssssass 80
A2bp 1€ homozygotes do not undergo normal differentiation.............c.coceeveeene... 80
A2bp1l and Gemin3 are involved in the A2B81** phenotype..........ccccoevvvicicececce 81
A2bpl and gemin3 regulate the supply of both geerdind follicle cells......................... 82
A2bpl and Gemin3 regulate the Drosophila oogertbs@igh inhibition of SxI function.. 83
D EST o U L= o] o R 88

A2bpl and Gemin3, two RNA associated proteinstifimto control germline differentiation.
.................................................................................................................................... 88
A2bpl and Gemin3 function through regulation of@d Oda..........cccccceevviiiiiieeeeninnns 89
Ectopic Notch signalling in the germline suppresgesnline mitosis..............ccccvvveeeeennn. 91
Functional links between of A2bpl and GEMINS..........cccciiiieie e 92

F o (Lo (=T [0 T=T 0 0= o] £ 94

LTS (=TT 0o =T 95

0 U= 99

CHAPTER 3. RESULTS PART 1. .utiiiiiitiii ettt ettt ettt 115

DISRUPTION OFGLUCURONYL TRANSFERASEl ACTIVITY IMPAIRS ESCORT AND FOLLICLE CELL

CONTRIBUTIONS TODROSOPHILA OOGENESIS....c.ccutitiieuirieneetestenessesteessesseessessessensesessesessessenessessenens 116
1 T 117
10T o3 1o ] o 118
Y11 [0 0 £SO 121

Fly Stocks and MaintENaNCEe.........coiviiiiiiee e e et e e e e e s e e e e e e s e e e e e s e snnenaeees 121
DI =Tt 1 o] o H PP PP PR 121
Coracle,aSpectrin and Faslll immunofluoresence...........ccccvvveveeeeeiiiciieeee e, 122
Polymerase Chain REACHAN. .........oocuiiiiiiie e 122
Reverse Transcription Polymerase Chain Reaction.............cccccooiviiiiiiineeiiiniiiiee, 123
ReSsCuUe CONSLIUCE GENETATION. ... ..ottt e e e e 124
In situ probe generation and in situ hybridisation..............cccccccoiiiiii e, 124
Phenotypic @nalySiS.... ... it 125
RESUIS cuerteriiiirersiniitrersisiiirnsi sttt sassse st sessass st sassass st s e ssassse st ssassasssasssssassasness 127
Loss of function of GICATI disrupts Drosophila ongsis............cccoccvvieiiiiiieiiiiie e, 127
Replacing GIcATI function in a GICATIF00247 muthatkground is able to rescue the mutant
PRENOIYPE. ..ottt e e ettt e e e e e e e e e e e e e nne e es 128
Loss of GIcATI in escort cells and follicle sterfiscis sufficient to cause the GlcAT¥*
PRENOIYPE. ..ottt e et e e e e e e e e e e e e e e neareeas 129
Functional overlap of GICAT genes in 00gENESIS. ......c.ouiuviiiiiieeiiiiiiiiee e 130
GIcATI functionally interacts with several signallj pathways in early oogenesis........ 131
DISCUSSION. . uuetiiiierniereieiesitiestrsstesstesetssssisessissssstesessssessassssssssassssssassssasessesssassssssessnsassssasonns 135
GIcATI is required for Drosophila 00gENESIS..........uvvvieeiiiiiiiiiiie e 136
GIcATI shows phenotype specific functional intdmarg with signalling pathways involved in
oo o =T g 1o L VRSP 138
CONCIUSIONS ...ttt e et se e e ne e e e et e s e e nnn e e naneenn 143
ACKNOWIEAGEMENS....ciisiisiisiissiisiisinsstisstisisst sttt sttt st st st ss st ssssss st ssssssssssssnas 143
LTSy (=TT o = TR 144
FIQUIES cereeereeeesetescntesceereeerssasessaresesrasesassssassssasssssnasessasessesssassssassssssassnsassssssssassssssessssassnsssnes 147
CHAPTER 4. RESULTS PART H..utiiiiiiiiee ettt sttt 164

DPR9, A BRAIN EXPRESSED GG DOMAIN PROTEIN, REGULATES OOGENESIS IDROSOPHILA

MELANOGASTER. 1..cueveteutetetentetesesestetesesaeseesesseseassesessensesessansesessenessensesessensesessenseseansssensenessensesessensenes 165
ADSIIACT ... eeeeeceeeererttrrecrterreriterecseeessssntsessssnssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssnsssssssnnnss 166
a1 oo [8 o3 i o] o FORUO SRS SSRSRPSRPROE 167
METNOAS ... eeeeeeierrecrirerccerrrrcreeerrc et esscseeesscnresssssssesssssessssssssssssssssssssssssnssssnsssssssssessssssensssnnns 170

Fly Stocks and MaintENaNCE..........oiuuiiiiiiee e e s e e e s s e s e e e e s e s srrrrr e e e e e e e e snnrreeees 170
D111 T o 1o o PSSP 170
Coracle,aSpectrin, Faslll, Actin immunofluorescence.........ccccccveeeviiciieeee e veciieeen, 170



Inverse polymerase Chain reaction...........ccooiiuiiiiiiiiei i 171

PCR and reverse transcription PCR..........ccoiiiiiiiiiiee e ecciieee e e ee e e seaeaees 172
PhenotypiC @nalySiS........ccvuiiiiiie it 173
RESUILS ... ssssssssssssssss s s s ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 174
[(3)04713 AffECLS APIOu .. iiiiiieiie e e e e e s e r e e e e e e anaeeeees 174
Other Dpr mutants share similar phenotypes..........ccoevveeiiiicciiieee e 175
DiSCUSSION..cceieeceeerreereeereeserrraeserersesseeessssnnessssssssssssssssssssssssssssssssssssssssssssssnssssssssssssssessssssessssnne 177
Other members of the Dpr gene family play a roleegulating Drosophila oogenesis.. 179
F o (Lo 1NV L= [ [ 1= £ N 180
LTSy (=TT o = TR 181
0 U= 183
CHAPTER 5. GENERAL DISCUSSION.....cciittitiiiiiiee ettt ettt st et s snae e e 192
GENERAL DISCUSSION . ....cttutetirtentetestestetessesessesesessentesseneasessesessessesessensesessensesessensesessensessesessensesessensens 193

Paper 1. The RNA binding proteins, Ataxin2 bindimgotein-1 and Gemin-3, cooperate to
regulate somatic and germline cell differentiatiaduring Drosophila melanogaster oogenesis.

................................................................................................................................................. 194
Paper 2. Disruption of Glucuronyl transferase | aeity impairs escort and follicle cell
contributions to Drosophila 00gENESIS.....cccvirviisirsiisiisiisiissiist sttt sttt sssssssssans 208
Paper 3. Dpr9, a brain expressed IgG domain contagnprotein, is required for egg production
................................................................................................................................................. 217
CHAPTER 6. REFERENCES.........oiiiiiiiiieiit ettt 222
APPENDIX I. SUPPLEMENTARY MATERIALS AND METHODS. ....cccooiiiiiiieiee e 236



Figures
CHAPTER 1. INTRODUCTION

Fig. 1. Drosophila ovaries and egg production in Dyophila melanogaster............................ 32
Fig. 2 Role of DPP and BAM in GSC MaiNtENANCE. .......ccuuut ittt it e aae e e e e ee e e 36....
Fig. 3 PIWI-interacting RNA PAthWAY.........ccoiiiieieieieeeee ettt

Fig. 4 BAM and SXL in germline differentiation
Fig. 5 FOIlICIE CEIl INEAGES.....c.ccvieveieeeeeietistieeseee ettt ettt ettt se e sse e nes
Fig. 6 Regulation of stem cell divisions in resporsenutrient availability.............cccceceeverveveeennne. 55
Fig. 7 Stages of egg chamber development.
Fig. 8. Antizyme pathway..............

Fig. 9. Proteoglycan synthesis.
Table 2. Table listing the Drosophila homologs dffdrent proteoglycan synthetic enzymes and their

mutant phentoypes in DroSOPNIlA...........c.ccveveieiiiieeeeeesee ettt 68
CHAPTER 2. RESULTS CHAPTER |
Fig. 1 Excision of the A2bp'1°**63insert rescues ovariole phenotypes..............coeweeveverereeerrenenn. 99
Fig. 2 GSCs in A2bp1°°®*63germline tumours are regulated NOrMally...........cocoovvevreerrvrererenn 101
Fig. 3 Complementation analysis implicates disruptiohboth Gemin3 and A2bp1 contributes to the
AZDP T COBIINNENOLYPE. Av..eoeoeeeeeeeeesee et es e vttt seass e s sannnees 103
Fig. 4 RNAI of A2BP1 and Gemin3 indicates that they aegjuired in germline and somatic cells for
Lo ToTo =T 0TS SRS 105
Fig. 5 SXL is upregulated in AZDEEE2 ... .ottt 107
Fig. 6 Genetic interactions with A2b5#***°and Geming®%................. ....108
Fig. 7 Deregulated Notch signalling suppresses gamalmitosis..................... ....109
Fig. 8. Model explaining A2bp1/Gemin3 possible furmtiin the germline..... ...110

Supplemental S1. Expression pattern of c587 Gal4dhie adult germarium............c.cccceveieecernee. 111
Supplemental S2. SxI mRNA is normally spliced in AZBF®3. ..........oomoeeeeeeeeeen
Supplemental S3. Loss of Notch in the germline damt produce a 3n phenotype...

Supplemental S4. Gemin3 plays a role in SNRNP biog&B...........cccccevvevrreveeieierinnnn
CHAPTER 3. RESULTS CHAPTER I

Fig. 1 GIcATIF??*" homozygotes have early oogenesis phenotypes............cccovvereeerevereeneenas 147
Fig. 2 GICATIF®?7s |ocated in the GICATI gene and alters GICATI MRNA..........ccoocrrvrerrienn. 149
Fig. 3 Remobilising the PiggyBac element in GlcAT{?*" rescues oogenesis phenotypes........150
Fig. 4 Complementation analysis of GICATI @lleles.........cccooveveieieeeisieieieiee e 151
Fig. 5 Expression of GICATI cDNA rescues the phenotypéGICATITOO? ..o, 152
Fig. 6. Expression of GICATI RNAI in escort cells andlficle stem cells replicates the GIcATP4
01T 40147 o =TSRSS

Fig. 7. GIcATI, GIcATS and GICATP share sequence Simii@s..............ccccoererercecerennns
Fig. 8 GICATS mutant has germline and follicle celhpnotypes similar to GIcATP?%*
Fig. 9 GIcATI??* interacts genetically with JAK/STAT, HH, EGF and DPRgmalling components

............................................................................................................................................................... 157
Supplemental S1. GIcATP??*” has wing and leg defects which are rescued by a GlcdINA
CONSEIUCT. ...ttt ettt sttt ettt sttt 159
Supplemental S2. Expression controls for c587 Galdnos Gal4 and Actin-Gal4 in the ovary...160
Supplemental S3. Genes deleted by deficiencies isedmplementation..........c..ccceveeeveereennee 161
CHAPTER 4. RESULTS CHAPTER Il
Fig. 1 1(3)04713 has a follicle and germline phen@B...........cccevveieieivivieieieieeeece e 183
Fig. 2 1(3)04713 phenotype is rescued by P-elemeabilisation ....185
Fig. 3 1(3)04713 fails to complement a deficiencyasming the dpr9 l0CuUS.........cccocevivevieiieieenene 187
Fig. 4 Expression of dpr9 RNAI in the central nervougstem mimics the phenotype observed in
[(B)OAT LB ..ttt ettt sttt 188
Fig. 5 Several members of the dpr gene family hahenotypes similar to 1(3)04713.... ....189
Fig. 6 DPR9 is similar to the Neurotrimin family of eural cell adhesion molecules..................... 190
CHAPTER 5. GENERAL DISCUSSION
Fig.1 Possible function of Gemin3 in germline stemlls.. ..........ccooveveivivieieieieieeceee e 197
Fig. 2. Loss of Gemin3 in germline may lead to geind differentiation...............ccocoveriieiecnenne 202
Fig. 3. Cis-inhibition of Notch in the OVAry...........ccooiiiieeeeee e 206

...213
....216

Fig. 3. Possible function of GICATI in DPP signaling...........cccceevevvevevennnee.
Fig. 4. Influence of GICATI on HH signaling in FSC maitenance........




Abstract

Tissue maintenance requires a balance betweemroelliction and cell death.
The former is dependent on the activity of steniscebhich in turn are dependent on
both extrinsic signals produced by surrounding gantessue and intrinsic signals to
control their behaviour. Additionally, stem cellti@d@y may be regulated by systemic
factors, demonstrating the complexity of stem oegjulation. The ovary dDrosophila
melanogastelis a useful model for understanding tissue fumc&s production of a
viable egg requires the coordination of two différstem cell populations, the germline
stem cells and follicle stem cells. In a screerigtes to identify genes which regulate
early oogenesis in therosophilaovary, we identified the four candidate genes Whic
are described in the three papers found in thisish@he first paper demonstrates that
two RNA associated proteins, Ataxin 2 binding prote and Gemin3, are essential for
germline stem cell and follicle cell productionanSex lethal dependent manner. The
second shows that Glucuronyl transferase |, whghmportant for regulating the
synthesis of key components of the extracellulatrism&nown as proteoglycans, is able
to regulate the activity of several different sijng pathways. Finally, the third paper
suggests that Defective proboscis extension respdna brain expressed gene involved
in the behavioural response to alcohol, is imparanregulating both follicle cells and
germline stem cells at a systemic level. Taken ttogge these papers highlight the
importance of intrinsic, extrinsic and systemic ngiing in regulating stem cell

function duringDrosophilaocogenesis.
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Introduction to thesis and co-author contributions

This thesis follows the work of a former PhD stugldraura Ponting, in Dr.
Baron’s lab who carried out a screen of semi-leBralsophilamelanogastestocks to
identify genes which regulate stem cells during eveggis. From the candidates she
identified, three were chosen for further analy3ieese can be found in the results
chapters in this thesis, which are presented asuscapts ready for submission. Each
results chapter describes the characterisatiom@fcandidate mutant, identifying which
genes are responsible for the oogenesis phenotimssved in each. | will describe
how stem cells contribute to tissue homeostasis whdt is already known about
Drosophila oogenesis in the Introduction while the Generacbssion will contain a
summary of the results, further conclusions andr&uexperiments. Thus the unifying
theme of this thesis is the identification of meukms which regulate tissue
homeostasis and stem cells. Co-author contribufienthe results chapters are outlined

below.

Results chapter I.

The initial identification of this mutant was cami out by Laura Ponting.

Fig.1 Jump-out, associated PCRs and scoring carriedyouaura Ponting.

Fig.2 | repeated the Bag of Marbles immunofluorescenicelwwas initially carried out
by Laura Ponting. All other experiments and imagesmy own work.

Fig.3 Initial scoring for abnormal ovarioles alone wasred out by Laura Ponting. |
repeated the complementation and scored individplaénotypes; Normal, 5n,
Compound and Tumorous.

Fig.4 Experiment and images my own work.

Fig.5 Experiment and images my own work.



Fig.6 Experiment and images my own work.

Fig.7 Marian Wilkin carried out the X-Gal staining andosng of theNotch and
Abruptex alleles over wild type. | scored the interactioh these alleles with
A2bpE2*° repeating Marian’s experiment as a control. Aflages are Marian
Wilkin's.

Supplemental S1Experiment and images my own work.

Supplemental S2Experiment and images my own work.

Supplemental S3. Alessandro Bonfini set up the crosses and caoigdhe dissection

and staining. | scored for the abnormal ovariolerptype.

Results chapter II.

The initial identification of this mutant was cami out by Laura Ponting.
Fig.1 Experiment and images my own work.

Fig.2 Experiment and images my own work.

Fig.3 Experiment and images my own work.

Fig.4 Experiment and images my own work.

Fig.5 Experiment and images my own work.

Fig.6 Experiment and images my own work.

Fig.7 Experiment and images my own work.

Fig.8 Experiment and images my own work.
Supplemental S1Experiment and images my own work.
Supplemental S2Experiment and images my own work.

Supplemental S3.Experiment and table my own work.
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Results chapter llI.

The initial identification of this mutant was cami out by Laura Ponting.

Fig.1 Scoring and acquisition of images carried out layidla Ponting, excluding the
images in C-F which were repeated by me.

Fig.2 Jump-out, associated PCRs, RT PCRs and scoringaaut by Laura Ponting.
Fig.3 Complementation analysis carried out by Laura iRgnt

Fig.4 Experiment and images my own work.

Fig.5 Experiment and images my own work.

Fig.6 BLAST search and alignment carried out by me.
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1 Tissue homeostasis

Although the outward appearance of many multicetlubrganisms remains
relatively consistent over a lifetime, there ane fadividual cells which survive for that
entire period. This discrepancy between an orgdaifaspan and that of an individual
cell is due to a process known as tissue homesstalich ensures that tissues are able
to function for a greater length of time than amg andividual cell can survive for. One
of the major aspects of homeostasis is the elinonaif cells which are no longer able
to function and their replacement with an equivileall type. This is called tissue
renewal. It has been estimated that a human besgg) and subsequently replaces, a
population of cells almost equal to their body virtigach year (Pellettieri and Sanchez
Alvarado, 2007).

There are many tissues in humans which undergaam@ngirnover, with each
having different rates of growth. For example, rbtbod cells only live for
approximately one hundred and thirty days (Shemit Rittenberg, 1946). Also, the
lining of the intestine and lung is continually hgireplaced, epithelial cells in the
former lasting five days, and in the latter up toraonths (Rawlins and Hogan, 2008).
Additionally, there are tissues which undergo aytissue renewal, the best example
being the uterus which sheds its lining each moatiing the menstrual cycle
(Ferenczy, 1976; Gargett, 2006). The lifespan béia follicle is also cyclic, consisting
of a growth phase, a transition phase and a regéngd, during which the hair falls out
(Blanpainet al, 2004). In addition to constant turnover, tissoasst also be able to
repair themselves, including replacing lost cdliéer injury. This means that not only
must tissues be able to constantly produce celisthey must also be able to sense
when increased proliferation is required. The B@tmple of this is perhaps seen in

wound healing (Singer and Clark, 1999).

16



The process of replacing a dead cell in a tissdep&endent on the function of adult
stem cells. These are undifferentiated cells capalldividing to produce progeny
which will differentiate into an appropriate cejpe. All of the examples listed above,
taken together, illustrate that tissue renewal éeraplex process. Different populations
of adult stem cells must function in very diversevieonments and must meet the
demands of the tissues they find themselves in.eSadult stem cells will divide at a
much greater rate and some must divide at a phtitune. Additionally, they must
produce the appropriate cell type in an approppabgortion. In order to do this, adult
stem cells often rely on signals produced by sareils in their environment. Because
of their important role in the maintenance of tessumisregulation of stem cells can
lead to many problems, including cancer and agelings means understanding the

signals which control stem cell behaviour is esaént

2 Stem Cells

2.1 What are stem cells?

Stem cells are multipotent cells, capable of divgdmitotically to produce two
daughter cells which will adopt different fates.udBly, one will differentiate while the
other will retain stem cell like qualities. Theme dhree classes of stem cells; embryonic
stem cells which are produced during the earlyestagf embryogenesis, adult stem
cells which are important for maintaining tissuesilg an organism’s life time and
germline stem cells which are essential for pradgdiaploid gametes (Bongso and
Richards, 2004). Tissues rely on small populatiohsadult stem cells to prevent
degeneration through homeostatic loss of cells mury (Slack, 2000). Unlike
embryonic stem cells, which are capable of prodyeiny cell type in the body, adult
stem cells are less pluripotent and their progaeylimited to a few cell lineages. For

example, haematopoetic stem cells are capablemirig all the cellular components of
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blood and some cell types found in liver, musclé aentral nervous system tissue

(Brazeltonet al., 2000, Ferraret al, 1998, Petersest al, 1999).

2.2 Maintaining stem cell populations

Given the role of stem cells in producing diffeiatéd cells and their subsequent
ability to influence a tissue’s composition, thbghaviour must be tightly regulated.
That is, the correct number of stem cells must batained and these must proliferate,
differentiate and self-renew appropriately. In ortte achieve tissue homeostasis, this
balance between differentiation and self-renewaktrhe maintained throughout an
organism’s life span.

There are two strategies by which a populationteinscells may be maintained,;
asymmetric division and population self renewal.the former, stem cells undergo
invariant divisions which produce one daughter tt&lt will go on to differentiate and
one daughter cell which will retain a stem celklitate. This is usually dependent on
factors present within the stem cell itself, sushtlee internal accumulation of cell fate
determinants. A good example of this is the loadis of PAR proteins in the
Caenorhabditis elegangygote. PAR proteins control the orientation oé thitotic
spindle, determining the plane of division and ueficing the localisation of other
factors required for differentiation (Etemad-Moghadet al, 1995; Morrison and
Kimble, 2006). Another example is the asymmetricalsation of Numb during
division of neuroblasts in thBrosophilaembryo (Wakamatsat al, 1999; Leeet al,
2006). Alternatively, stem cells may be regulate@ imuch more stochastic manner. In
this instance, stem cell behaviour is determinethatpopulation level. All dividing
stem cells in this model have the same potentidlfferentiate or remain as a stem cell.
The result is that some stem cells will undergo satmic division to produce either two

stem cells or two transient amplifying cells orythmeay undergo asymmetric division,
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producing unequal daughters. The decision is matelamly but all three of the
outcomes of stem cell division occur at an equaldency, leading to a stable
population of stem cells (Snippert and Clevers,120This means that the lifespan of a
single stem cell in this model is not predictablg the behaviour of the population of
stem cells is. Examples of this are seen in epéhi$sues like the epithelial stem cells
of the mammalian small intestine. In this instanceycine-rich repeat-containing G-
protein coupled receptor 5-positive stem cells tbimintestinal crypts divide and give
rise to enterocytes, goblet cells, paneth and eatelocrine cells. If a population of
epithelial stem cells within a crypt are tagged hwdifferent coloured fluorescent
markers, over time, the crypt becomes dominatedr@ycolour. This suggests most of
the stem cells have been lost and the remaining irethe tissue are the progeny of a
single stem cell (Snippert and Clevers, 2011).indilar example is seen in mammalian
testis. Spermatogonia, which give rise to transiplfying cells that will eventually
become spermatids, are randomly lost and replagethédr neighbours (Kleiret al,

2010).

2.3 Intrinsic and extrinsic signalling in stem call

Many components play a role in regulating stem cf renewal and
differentiation. These can be intrinsic, which aequired cell-autonomously, or
extrinsic, which are non-cell autonomous and at¢hélocal microenvironment that the
stem cell resides in. Additionally, systemic fast@uch as hormones are able to co-
ordinate stem cell behaviour over large distances.

Examples of intrinsic factors that play roles igukating stem cell behaviour are
Numb and Prospero. These are required for the rdiffation of Drosophila
neuroblasts which undergo division to produce agt@an mother cell and a

replacement neuroblast. The former requires thalikation of the PAR complex to the

19



apical membrane, the latter requires Brain tum&mRAT), Numb and Prospero to be
localised to the basal membrane. The mitotic spindust align itself correctly in
relation to the position of these protein compleatthe surface membrane. Aurora A
kinase mutants have misaligned mitotic spindlesout localisation of Numb, leading
to symmetric division of neuroblasts. The resulars over abundance of neuroblasts
(Leeet al, 2006). Another feature of stem cells is theregpion of telomerase, which
iIs required to extend telomeres. These are stestdound at the end of each
chromosome and consist of repeating sequencellk in which telomerase is not
active, telomeres become gradually shorter witth @aplication since polymerase is
unable to replicate the ends of deoxyribonucleid @3NA). Telomerase deficient mice
show atrophy of tissues which have a high cellduem and they also have shortened
telomeres (Blasco, 2007)

Epigenetic modifications of chromatin also playaderin regulating stem cells.
These include acetylation and methylation of hisgynwvhich are protein complexes that
associate with DNA. It has been shown that mammambryonic stem cells undergo
significant chromatin remodeling; markers for hetdrromatin, such as Heterochomatin
Protein -1 (HP1), are dispersed in embryonic stefis,cand form progressively more
punctuate foci as the stem cells divide and begidifferentiate. This suggests that the
genome has more heterochromatin and, consequemthg transcriptionally restrained
regions in differentiating cells (Meshorest al, 2006). It is also known that
differentiated cells can be epigenetically repragred into pluripotent stem cells,
indicating the importance of epigenetics in stethlmshaviour (Kimet al, 2011).

A final example of the importance of intrinsic faxg in regulating the fate of a
stem cell's progeny is seen in the proteins reduioeinduce pluripotency in somatic
cells. Using a mouse embryonic stem cell-specifictdr fused with an antibiotic

resistance gene, Takahashi and Yamanaka, (200&)afbéz to demonstrate that mouse
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embryonic fibroblasts can be reverted into an ewmrig/stem cell-like state using only
four transcription factors; Octamer-binding tramsioon factor 3/4 (OCT3/4),
Krueppel-like factor 4 (KLF4)Sex determining region Y-box SOX2) and c-Myc
(Takahashi and Yamanaka, 2006). With the use ofys&e 4 Histone 3 demethylation
inhibitor, tranylcypromine, it is possible to indu@luripotency in mouse embryonic
fibroblasts with the aid of OCT4 alone (&f al, 2011). In addition to the transcription
factors listed above, micro ribonucleic acids (m&&) are intrinsic factors which can
induce pluripotency. Loss of the miRNA processingyane, Dicer, leads to an inability
of mouse embryonic fibroblasts to differentiate reue the presence of OCT3/4, KLF4,
SOX2 and c-Myc, indicating the importance of peatscriptional regulation in
controlling stem cells (Kimet al, 2012).

Alternatively, instead of relying entirely on inted factors, stem cells can depend
on the surrounding environment for extrinsic signavhich control their behaviour.
This environment is referred to as the ‘niche’ aad be made up of permanent somatic
cells or the extracellular matrix (Decotto and S$ifireg, 2005; Nystul and Spradling,
2007; Morrison and Spradling, 2008). In this castem cells must express intrinsic
factors that allow them to respond to these signalsle their neighbouring somatic
cells do not. The structure of niches can vary ttyeaith different stem cells being
distributed through their corresponding tissueedéhtly. For example, the germline
stem cell (GSC) niche in tHerosophilaovary has specific locations for each stem cell
population, which will be described later. Othechas, however, have stem cells
scattered randomly within tissues. An example of if1iseen in th®rosophilaintestine
where the intestinal stem cells (ISC) reside. I&€srequired to produce the cells that
form the epithelium of the gut. These stem celisde inside crypts where they receive
signals which control their behaviour from the measeells lying below the basement

membrane of the gut wall (Liet al, 2008).
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The use of a niche also allows stem cells to divmdeesponse to the demands of
the tissue they find themselves in. Examples ahstells that are dependent on the
niche for signals are seen in tissues which haveepair themselves after injury.
Satellite cells in muscle tissue, for instance, r@sponsible for producing new muscle
tissue. Normally they are quiescent, however, danagnuscle tissue triggers a local
inflammatory response and subsequent changes taithe structure, leading to
satellite cell activation (Woznia&t al, 2005; Gopinath and Rando, 2008; Gopirgtth
al., 2010; Shavlakadz= al., 2010)

Other niche dependent stem cells include intesstexrh cells in the Drosophila
gut. In flies which are fed well, the midgut incsea in size, while fasted animals have a
shrunken midgut. O’Briept al (2011), demonstrated that this increase in getisiziue
to an increase in the number of symmetric divisiohshe ISCs and this is reliant on
insulin like peptides secreted from the underlyimsgeral muscle tissue. This shows the
importance of the niche in modulating stem celivatgt (O'Brien et al, 2011).

Mammalian GSCs, known as spermatogonia, are anotbhbe dependent stem
cell population. They divide continuously to produsperm throughout a male’s
reproductive lifespan and reside in specialiseactiires called seminiferous tubules. In
order to function, spermatogonia require glial dele-derived neurotrophic factor
(GDNF) to be produced by the surrounding somassug known as Sertoli cells.
(Menget al, 2000; Tadokoret al, 2002). Interestingly, Sertoli cells will rapidhoost
the expression of GDNF in the absence of spermatagdt has been suggested this
upregulation may be to ensure any remaining spegoaia are kept in an
undifferentiated state. In this case, the nicheesponding to an absence of stem cells,
suggesting that the signalling between the niche rasident stem cells functions in

both directions (Zohret al, 2012).
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Finally, systemic signals are known to play a rolegegulating stem cells. This
allows for co-ordination of stem cells over mucleager distances. Hormones such as
insulin are important for regulating the behaviairstem cells. In theDrosophila
female, for example, insulin-like peptides syntBediin the brain are known to play a
role in controlling egg production. Another exam@ehe control of GSC maintenance
in the ovary by Ecdysone (Hsu and Drummond-Barb2689; Koniget al, 2011). In
mammals, it is known that a systemic factor callesulin-like growth factor -1 is
essential for maintaining muscle mass in mammalsa\@Bkadzeet al, 2010) In
addition to this, old satellite cells which are egpd to a young systemic environment
are able to upregulate Notch, as young satellils de, further supporting the idea that
systemic factors play a role in regulating sateltiells (Conbowt al, 2005).It has also
been shown that epithelial stem cells and progeeits found in human endometrial
tissue rely on systemic estrogen to control thestiferation during the menstrual cycle

(Cookeet al, 1997; Gargetet al, 2008).

2.4 Why study stem cells?

Since stem cells have the ability to self-renew Hrey are able to differentiate
into multiple cell types, they may also have imneertberapeutic potential. For
example, transplantation of stem cells which haeenbforced to differentiate into
particular cell types may be capable of alleviatthg symptoms of diseases such as
Parkinson’s and diabetes (Ramighal, 2000; Kimet al, 2002; Soldneet al, 2009;
Jian et al, 2012). In other instances, stem cells are piogi useful models for
understanding diseases such as autism spectrundeliscand hepatitis C infections
(Kim et al, 2012; Schwartet al, 2012). Induced pluripotent stem cells generéiaah
patients with dystrophic epidermolysis bullosa (DEBhich is caused by mutation in

collagen 7, are currently being investigated asotergial therapy for reducing the
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severe blistering symptoms of DEB (Tolat al, 2011a; Tolaret al, 2011b).
Embryonic stem cells have also been shown to regenéeart tissue in mice which
have suffered myocardial infarctions (Orlic, 2008)em cells may also eventually be
used in the treatment of Duchenne’s muscular dyiiro(Bittner et al, 1999). In
addition, embryonic stem cell research will enhamee understanding of early
development (Bongso and Richards, 2004). Anothamge of stem cell based therapy
is the use of bone marrow transplants. This inwliree use of stem cells harvested
from a donor and injected into a patient as treatrfer disorders of the blood or bone
marrow, for example, leukaemia and thalassemias thierapy relies on the principle
that stem cells are able to colonise bone marrowwlel differentiate and self-renew
(Sadelainet al, 2008). Understanding stem cell behaviour mag alovide insights

into how diseases such as cancer progress anddiow @ccurs.

2.4.1 Cancer

Misregulation of cell behaviour which leads to et proliferation may lead to
tumour formation in multicellular organisms (Campz004). Some malignant tumours
contain different cell types, including a populatiof cells which retain the ability to
proliferate, i.e. so-called cancer stem cells (Hapét al., 1994)

Only a small number of cells in an ovarian tumawe capable of forming
colonies in agar, suggesting that few cells in mdur may have the ability to divide
(Hamburger and Salmon, 1977). Additionally, a srsalbset of cells in brain tumours
seem to have stem cell like properties, includimdf senewal, multipotency and
expression of stem cell associated markers, thggesting a hierarchy in tumours
where stem cell-like cells proliferate and giveeri® non-dividing, differentiated cells
(Bapatet al, 2005; Singlet al, 2004).

A role for the microenvironment in controlling theehaviour of cancer stem

cells has been demonstrated in a mouse modeldor tumours (Calabres al, 2007).
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This is also true for endothelial cells which upriage Notch, providing a niche for
glioblastoma cancer stem cells, thus leading te@astem cell maintenance (Zatual,
2011). Another example which demonstrates the itapoe of the surrounding
environment in cancer development is seen with dbreancer stem cells. In this
instance, induction of hypoxia leads to an incraastne number of cancer stem cells
present in the tumour (Conlest al, 2012). Thus a potential therapeutic aim in the
treatment of cancer may be to target componentseomicroenvironment. In addition
to specifically targeting the niche to kill cancesocells, another approach may be to
modulate niche signalling to protect the normahsteell population during treatment
with cytotoxic compounds. For example, Adames,al (2006) found that, by using
parathyroid hormone as a prophylactic, they coulintain the haematopoietic stem
cell population in a mouse model for leukaemia miyritreatment with
cyclophosphamide, a drug used to treat cancer wisttally reduces the number of
haematopoietic stem cells (Adanes al, 2007). Finally, Hansfordet al (2007)
demonstrated that it was possible to identify autaipn of cancer stem cells in
patients with neuroblastomas. In some cases, tbelt®e were isolated from patients
who were clinically in remission and later relapsedggesting that the ability to
identify cancer stem cells may allow physician®ti@r a more accurate prognosis for
patients who are at a higher risk of relapse (Hadsét al, 2007). Other cancer stem
cell markers have been identified for various tymd#scancer, such as Aldehyde
dehydrogenase 1 (ALDH1), which may make asseshm@fficacy of cancer therapies
more accurate (Loebinget al, 2008; Ma and Allan, 2011; Brunnetal., 2012).

All of the above require a better understandingath the cancer stem cell niche
and the behaviour of cancer stem cells themselvesder to make them viable options

for treating different types of cancer.
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2.4.2 Aging

Many diseases which are associated with old ageaursed by the degeneration
of specific tissues, for example, osteoporosis;gania and anaemia. A reduction in
stem cell number or a decline in function may beiglly responsible for the onset of
these diseases (Roset al, 2008). If the rate of cell death is not modulate
appropriately, the result is a decline in the ddfdgiated cell population, leading to
reduced tissue function.

Greying hair in humans is an example of how redwstem cell numbers leads
to changes in tissues; this appears to be a rettite loss of melanocyte stem cells
(Nishimuraet al, 2005). Another example is the reduction of mekgmal stem cells
in human bone marrow which may contribute to thducéion in bone density
associated with age (D'lppolitt al, 1999).A dramatic example of the importance of
stem cells in maintaining tissues is seen in theege disorder, Hutchinson-Gilford
progeria syndrome (HGPS), in which affected chitdddevelop many of the disorders
associated with advanced age, including stiff piahd heart diseag®eBusk, 1972;
Meridethet al, 2008). Mouse models of HGPS show decreased msnobepidermal
stem cells in the skin which leads to problems sashimpaired wound healing
(Rosengardtent al, 2011).

Aging in stem cells may be caused by intrinsictdes; including telomere
attrition, generation of reactive oxygen specied #re accumulation of DNA damage
(Reviewed in Rosset al, 2008). It has recently been demonstrated trstonieg the
expression of telomerase in adult mice which ai@rterase-deficient rescues many of
the degenerative phenotypes found in such micdyudimg atrophy of the testis and
intestinal lining (Jaskelioffet al, 2011). Jaskelioffet al (2011) also found that
restoring telomerase expression led to a reduatidhe amount of apoptosis and DNA
damage present in telomerase-deficient mice (Jafketl al, 2011). Another example
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of an intrinsic factor which has been associateth \ageing is the aberrant form of
LaminA, Progerin, which is responsible for the macl abnormalities seen in patients
with HGPS (Glynn and Glover, 2005). Overexpressibirogerin in an immortalised
human mesenchymal stem cell population leads tontiseegulation of downstream
targets of Notch signalling and abnormal differatitin which may explain the rapid
aging seen in HGPS patients (Scaffidi and Mist2008). Sporadic expression of
Progerin has also been observed in wild type cgliggesting that Progerin may play a
role in the normal ageing process (Scaffidi andt®lis2006).

A reduction in extrinsic signalling, such as Notsignalling, has also been
implicated in an age-dependent decline in musckdlga cell function in mice (Conboy
et al, 2005). Older satellite cells are less likelyuyaregulate the expression of Delta,
the Notch ligand, when damaged than younger datedklls (Conboyet al, 2005).
Bone Morphogenetic Proteins (BMP) have also begiitaied in the reduction of stem
cell activity in theDrosophila germline (Paret al, 2007). A third example of how
extrinsic signals can influence stem cell behavioisr seen with Matrix
metalloproteinase-1 in the Drosophila midgut. Tlkpression of this secreted protein
increases with age, concurrent with a reductiorthen number of ISCs. Conversely,
reducing Matrix metalloproteinase-1 leads to amaase in ISC proliferation (Lext al,
2012), showing that age-related changes in thaeaftular environment can contribute
to a reduction in stem cell proliferation. Thus arglanding stem cell regulation may

lead to improved methods of managing age relateebdis.

3 Drosophila ovaries

3.1 Why use Drosophila as a model system?

Drosophila melanogastenas many qualities which make it amenable to genet
manipulation. This includes their short life spaneir ability to reach breeding age

quickly and the fact that they are easy to maintliraddition to this, there are several
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genetic tools available which are useful for stadymany biological processes. These
include balancer chromosomes which inhibit recommatiam in females and contain a
lethal dominant marker to allow for simple iderd#tion of desired mutants. Another
powerful genetic tool is the P-element, which, lve ppresence of transposase, can be
inserted into the genome at random points. Botlthete features allow large scale
screens for identifying genes to be constructedcanded out.

TheDrosophilaovary is an ideal model for studying regulatiortisue renewal
because the female constantly produces mature Eggh. egg is composed of several
different cell types which must be produced in dppropriate proportions in order to
assemble a viable egg. Since these cell types eseedded from two separate cell
lineages, the ovary must be able to co-ordinath thet proliferation and differentiation
of two different populations of stem cells. Thisaalination of stem cells is dependent
on surrounding somatic cells. The cap cells araired for maintaining GSCs while
escort cells (ECs) are essential for both maimairfollicle cells and moving cysts
through the germarium (Fig. 1D). This means Bresophila ovary is also a useful
model for understanding niche-dependent stem cells.

The fact that the two ovarian stem cell lineagagehinvariant positions within
the germarium is also a useful feature of a modelstudying stem cell behaviour.
Markers, such as-Spectrin and Coracle, can be used to recognisestkegtures in the
germarium, allowing for the easy identification stém cells (Margolis and Spradling,
1995; Spradlinget al, 1997; Decotto and Spradling, 2005) (Fig. 1E).ctmjunction
with this, given that eggs at various stages ofettigment have key morphological
features, determining an egg chamber’'s age withéndvarioles is relatively simple
(King, 1957; Spradlinget al, 1997). Taken together, this means that the gdlgpas of
genes linked with oogenesis can be analysed easitiditionally, there are parallels

between the stem cells found in theosophilaovary and stem cells in other tissues.
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For example, follicle stem cells resemble humarabagithelial stem cells in that they

both use Hedgehog (HH) signalling (Johnstal, 1996; Spradlingt al, 1997).

3.2 Drosophila ovary structure and oogenesis

FemaleDrosophila melanogasterare capable of producing large numbers of
eggs throughout their lifetime. This efficient pumtion of eggs is due to the
organisation of the ovary. Adult females contaio wvaries which are surrounded by a
peritoneal sheath and connected by a common ovithgitle each ovary are around
fifteen to twenty ovarioles that function as indegent egg producing chambers (Fig.
1A). The germarium, where egg production beginsg, lma found at the anterior tip of
the ovariole. Egg chambers bud off from the geranand move towards the posterior
end of the ovariole, becoming progressively moreéungauntil they reach the posterior
tip of the ovariole. They then pass into the comrawiduct where they are fertilised by
sperm stored in the seminal receptacle (Fig. 1A ®duter sheath of each ovariole
contains smooth muscle cells which help push theummg egg chambers to a more
posterior position (Spradlingt al, 1997).

Each ovariole consists of several egg chambersaging stages of maturity
which can be identified as one of fourteen différeéevelopmental stages (Fig. 1B,C).
Each egg chamber contains an oocyte and fifteeserzells which are surrounded by a
layer of follicle cells. These follicle cells wijo on to form the outer layer of the egg
and the oocyte will form the embryo. At a late staig oogenesis, the nurse cells will
dump messenger ribonucleic acid (MRNA) into theybmcestablishing the polarity of
the oocyte (Foley and Cooley, 1998).

The germarium, which can be divided into regiond, 2b and 3 along its
anterior-posterior axis, houses the stem cell mimns which are needed to produce

the cell types found in egg chambers (Fig. 1D,EEgiBn 1 contains the GSCs, which
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reside at the anterior most tip of the germariuextro the cap cells and the terminal
filaments, and cysts which are undergoing inconepiattosis (Robinsoet al, 1994).
Typical division of a GSC generates a replaceme(€ @nd a daughter cell, known as a
cystoblast (CB), which will subsequently undergarfamcomplete mitoses to produce a
cluster of sixteen cells. This is referred to ayst. All the cells in a cyst are linked by a
branched structure known as the fusome, which sliimvthe exchange of cytoplasmic
components and may be needed for controlling thechspnicity of these mitotic
divisions (Linet al, 1994). In the developing cyst, only two of thedls will have four
ring canals. These are actin-rich structures toatfat the junction between two
connected germline cells (Fig. 1F). One of these twlls will differentiate into the
oocyte, the other will become a nurse cell (Kin§57; Gonzalez-Reyes, 2003). The
fusome is formed from the spectrosome, which isuad structure seen in GSCs and is
in contact with somatic cells at the anterior mopt of the germarium. Both the
spectrosome and fusome contain specific proteioh sga-Spectrin, and Hu-Li Tai
Shao which can both be identified by immunohistogiséry (Yue and Spradling, 1992,
de Cuevaset al, 1996). The developing cyst moves through thengeum and is
enveloped by the cytoplasmic processes of statyda@is (Morris and Spradling, 2011).
Region 2a consists of sixteen-cell cysts whichbaginning to be surrounded by
follicle cells. By region 2b, the cyst will flatteinto a distinctive lens shape (Robinson
et al, 1994). The second population of stem cells, kmaw follicle stem cells (FSCs),
are found within the germarium at the 2a/2b redonndary (Decotto and Spradling,
2005). These stem cells differentiate to form &dicells that will surround the CB.
Following this, these follicle cells will then ganao further differentiate into either
epithelial cells that surround the egg chambettak ells that connect each individual
egg chamber, giving ovarioles the appearance afdea a string (Torrest al, 2003;

Assa-Kunik et al, 2007). After region 2b, the cyst moves into oegi3 where it
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becomes more spherical and is ready to bud off fiteengermarium (Robinsoet al.,

1994).
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Fig. 1. Drosophila ovaries and egg production in @sophila melanogasterA. The
two ovaries, surrounded by a periotoneal sheathresa common oviduct (C). Each
ovary consists of around 15-20 ovarioles (exampléallustrated in blue)B. The
ovariole consists of several egg chambers of diffematuritiy. The most mature egg
chambers are found in the posterior region of thaiole. (blue= follicle cells, yellow=
nurse cells, purple oocyt€E. Microscopic image of an ovariole® £gg chamber stage
and germarium (white line) are indicated. The germarium consists of terminal
filament cells (pale green) and cap cells (darkegyeNext to these are the germline
stem cells (dark purple) (GSCs) which contain acspsome (grey circle). The GSCs
divide and form the cystoblast (pale purple cirgléhe cystoblast is surrounded by
escort cells (pale orange). The escort cells apéaced by follicle cells (pale blue)
which are the progeny of somatic stem cells (déwk)b The regions of the germaria are
indicated above the illustratioft. Microscopic image of a germarium. Blue=nuclei,
Magenta=Coracle (a septate junction marker), GreSpectrin (a component of the
cytoskeleton). EC= Escort cell, GSC= germline staih Numbers indicate germarial
regions.F. The germline stem cell (blue) undergoes four reuaidincomplete mitosis
to form the cystoblast (magenta). The cells ofdistoblast are linked by ring canals
and fusomes (black circles and red lines respdgjiveAdapted from King, 1957; de
Cuevast al, 1996; Spradlinget al, 1997).
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3.3 Germline stem cells

Of the two stem cell populations in tHerosophila ovary, the pathways
controlling GSC behaviour are the best charactéri$be niche at the most anterior tip
of the germarium houses 2-3 GSCs (Wieschaus anoa8z4979). Ablation of GSCs
leads to a loss of egg chambers, demonstrating ittgiortance for maintaining the

germline (Lin and Spradling, 1993; Morris and Sgiray 2011).

3.3.1 Self-renewal and differentiation

GSC division typically leads to the generationaatell which will differentiate
into a CB and a cell which will retain a stem die identity. There are several
mechanisms which contribute to this selection mec®ne is diffusion of morphogens
secreted by niche cells. The orientation of theotiwtspindle is another example, which
is also needed to promote differentiation by alloyvihe daughter cell to be pushed
away from extrinsic signals. The extracellular mxatcan further sequester these
extrinsic factors which are required for differation, limiting their range of influence
and ensuring that daughter cells which are leathegniche start differenting (Xie and
Spradling, 2000). Maintenance, differentiation aadif-renewal are controlled by both
intrinsic factors within the GSCs and CB and exsigrfactors secreted by the terminal
filament and cap cells (King, 1957, Spradliegal, 1997). Adhesion complexes are
also required for stem cell maintenance and selectDespite ablation of GSCs,
terminal filament and cap cells do not degenena@ediately, demonstrating that the
GSC niche is an example of a stable niche (Kaigpradling, 2003).

Two extrinsic factors needed for GSC maintenameeDsecapentaplegic (DPP)
and Glass bottom boat (GBB), which are both membé&the BMP family (Zhu and
Xie, 2003). They are secreted from terminal filatsesells, Cap cells and ECs (Xie and
Spradling, 2000) (Fig. 2). An upregulation of Baigharbles (BAM) in the ovary as
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well as a GSCs loss can be seen when DPP signialingduced, suggesting DPP
functions by inhibitingbam expression and that BAM is a differentiation praimg
factor. GBB is necessary but not sufficient forukaging GSCs (Sonegt al, 2004). DPP
inhibits BAM by binding to the DPP receptor, Thieleins (TKV), and activating
Mothers against Decapentaplegic (MAD) and Medealysphorylation (Fig. 3). By
binding to a silencer element upstream of llhengene, MAD and Medea then inhibit
BAM expression (Chen and McKearin, 2003, Satgal, 2004). BAM functions by
inhibiting Pumilios (PUM) and Nanos (NOS), who urrt function by inhibiting the
translation of mRNAs required for differentiatioBzakmaryet al, 2005). Once the
GSC divides and pushes one daughter cell away fihen&GSC niche, BAM expression
is upregulated which suppresses PUM and NOS, Igaditranslation of these mRNAs

(Szakmaryet al, 2005) (Fig. 2).
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Fig. 2 Role of DPP and BAM in GSC maintenancéhibition of differentiation is
regulated by the extrinsic factor, DPP. DPP dowulags the expression of BAM,
allowing PUM:NOS-mediated translational inhibitioof mRNAs required for
differentiation (Left side of diagram). Additiongl/IDPP from escort cells is also able to
promote a GSC like fate (Right side of diagram).PD&kpression in the cap cells is
dependent on the chromatin remodeling protein, St JAK/STAT. In cystoblasts
(lower row of blue cells), DPP signaling is switdheff and bam expression us
upregulated. BAM forms a complex with BGCN and M&|l#vhich are both present in
the cytoplasm (Adapted from Yamegjal, 2007; Shen and Xie, 2008).
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Given the importance of DPP in regulating GSC remiance, DPP activity
must be tightly regulated. DPP activity in cap £edl thought to be induced by Janus
Kinase/ Signal Transducers and Activators of Trapgon (JAK/STAT) and Imitation
SWI (ISW1), a chromatin remodelling factor (Szaksnat al, 2005, Wanggt al, 2008)
(Fig.2). Additionally, DPP activity is downregulat®y several mechanisms, suggesting
a functional redundancy which ensures that only daeghter cell will differentiate
(Yamashiteet al, 2005).

First, the diffusion of DPP is limited by a typé tollagen, Viking, found in the
extra cellular matrix. Deletion of a small regiohtbe C terminus of Viking leads to
loss of interaction with DPP, demonstrating theiiMikbinds directly to DPP (Wasng,
L. et al.,2008). By sequestering DPP close to GSCs, thigepte activation of TKV in
differentiating CBs, leading to enhanced GSC maimee while promoting
differentiation in CBs. Evidence which supportsstig seen irviking mutants, which
have an increased number of GSCs which can beeld@tay from the anterior tip of
the germarium, suggesting DPP in these mutantsa lggsater range of influence in the
germarium (Wangpt al, 2008). Another extracellular protein implicatedregulating
DPP signalling is the cell surface glypican, Depethent abnormally delayed
(DALLY). DALLY has been shown to function as a ceceptor for DPP in the
developing wing. In contrast to Viking, which rests DPP in the adult ovary, DALLY
Is required to enhance expression of the DPP ligarghp cells. Over expression of
DALLY leads to an expansion of the niche, produagatppic GSCs. Conversely, loss-
of-functiondally mutants lose their GSCs over tirtiéayashiet al, 2009).

Additionally, BAM itself is able to downregulate AP signaling within the
differentiating CB. This may be a concentrationetggent mechanism whereby a lower
concentration of DPP, secreted from ECs, is moaglile inhibited by BAM than in
regions where DPP signalling is high and BAM expi@s is low (i.e. near the cap

cells) (Fig. 2). The result is a negative feedbldp which reinforces a CB fate (Xie
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and Spradling, 2000). Recently, another proteinctvtiias been demonstrated to be a
potent promoter of differentiation is BRAT. Gerndimitotic clones which do not have
functional BRAT are unable to differentiate. Corsady, ectopic BRAT expression
leads to germline differentiation. BRAT is downré&gad by PUM and NOS. Once
NOS is removed by BAM, BRAT forms a complex withnpwand inhibits mRNAs
associated with self-renewal such as the DPP tumesdMAD, thus making developing
cysts immune to DPP signalling (Haresal, 2011).

A final mechanism which downregulates the actiatyDPP is the degradation
of MAD by Smad Ubiquitination Regulatory Factor (8IRF), an E3 ubiquitin ligase
found in CBs. MAD loss in CBs would prevent the @8m reverting back to a GSC
like state (Chert al, 2005; Yamashitat al, 2005). SMURF also functions by forming
a complex with Fused (FU) and driving the rapichwer of the DPP receptor, TKV,
thus further desensitizing developing cystoblast®PP (Xiaet al, 2010). PIWI, the
founding member of the Argonaute family, is alspaed to downregulate SMURF.
PIWI is expressed in niche cells in the germariani&tic PIWI), where its stability and
localization is controlled by fs(1)Yb (YB), a commpent of the PIWI-interacting
ribonucleic acid (piRNA) pathway (Kingt al, 2001, Qiet al, 2011) (Fig. 3).Yb
mutants have both a loss of germline tissue antago PIWI suggesting the piRNA
pathway in somatic tissue is important for regaigtthe germline (Qet al, 2011).
GSCs also express PIWI internally (Germline PIWNis is not seen in SSCs or ECs,
suggesting an exclusive role in germline stem fteiction (Szakmaryet al, 2005).
Somatic PIWI antagonises BAM, while germline PI\Wképressed by BAM, producing
another negative feedback loop which regulates @G&htenance (Szakmamst al,

2005). The mechanism by which this may occur isnomkn (Lin, 2002).
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Fig. 3 PIWI-interacting RNA pathwaypiRNA genes are transcribed and the resulting
immature precursor piRNA is transported out of theleus. In the cytoplasm, the
precursor piRNA associates with YB, Vreteno (VREAjmitage (ARMI) and PIWI.
This complex then processes the precursor piRNéitstmature form. VRET, YB and
ARMI then dissociate and the mature piRNA and Pand translocated into the nucleus
where they play a role in the inhibition of transpble elements (adapted from Rk

al. 2012).
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3.3.2 Adhesion and Maintenance

In addition to DPP and PIWI signalling, GSC mannaece is also dependent on
adhesion between GSCs and cap cé&lmsophila E-Cadherin, a member of the €a
dependent Cadherin family, is present in high lealthe interface between cap cells
and GSCs (Songt al, 2002). Without E-Cadherin, GSCs begin to diffeiae (Song
et al, 2002). Armadillo, theDrosophila homolog ofB-Catenin, is another adhesion
protein that is required for GSC maintenance (S&@f)2). In addition to proteins
associated with adhesion junctions themselves, m#mr proteins may be implicated
in maintaining adhesion complexes. For example, RRBTPase, which is essential
for the maintenance of adherens junctions, has lsf@wn to be required for
asymmetric division of GSCs (Bogaed al, 2007). RAB proteins are associated with
trafficking of proteins (reviewed in Zerial and Meée, 2001). Loss of RAB11 leads to
reduced levels of E-cadherin and armadillo on théase of GSCs, suggesting RAB11
may function by trafficking adherens junction piogeto the cap cell-GSCs interface
(Bogardet al, 2007). Another protein required for the accurhaiaof E-Cadherin as
well as the stability of MAD, is Lissencephaly-18-1). LIS-1 mutants lose their GSCs
(Chenet al, 2010). Adhesion complexes allow for the recreitinof various signalling
molecules within the cells expressing the adhesymateins (Reviewed in Yap and
Kovacs, 2003), thus, adhesion proteins such asdiéa and Armadillo could allow
GSCs to initiate internal signalling pathways nektte GSC maintenance in response
to adhesion to cap cells.

Individual GSCs only survive for four or five weeland are subsequently lost
through differentiation (Margolis and Spradling, 989 Xie and Spradling, 2000). Thus,
to ensure the female is capable of laying eggsutiirout her lifetime, the germarial
niche must be able to replace a lost GSC. Thishgeaed through symmetric division,

during which the plane of division of the remainisigm cell must be turned on a 90°
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angle. In this instance, both daughter cells ren@8Cs (Xie and Spradling, 2000).
Evidence supporting this model is seesahnurri(SCN) mutants, whose GSCs have a
shortened lifespan. Recently divided GSCs in tmestants are connected by elongated
fusomes which lie perpendicular to the anteriort@iasr axis, suggesting after one GSC
is lost, its neighbour undergoes a symmetric dwisio fill the niche (Deng and Lin,
1997, Xie and Spradling, 2000). The spectrosomeaciwhes at the cap cell-GSC
interface, has been implicated in anchoring itselthe mitotic spindle in proliferating
GSCs and thus may play a role in controlling theation of GSC division (Deng and
Lin, 1997).

E-Cadherin may also play a role in the selectibrG8Cs. Jinet al, (2008)
introduced differentiation defective mutants (neutants that could not produce BAM)
into wild type niches. These mutants were able thcampete their wild type
neighbours for niche occupancy. E-Cadherin is esq@@ at higher levels ibam
mutants, thus Jiret al suggested that upregulation of BAM may lead toir@ctl
reduction of E-Cadherin expression. This impliest thermline stem cells may have a
quality control mechanism for selecting GSCs whekre less BAM expression (Jit,

al., 2008).

3.4 Cyst progression and germline differentiation.

After a decrease in DPP signalling and a subsequse in BAM protein
production, the developing CB must undergo fourndsuof incomplete mitosis to
produce a sixteen cell cyst as it is pushed thrahghgermarium to the FSCs. At the
sixteen cell stage, the cyst stops dividing andinseghe process of terminal
differentiation. At this point, one cell in the ¢ysill become an oocyte while the other
fifteen will differentiate into the polyploid nurseells that will supply the embryo with

maternal mRNA. Both the initial differentiation dhe CB into a cyst and the
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differentiation of the cyst into oocyte and nurgdisrequire the coordination of many
intrinsic factors such as BAM and Sex lethal (SXEig. 4).

Contrary to a reduction in DPP, loss of BAM leadsah increase in number of
GSC like cells (McKearin and Spradling, 1990). BAdfound in the cytoplasm of CBs
and later localises to fusomes in sixteen cellxyatter the sixteen cell stage, BAM is
completely downregulated (McKearin and Spradling9d). Ectopic BAM promotes
GSC differentiation, leading to GSC loss, suggesBAM is essential for inducing CB
formation (Lin and Spradling, 1993, Ohlstein andKdarin, 1997). The amino acid
sequence of BAM contains a PEST sequence whickually associated with proteins
that have a high turnover rate and may be imporfantregulating the unusual
incomplete cell cycles that the CB undergoes (Mckeand Ohlstein, 1995). It has
been demonstrated that BAM is required for contrgllthe number of transit
amplifying steps in the development of sperm in Dr@sophila testis. If BAM is
reduced, sperm cysts undergo extra rounds of mjtoglicating that BAM may have to
reach a threshold concentration before the next stalifferentiation occurs (Inscet
al., 2009). This has not yet been demonstrated toueen the ovary, however, BAM is
completely down-regulated in the sixteen cell cgkist stage, when synchronicity of
cell germ cell divisions is lost and specificatiohthe nurse cells and oocyte begins
(McKearin and Ohlstein, 1995). Interestingly, Tokms et al, (2011) have shown that,
unlike in the ovary where BAM promotes differentat, in the lymph gland, BAM
maintains the haematopoietic progenitor cell pogpadain an undifferentiated state.
This suggests that BAM may have multiple target&ctvidiffer depending on the tissue
in which it is expressed (Tokususet al, 2011).

BAM interacts with Benign Gonial Cell Neoplasm (BSY, bam mutants are
indistinguishable fronbbgcn mutants. Thdagcn mutant phenotype is not rescued by the
addition of BAM, suggesting these two proteins pdasole in regulating differentiation

together (Lavoieet al, 1999). BGCN is expressed in CBs and GSCs, uriiié/
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which is only expressed at low levels in GSCs, yimg that GSCs are “primed” to
become CBs (Ohlsteiet al, 2000). BAM and BGCN are thought to control the
expression of a pool of MRNAs required for cystebfarmation. It is also possible that
they control the downregulation of mMRNAs which aequired for maintaining a GSC
fate, such as NOS (let al, 2009). Another intrinsic protein which, when aued,
causes loss of GSCs is PUM (Lin and Spradling, 192&kmaryet al, 2005). PUM is
responsible for repressing the translation of mRNAshe Drosophila embryo in
conjunction with NOS (Forbes and Lehmann, 1998)lotBe another putative
translational repressor, has also been implicat€alSC self-renewal (Xt al, 2005). It
has also recently been demonstrated that SXL, whiotquired for GSC differentiation
(Chau et al, 2009), is also capable of translational repogssn S2 cell culture
(Medenbactet al, 2011). This suggests that translational regutat a key mechanism
for regulating GSC behaviour.

mei26mutants have a phenotype similatbommutants. In this instance, BAM
is not able to rescue timei26mutant phenotype, suggesting that MEI26 and BAM ar
part of the same pathway. One model that explaovg these proteins interact is that
MEI26, once activated by BAM, possibly inhibits taetivity of PUM and NOS. This
would relieve the translational inhibition of mRNAsquired for CB differentiation
(Neumulleret al,, 2008; Shen and Xie, 2008) (Fig. 4).

Components of the micro ribonucleic acids (miRNpApcessing pathway have
recently been implicated in the regulation of GJBark et al, 2007). miRNAs are
small RNA sequences which are required for the atiggion or translational inhibition
of specific mMRNAs (Shen and Xie, 2008, Valencia<®mz et al, 2006). When
Argonautel (AGO1l), an enzymatic component of theRMA pathway, is
overexpressed, over-proliferation of GSCs is sebareas loss of AGO1 causes GSCs
to differentiate, implying that AGOL1 inhibits difientiation (Jin and Xie, 2007, Yarg

al., 2007a). Similarly, Dicerl (DCR1) and Loquaciqu®©QS) mutants also lead to a
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loss of GSCs. These three proteins are thoughet toumlved with GSC maintenance by
inhibiting the expression of factors required foffedentiation, similar to PUM and
NOS (Jin and Xie, 2007, Paek al, 2007).

In addition to BAM, another protein involved ingrdating GSC behaviour is the
sex-determination gene, SXL, which is normally fdum the cytoplasm of GSCs and in
the nuclei of cyst cells at the sixteen cell st@@@ppet al, 1993) (Fig. 4). SXL mutants
have large tumourous ovarioles similarb@m mutants. However, whilbamtumours
are filled with single cells that contain spectnoes, SxI mutants produce cysts,
suggesting that the germline $xI mutants is able to partially differentiate (Clefial,
2009). Loss of SXL in the germline leads to upragjah of nanos It has been shown
that nanosis required for continued growth of germline tunmsdhat result fronSxl
loss of function, although not for the undifferetéid cyst phenotype itself. (Chaual,
2012).

A mutant in Sans-fille (SNF) which leads to a kdtas of germline SXL has an
overabundance of BAM but is unable to completeedghtiation, demonstrating that
SXL is essential for BAM-induced germline differextion (Chauet al, 2009).
Interestingly, insnfandbamdouble mutants the germline tumours are able adyre
branched fusomes but cannot produce polyploid nce#ie. This implies that, in 8xl
deficient background, BAM is not essential for daly stages of development (Chetu
al., 2009). Additionally, since these mutants prodbcanched cysts but not mature
nurse cells, SXL may play a role in promoting theaf stages of germline
differentiation. As well as both producing tumouogm and certairSxI mutants have
the same molecular signature; both types of mutarmess male specific mMRNAs
suggesting that BAM and SXL are both involved iguiating the same downstream
targets (Chaet al, 2009). In agreement with this, BAM mutants gtsoduce the male
splice form of SXL, indicating that both BAM and &Xre part of the same pathway

(Chauet al, 2009).
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Fig. 4 BAM and SXL in germline differentiationLow levels of BAM lead to GSC
maintenance. In the cystoblast, reduced DPP siggdkads to an increase in BAM
expression, allowing BAM to repress PIWI, PUM an@®3l Additionally, SXL is able
to downregulate Nanos at this stage. This leadsy$toblast differentiation. After the
cystoblast stage, BAM becomes localised to themgs@and SXL remains inhibited
between the 2-8 cell stage. (Adapted from Céizal., 2009; Chawet al, 2012).
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3.5 Escort cells

While cysts are dividing in region 1, their moverhémrough the germarium is
driven by the activity of ECs. These cells contafrthin cytoplasmic projections that
remain in close contact with the GSCs and devetpgermline cysts. It was initially
thought that ECs were the progeny of “escort stelis.t After the escort stem cell had
undergone division, the resulting EC was thoughntive through the germarium with
the developing cyst and undergo apoptosis at thene2a/2b boundary, since ECs in
this region are occasionally positive for apoptatiarkers (Decotto and Spradling,
2005). However, recent live imaging data has detnatesl that ECs appear to be
permanently anchored to the basement membrane eofgénmarium and it is the
dynamic movement of the microtubule rich projecsighat push the cyst through the
germarium (Morris and Spradling, 2011). Loss of G3€ads to the gradual apoptosis
of ECs, suggesting that ECs are able to senseempdmd to changes in GSC activity
(Kai and Spradling, 2003). Also, EC cytoplasmicjections do not surround the GSC-
like cells inbammutants, demonstrating that the differentiatingrgime plays a role in
regulating EC behaviour (Kirillet al, 2011).

In addition to their role in the development o thermline, it has also been
proposed that escort cells may define part of t8€ fiche through the formation of
adherens junctions since loss of ECs lead to tgerdwation of the FSC niche (Kai and
Spradling, 2003, Morris and Spradling, 2011, Song &die, 2002). This illustrates the
importance of ECs in the regulation of both thewgere and the follicle cell population.

Little is known about the signalling pathways whiceegulate EC behaviour;
however, Decotto and Spradling (2005) demonstr¢hetl the escort cell population
requires JAK/STAT signalling to function. WithoutAR/STAT signalling, the
germarium tip and muscle sheath is disorganisedng@rease in JAK/STAT signalling
in the germarium also leads to an increase in timeber of ECs (Decotto and Spradling,
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2005). In addition to JAK/STAT, Rhomboid (RHO) isndwn to influence the
cytoplasmic projections of ECs. Loss of RHO in B&xds to poor EC invasion and an
accumulation of GSC like cells in the germarium.hlts also been shown that
expression of RHO, which functions through Epiddrn@owth Factor (EGF)
signalling, in ECs is important for restricting DBIgnalling to the niche (Kirillyet al,

2011).

3.6 Follicle cell differentiation; epithelial cellsstalk cells and polar cells

The final part of egg production which takes platehe germarium occurs in
region 3 where the developing cyst becomes envaltyyefollicle cells (Fig. 5). The
Drosophila ovary contains two FSCs which reside at eithee 3l the germarium
(Margolis and Spradling, 1995). These FSCs divalproduce immature follicle cells
which express markers such as Fasciclin Ill (Mc@regg al, 2002). Once an FSC
divides, the daughter cell which will go on to diféntiate has to migrate laterally across
the germarium until it is at either the posteriomaaterior side of the cyst. This decision
appears to be dependent on Notch signalling sir&esFwhich have defective Notch
signalling are unable to produce follicle cells ethimigrate across the cyst (Nystul and
Spradling, 2010) (Fig. 5). Additionally, Nystul aspradling (2010) demonstrated that
Delta, the Notch ligand, is required in the cysichithe follicle cell will associate with
for this migratory behaviour to occur.

When the follicle cell is in an appropriate pasiti it will divide and surround
the sixteen cell cyst (Fig. 5). The generation @btit clones in older egg chambers has
shown that all follicle cells have the potentiabitferentiate into either polar cells, stalk
cells or epithelial cells (Nystul and Spradling12). After this, the enveloped cyst will
bud off from the germarium and begin to mature iat® egg. Once out of the
germarium, the follicle cell population continuewiding as the nurse cells and the

oocyte begin to expand. A subgroup of follicle seillill stop dividing as the cyst buds
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off from the germarium and will eventually diffeteate into polar cells and stalk cells
(Nystul and Spradling, 2010) (Fig. 5).

Polar cells are two pairs of cells which are fowidpposite ends of the egg
chamber. In the early stages of egg maturationptier cells are found at the end of the
stalks and require Notch for their development (MNlysand Spradling, 2010).
Expression of Unpaired, the JAK/STAT ligand, in goktells is essential for proper
stalk formation. A reduction of JAK/STAT signalling the ovary leads to improper
stalk cell specification and inappropriate fusidradjacent egg chambers (McGregbr
al., 2002) (Fig. 5).

JAK/STAT, along with EGF signalling, is also recgd for differentiation of
follicle cells which cover the germline cysts (M&goret al, 2002). During the final
stages of follicle cell differentiation, JAK/STATigwsalling in a subpopulation of
epithelial follicle cells called border cells isguered for their migration from the
anterior end of the egg chamber to the oocyte (Mg@Giret al, 2002). This is mediated
by a miRNA called mi-R279 which functions with Egse$ to ensure the border cells

differentiate properly (Yoomet al, 2011) (Fig. 5).
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Fig. 5 Follicle cell lineagesA. Diagram showing follicle cell lineage. Colours wctat
corresponding cell types in B-B. In the germarium, follicle stem cells (blue) digitb
produce immature follicle (yellow) cells which wilnigrate laterally across the
germline cyst (purple). These then divide and gige to the follicle cell precursors
(pale yellow).C. Follicle cells then further differentiate into polcells (magenta) and
stalk cells (green). This requires Notch and JAKXST respectively. The remaining
follicle cells will differentiate into epithelialadls. D. At around stage 10, a subset of the
epithelial cells will differentiate into border t& orange) at the anterior end of the egg
chamber. These will then migrate up to the oodytack).
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3.7 Follicle stem cells

It has been demonstrated that the maintenandeeselwal and proliferation of
FSCs is dependent on a variety of signals. Theskida the presence of adhesion
junctions between FSCs and their neighbouring ealigell as a combination of signals

from somatic cells and the extra cellular matrix.

3.7.1 Follicle stem cell maintenance

One interesting feature of the FSCs is that thegten two distinct locations,
one at either side of the germarium. These two ragpaniches are capable of
repopulating each other, i.e. when one stem cédisis a FSC in the opposite niche can
migrate laterally across the germarium to repopuldie empty niche (Nystul and
Spradling, 2007). This means that FSCs undergo-lange stem cell replacement
while GSCs only undergo short-range stem cell ogpteent (Nystul and Spradling,
2007). Since lateral migration of follicle cells pdands on Notch signalling, this
suggests Notch is important in the long-term maiatee of the FSC population, while
not being required in the FSC itself. This typestdm cell replacement is analogous to
the epithelial stem cell niches found in tBbeosophila gut (Ohlstein and Spradling,
2006).

Another interesting feature of FSCs is that theinaviour does not appear to be
dependent on locally secreted signals from neadmydividing somatic cells (Nystul
and Spradling, 2007). Nystul and Spradl{8§07) found that FSCs are attached to their
daughter cells via ring canals which may be neddestabilise FSCs in the correct
position. FSC maintenance is also dependent onigalyettachment to escort cells via
E-Cadherin ang-catenin which may anchor the FSCs in place (Santy>ae, 2002).

The loss of E-Cadherin leads to a loss of maintemari FSCs (Song and Xie, 2002).
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This adhesion is thought to be important becausensures FSCs are held in the
presence of signalling molecules such as HH andgas (WG) (Song and Xie, 2003).

Integrins have also recently been implicated imdlig FSCs to the basement
membrane of the germarium (O'Reilgt al, 2008). Integrins are transmembrane
proteins found at the cell surface which reguladbesion between the cell and its
surrounding environment. This means that integaimescapable of transducing external
signals, such as those required for survival orliferation, into intracellular
compartments (Reviewed in Hynes, 2002). It is gmesihat a patch of the basement
membrane expresses the ligand which the FSCs imtbonds to which would explain
why FSCs are always found at the 2a/2b region baynic the germarium (O'Reillgt
al., 2008). O’'Reillyet al (2008) demonstrated that FSCs secrete Lamininli§aad for
integrins, suggesting that FSCs may be capableepnémgting their own extracellular
matrix. The implication is that FSCs control thewn local environment, thus allowing
them to function in exogenous positions in the geram (O'Reillyet al, 2008).

FSCs are also dependent on intrinsic factors agaiyclin E. Loss of Cyclin E
leads to a reduction in Cyclin E- Cyclin dependangise 2 activity and results in a loss
of FSCs. Overexpression of E-Cadherin is able soue this loss of FSCs, suggesting
that adhesion to the niche is important for regu¢patboth FSC division and
maintenance (Wang and Kalderon, 2009).

Another intrinsic factor which is required for FS@aintenance is Domino
(DOM) which is an ATP-dependent chromatin remodgllifactor (Xi and Xie,
2005).The miRNA pathway, another intrinsic regutgtonechanism, has also been
implicated in the regulation of FSCs (Jin and X4607). Jinet al (2007) found that
loss of DCR1 led to a loss of FSCs and GSCs. Howetves uncertain how miRNA
controls FSC behaviour. Identifying the target mi&Nassociated with FSC self-
renewal would greatly aid our understanding of hm#RNAs function in both GSCs

and FSCs (Jin and Xie, 2007).
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3.7.2 Follicle stem cell self-renewal and proliferan

FSCs are capable of populating the GSC niche wB&Cs are ablated,
demonstrating that FSC behaviour can be contrddliethe same signals as GSCs (Kai
and Spradling, 2003). For example, GBB can cordetf-renewal and proliferation of
FSCs through activation of the TKV receptor fourtdttee cell membrane of FSCs
(Kirilly et al, 2005). It is uncertain whether GBB functionsH8Cs by repressing the
expression of differentiation factors or by postiv regulating factors that promote
maintenance (Kirillyet al,, 2005).

A second signalling pathway reported to be invdlue FSC self-renewal and
proliferation is HH, whose upregulation leads te giroduction of excess follicle cells.
Conversely, disruption of HH signalling leads taapid loss of FSCs (Zhang and
Kalderon, 2001). YB has been implicated in the ipgrdtion of FSCs by controlling
HH signalling in cap cells (Kingt al, 2001). This demonstrates that cap cells are also
part of the niche which maintains FSCs, thus cdis ceay coordinate the activity of
two different stem cell populations in two diffeteregions of the germarium (Kingt
al., 2001). HH acts on FSCs through deactivationhef Patched receptor, allowing
Smoothened to activate Cubitus interuptus. Theltreguthis is the transcription of
Cubitus interruptus’ target genes (Lin, 2002). Migta of these components leads to the
misregulation of FSC proliferation (Lin, 2002).

A third pathway implicated in the regulation of &®roliferation is WG (Song
and Xie, 2003). The loss of downstream componehthied WG signalling pathway,
such as Frizzled and Dishevelled, leads to a IdsESLCs (Song and Xie, 2003).
Mutation of proteins which negatively regulate thid pathway, such as Patched, leads
to the maintenance of FSCs (Zhang and Kalderonl1)2@®ile mutation of negative

regulators of the WG pathway, such as Axin, lead$¢ destabilisation of FSCs (Song
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and Xie, 2003). This implies that HH and WG mayulate the activity of FSCs in

different ways (Song and Xie, 2003).

3.8 External factors which affect stem cell behauro

The molecular mechanisms that control egg prodaati theDrosophilaovary
can also be regulated in response to a varietytoansic factors such as the presence of
males, the abundance of food and overcrowding (P£882; Partridgeet al, 1986;
Yanget al, 2008). The benefit of this regulation in respois the environment is that
the Drosophilafemale can optimise the production of eggs. Theams that the female
is not expending more energy on oogenesis thanbeamafforded and she is not
producing offspring in an environment that is utesie (i.e. producing less offspring
reduces the competition for nutrients). Nutriticasla direct effect on the production of
eggs by altering stem cell activity via Insulin rsdjing. In addition to Insulin
signalling, Juvenile hormone regulation is knownpiay a part in regulating the
behaviour of the ovarian niche (Koregal, 2011). Additionally, there are two points in
the egg production pathway where apoptosis camdeced in theDrosophilaovary.
These are found at the start (cyst degradatiompidregg production (degradation of
stage 8 egg chambers) (Cavali@eal, 1998; Drummond-Barbosa and Spradling,

2001).

3.8.1 Nutrition

On a protein rich diet, the proliferation rates @6Cs and FSCs are raised.
Conversely, protein deficiency leads to a reductionthe proliferation of GSCs and
FSCs as well as inhibition of vitellogenesis, whislthe stage when yolk accumulation
begins (Drummond-Barbosa and Spradling, 2001). dploda Insulin-Like Peptides
(DILPs) regulate this response to dietary proté&he influence of DILPs on GSCs is an

example of how a signal generated far from the yean have an impact on stem cell
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regulation (LaFever and Drummond-Barbosa, 2005} P8I act directly on GSCs,
demonstrated by the fact that loss of the DILP ptareon the surface of GSC leads to a
reduction in GSC proliferation (LaFever and Drummtddarbosa, 2005). FSC
proliferation in response to nutrient deprivatibowever, is not directly influenced by
DILPs (LaFever and Drummond-Barbosa, 2005). It basn shown that Target of
Rapamycin (TOR) signalling is involved in regulafifollicle cell survival (LaFeveet
al., 2010). Additionally, TOR is able to regulate Gffoliferation at the G2 stage of
mitosis. TOR is also important for regulating gdanal survival; TOR mutant cysts
undergo apoptosis at the sixteen cell stage inakgely of insulin signalling (LaFever
et al, 2010).

The signal generated by DILPs is thought to beuletgd via the
Phosphoinositide 3-kinases (PI3K) pathway. Thishwaly is required for the
deactivation of Forkhead box, subgroup O (FOXOdew forkhead transcription factor
that regulates the cell cycle. Lack of FOXO leanprogression of the cell cycle (Hsu
et al, 2008) (Fig. 6). This regulatory pathway is thbutp act on the cell cycle at the
G2/M transition; this point in mitosis requiresaade amount of protein and energy to
complete. GSCs have an unusually long G2 phaseaperto allow for synthesis of
components which will be required in the fusomejudritionally demanding process
(Hsuet al, 2008). Halting the cell cycle at the G2/M trdiwsi in response to nutrient
deprivation may be a mechanism which ensures divisioes not occur before the
fusome has had chance to develop. Diet may aldeeimée the G1/S checkpoint (Hsu
al, 2008). Again, the synthesis of DNA is a processctv requires a large amount of
energy. Halting division here allows the cell tcsere there are enough resources to

complete the process before entering synthesis.
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High protein/nutrients
DILPs

DILPr ?

\

PI3K

1

FOXO

G2 fnvl G1 s

G2 and G1 progression

Low protein/nutrients

DILPs

DILPr ?

X

PI3K

FOXO

G2 /M Gl s

G2 and G1 arrest

Fig. 6 Regulation of stem cell divisions in respan$o nutrient availability.A. On a
high protein diet, DILPs are expressed in the brahese interact with DILP receptor
(DILPr) and then, through the PI3K pathway, allo® &rest by deactivating FOX®B.
Conversely, lack of DILPs leads to activation o X®and inhibition of the cell cycle.
It is thought a secondary signal which acts on®iephase of the cell cycle is also
mediated by DILPs (?). (Adapted from Hesiual, 2008).

55



3.8.2 Apoptosis

There are two points in thHerosophilaovary where apoptosis can be induced.
The first is found in region 2 of the germarium wdgermline cysts undergo apoptosis
when the fly is fed a diet lacking protein (DrummdeBarbosa and Spradling, 2001).
One hypothesis for the presence of this checkpsithiat it allows the germarium to co-
ordinate the rate of GSC production with FSCs a€48spond to a poor diet much
more rapidly than GSCs (Drummond-Barbosa and Spigad2001). Evidence which
supports this is that cysts only degenerate dftey have reached the sixteen cell stage,
at the point when follicle cells associate with teveloping egg (Smitkt al, 2002).
One protein implicated in regulating this checkpdinus far is Daughterless (DA)
(Smith et al, 2002). Loss of DA leads to an increase in theer of nurse cells
suggesting that germline cells which should haw@eugone apoptosis in the germarium
survived (Smithet al, 2002). Another protein implicated in regulatiogst survival is
TOR. TOR mutants have more apoptotic cysts (LaFeveal, 2010). Loki and p53
have also been implicated in apoptosis in the gaen{Bakhratt al, 2010).

Flies fed on a poor diet show degenerating egognbless at stage 7-8. This is the
second apoptotic checkpoint in the ovary (DrummBadbosa and Spradling, 2001).
This checkpoint is also activated in response top#gsis-inducing toxins such as
staurosporin (Nezist al, 2000). Accumulation of mature eggs in the ovargy also
lead to apoptosis of egg chambers at stage 8 (WytthfD). Thus the importance of
this checkpoint is that it allows the ovary to nfgdegg production in response to
environmental factors. Insulin receptor (INR), pibBosomal S6 kinase (S6K) and
Chico mutants have been shown to produce egg chhamlbeéch have no follicle cells,
but produce a normal germline. Closer analysihiefgermline cells revealed that they
produce moreDrosophila Inhibitor of Apoptosis 1 (DIAP1), a potent inhibrt of
apoptosis, than wild type egg chambers which suggtsat insulin signalling is
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required for controlling the apoptotic checkpoifince young egg chambers have
raised levels of DIAPL, this suggests that younggg chambers may be protected

against the signal for apoptosis (Pritchett and McQ012).

3.8.3 Hormones and the ovary

Hormones are known to play a role in regulatinghbihe development and
function of theDrosophila ovary. A steroid hormone known as Ecdysone, wisch
essential for morphological changes during laraledlopment, is required for many
different aspects of ovary function (Garetzal, 2011). Initially, Ecdysone functions by
maintaining primordial germ cells in an undifferatéd state in the larval ovary. These
primordial cells will become the GSCs in the adwary. In the larval ovary, Ecdysone
also influences the differentiation of the nich@dfly, Ecdysone is also required for
initiating oogenesis (Gane&t al, 2011).

In adult ovaries, Ecdysone positively regulatesPDBignalling in GSCs,
encouraging their maintenance and promoting pralifen at the G2/M checkpoint.
This is thought to occur independently to Insulignalling (Ables and Drummond-
Barbosa, 2010). Ecdysone receptor mutants havebakso shown to contain less ISWI
protein, suggesting Ecdysone functions by regujatranscription of factors required

for GSC maintenance (Ables and Drummond-BarbosH)R0

3.9 Effects of ageing in the Drosophila ovary

As an organism ages, the level of niche signallsygeduced leading to the
degeneration of tissues. This loss of signallingasn in thédrosophilaovary and is
thought to be the cause of reduced egg producAsnDrosophila females age, the
number of cap cells and GSCs decline. Additionahg, number of eggs declines with
age, due to a reduction in the proliferation ofrsteells and an increase in the death of

egg chambers (Zhaat al, 2008).
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In the ovary, the reduction of E-Cadherin and B&&pression leads to a loss of
GSCs, thus lowering fecundity. Overexpression ahb@BB and cadherin leads to
preservation of GSCs in aged flies (Raral, 2007). A reduction in DPP signalling also
contributes to a loss of GSCs. Conversely, oveesgion of DPP in older flies
transiently rescues this loss of GSCs (Zkaal, 2008). Overexpression of DILP2 is
able to rescue the age dependent loss of GSCsgHal 2008). In addition to this,
Notch signalling in GSCs has been implicated ingterival of cap cells (Wardt al.,
2006). INR mutants have a reduced niche size ds agla reduction of GSCs which is
dependent on Notch signalling (Hstial, 2008) Insulin signalling is able to control
Notch expression though FOXO and PI3K (Hsu and Dnomd-Barbosa, 2011). This

shows that many signalling pathways are alteret agie.

4 Genetic screen for identifying genes required &iem cell regulation

Despite what is already known about stem cell leggpn in the Drosophila
ovary, much remains to be understood about othempoaents which are involved in
stem cell regulation, for example, which motor pnes, trafficking proteins and
transcription factors (e.g. downstream targets AMB are required to regulate stem
cells. Additionally, little is understood about theeechanisms which govern the rate of
proliferation of stem cells and developing cystsah attempt to address this, a fertility
screen ofDrosophila stocks listed as semi-lethal was carried out &ntifly genes
associated with the maintenance, differentiatioch seif-renewal of stem cells (Ponting,
personal communication). The stocks were listedemsi-lethal because they had to be
maintained as a heterozygous stock. Some stockshwdre listed as semi-lethal are
actually sub-fertile (i.e. do not reproduce effitlg), rather than homozygous lethal. In
these instances, the stocks contain a mixturetefémygous and homozygous flies.

The ovaries of homozygous mutants which were fointle sub-fertile were

dissected and categorised into one of three cladgasenotypes which were indicative
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of specific defects in early oogenesis (Pontingrseal communication). These

include:

1) The maturity of the egg chamber adjacent to thenggum was assessed using the
scale described in King (1957) (Fig. 7). Normatlye first egg chamber is a stage 2. A
high average first egg chamber stage with a largeber of Faslll enclosed cysts in
region 2b, indicating a follicle cell deficiencypgsibly caused by a reduction in FSC
activity. If FSCs do not produce enough follicldled¢o encapsulate all of the cysts
being produced, there may be a delay in the pigcbfhof cysts at the posterior end of
the germarium. This assumes that the rate of eggibar development, once pinched

off from the germarium, is independent of an eggneber’s position in an ovariole.
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Fig. 7 Stages of egg chamber developméntStage 2 egg chambers have stalks which
are made up of a cluster of cells (arrows). Ooc¢gteot distinguishable from nurse
cells. B. The posterior stalk in a stage 3 egg chamber besastraight, while the
anterior remains clustered. The oocyte is visibleov).C. The oocyte is much smaller
in stage 4 egg chambers (magenta arrow) and tise etls produce large, multi-lobed
nuclei (white arrow)D. Stage 5 nurse cells become larger and take ompecKked”
appearance (white arrow). The anterior nurse eelissmallerE. In stage 6, the nurse
cells all become the same si#e. In stage 7, the anterior nurse cells are noticibly
smaller than the posterior. The oocyte yolk startform (magenta dashed lin€}. In
stage 8, the yolk is larger (magenta dashed liné)tlae egg chamber becomes larger.

H. The follicle cells from the anterior end of thecgte begin to migrate towards the
posterior end of stage 9 egg chambers. The yolkrhes largerl. The follicle cell
layer over the oocyte becomes columnar epithekal dnd the yolk becomes largér.
Example of a stage 2 egg chamber adjacent to aagemm (magenta asteriski.
Example of a “high first egg chamber mutant.” listbase, the egg chamber adjacent to
the germarium (magenta asterisk) is stage 4, adifiéel by the characteristic blob like
nurse cell nuclei (white arrow). Scale = 10 um.
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2) Conversely, a high first egg chamber stage aretaction in the number of Faslli
enclosed cysts is a possible indicator of a rednath GSC activity. This category may
be due to decreased numbers of GSCs or a reductfmyuency of GSC mitosis, or an
increase in symmetric rather than asymmetric ceision. If GSCs do not produce
enough cysts, there is nothing to push egg chanfbdfeer into the ovariole, thus the
first egg chamber stage is higher than expectedaimgthis assumes that the
development of an egg chamber is independent oféganchamber’s position in an
ovariole. For mutants in this category, the numifeGSCs were counted to determine
if the high first egg chamber/ low cyst phenotypesweaused by GSC loss. This has not

been carried out for all of the candidates as yet.

3) Another indicator of follicle cell deficiency ishé presence of compound egg
chambers which may be caused by several differathanisms. The first is that the
germarium is producing more cysts than FSCs cae voih, so multiple cysts become
packaged into the same egg chamber. Converselypaam egg chambers can also be
caused by a deficiency in FSCs; if there are naiugh follicle cells to ecapsulate a
cyst, multiple cysts may be packaged into the sagg chamber. A final situation
which may lead to the formation of compound eggmibers is an insufficiency of
separating stalk cells which leads to egg chamdmgarated only by a bilayer of follicle
cells, which subsequently degenerates to produmargound egg chamber (Torres
al., 2003).

Of 391 stocks analysed in this screen, 107 weestiied as semi-fertile.
Twenty seven of these stocks had a phenotype assdavith early oogenesis defects.

These candidates are listed below in Table 1.
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Candidate Gene  Stock number First egg Cyst number Compound egg  GSCs
chamber chambers
_________________________________________ SO .
CycB Kg08886 No egg
chambers No cysts N/A Lost
Deadlock Kg10262 Increased Reduced N/A Lost
Ncd 05884 No egg No cysts N/A Lost
chambers
Dpr9 1(3)04713 Increased Reduced Yes Reduced
DLC90F 1(3)04091 Increased Reduced No Reduced
E2F Kg03332 Increased Reduced Yes No effect
Mam d02961 Increased Reduced Yes No effect
GLCAT-1 f00247 Increased Reduced Yes
CG8165/CG8176  KG06444 Increased Reduced Yes No effect
L(2)K10411 1(2)k10411 Increased Reduced
Scribbled C03872 WT Reduced Yes
Eip63E d02960 Increased Reduced No Increased
No annotated KG06463 Increased Not scored Yes Present
gene d05504 Increased Reduced Yes No data
Met-tRNA BG02730 Increased Increased Yes No effect
synthetase
Invalydolysin C02816 Increased Yes
Tramtrak d02388 Increased WT Yes
Eagle do4964 Increased Reduced Yes
MAPKBP1 f05580 Increased Reduced Yes
Not mapped DO1157 Increased Reduced Yes
Dally or I(3)87Df 06464 Increased Increased
CG31782 do3812 Increased Reduced Yes No effect
GST-D1 d00284 Yes
CG33298 D10678 Increased Increased Yes
CycE KG07848 Increased
CG17574 1(2)k09328 Increased No change
Nhe2 KG03334 WT Reduced yes
NLE or CG2807 k13714 Higher Increased

Table. 1. Blue cells = genes with published infaioralinking them to stem cells. WT=
wild type. Peach= genes examined in this thesis.
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4.1 Aims of project

The aim of this project was to take candidate stadkntified in the screen and
determine how they function in regulating stem <eéll the Drosophila ovary. This
included confirming that the insert was the causthe phenotype by remobilising the
transposable elements in these stocks, determimimgh genes were affected by the
insert using complementation analysis with mutaatsying known molecular lesions,
and trying to elucidate the function of these ganaggulating stem cells using in vivo
RNAi and carrying out different genetic interacsonThis thesis summarises the
characterisation of three mutants identified in theginal screen;A2bp1<©0%4¢3
GIcATIF?9?*" and|(3)04713 and presents the work in the form of three refepapers
prepared for submission according to the alteredvmat thesis.

In the first paper th&2bp1¢%***tumorous phenotype is described. | found that
the insert affects two genes close to the insddxi 2 binding protein 1 and Gemin3.
Since the original mutant produces branched cystsmutants which affect SXL, we
analysed SXL expression and found tA@bp1‘©°***mutants have an abundance of
SXL. Genetic interactions suggested that A2BP1@enhin3 function through a gain of
function of SXL and the SXL target Ornithine deaatfase antizyme (ODA). ODA is
an inhibitor of Ornithine decarboxylase enzyme, alihis essential for the synthesis of
polyamines. These small molecules are essential gilmwth and proliferation.
Additionally, polyamines influence the translatioh ODA by inducing a frameshift
during the translation of ODA. This bypasses a sense mutation in th@da mRNA,
leading to the generation of a functional ODA malec Thus, ODA is part of a
feedback loop which controls the synthesis of polyes (Heby and Persson, 1990;
Minois et al., 2011) (Fig. 8). | further identifietie involvement of MAD, a known

antizyme substrate.
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» Ornithine decarboxylase antizyme (Oda)

|

OCrnithine decarboxylase

Induces frameshift {
leading to Oda

Translation (negative feedback) Polyamines

|

Translation, growth, proliferation

Fig. 8. Antizyme pathway. Ornithing decarboxylase is essential for the sysith of
polyamines, which are needed for growth and pn@ifen. Ornithine decarboxylase
antizyme (Oda) targets Ornithine decarbozylase [pyoteosomal degradation.
Polyamines are able to regulate the translatiorOdd mRNA, thus generating a
negative feedback loop which regulates the levelatyamines present in a cell.
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The second paper describes a PiggyBac mutant kras@IcATI%**" This
mutant had compound egg chambers, a reduction sts @nd a reduction in GSCs,
suggesting a problem with both the germline andatmmissue. Closer inspection of
the germarium indicated that ECs were not invagiraperly, which may affect both
GSCs and FSCs. Complementation and expressiomesicae construct confirmed that
Glucuronyl transferase | (GICATI) was causing theemotype inGICATI %% RNAI
indicated that GICATI may be functioning in esceetls and FSCs. Genetic interactions
indicated that multiple signalling pathways weréeetied in GICATI?%?*’ including
JAK/STAT, HH, DPP and EGFR, showing that GIcATlimsportant for coordinating
signalling in the germarium.

GIcATI is a putative glucuronyl transferase reqdifor proteoglycan sytnehesis.
Proteoglycans form a large and varied family oftgirtss which consist of a protein core
coated in unbranched chains of polysaccharidesir thesis begins with the
addition of xylose (Xyl) onto a serine residue ipratein. The next two residues added
onto the Xyl are galactose (Gal) residues. Finallglucuronic acid (GIcA) residue is
added onto the second Gal. This process is reféored initiation and is common to a
large group of proteoglycans. It is the last steghis process which is catalysed by
GIcATI. The paper described in this thesis repres#dre phenotypic characterisation of
a component of the GAG initiation process in Drdsl@p oogenesis. In addition to
investigating the function of GICATI in the germam, we analysed mutants which
affect the other two putative glucuronyl transfergenes in Drosophila melanogaster,
GICcATS and GICATP. While mutation of GICATP onlysglayed a weak escort cell
invasion phenotype, GICATS mutation had similar ssuences taGICATIF?%%4
suggesting a functional redundancy in proteoglyarthesis. Additionally the GICATS
mutant also had cysts that had undergone less soohditosis than a normal cyst,
indicating that GICATS may also have a functiontlve germline. Kimet al (2003)

found that GICATS is able to catalyse the transfeglucuronic acids which are found
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in glycolipids and other stages of proteoglycantisgsis (Kimet al, 2003). This raises
the possibility that glycolipids could also be imfamt for the regulation of tissue

function in the germarium.

After the initiation step, GAG synthesis brancbes into the different types of
molecules that are generated by this process,dmguchondroitin sulphate, dermatan
sulphate, heparin and heparan sulphate (Prydz afehP2000)While chondroitin and
dermatan sulphate consist of glucuronic acid andcétyl galactosamine molecules,
heparin and heparan sulphate GAGs consist of negebt-acetyl galactosamine and
glucuronic acid residues. GAGs are further modibgdhe addition of sulphate groups
or removal of acetyl groups, leading to even girediteersity in this class of molecules.
Thus, the generation of this large class of mokuéquires many different enzymes,
including sulphotransferases, epimerases, trarsggerand deacetylases (Reviewed in
Prydz and Dalen, 2000) (Fig. 9). Additionally, ntidga of the components of
proteoglycan synthesis leads to the disruption ahyrdifferent processes such as wing

formation and embryonic patterning (Table. 2).
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GIcATI  GalTll  GalTl XVIT‘ Initiation

FalMAcT ‘

GlcA epimerase EXTL? t
! GleATH EXT1and 2
GalNAcT
+— GlchAc N-deacetylase
GlcATI

GlcMAc N-sulphotransferase
GalNACT

| <— 60 GlcN sulphotransferase
«—6-0 GallAc sulphotransferase —N t«— 30 GlcN sulphotransferase

«—4-0 GallAc sulphotransferase —. i+— 20 GleA sulphotransferase
2-0 GlcA sulphotransferase . 5 GlcA epimerase
v v v
Chondroitin sulphate Dermatan sulphate Heparin sulphate/Heparan sulphate

Xylose

Galactose

Glucuronic acid

N acetyl galactosamine
N acetyl glucosamine

N glucosamine

N sulphate added onto N glucosamine

Fig. 9. Proteoglycan synthesidDiagram showing the synthesis of chondroitin satph
dermatan sulphate, heparin and heparan sulphati@ap{dd from Prydz and Dalen,

2000).
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Phenotype

Drosophila Enzyme
GIcATI GIcAT
GICATP GICcAT
GICATS GICAT
Dbeta3 GalT GalT
Peptide O XylIT
xylotransferase

GalNAcCT

Heparan sulphate C5GIcA epimerase

epimerase

Tout velu EXT1

Sister of tout velu EXT2

Brother of tout velu  EXTlike3

Sulfateless GalNAc
deacetylase/

Sulphotransferase (Baeg et al,

Ovary; compound egg chambers, GSC ,loss

poor EC invasion

Reduced axon outgrowth (Pandey, al,

2012)

Ovary; compound egg chambers, GSC, loss

poor EC invasion, reduced germline mitosis
RNAI in wing leads to wing curlirdone

anterior posterior axis. RNAI in eye causes

rough eye phenotype (Ueyaragal, 2008)

Predicted to be lethal (Wilson, 2002)

Tracheal tube defect; poor apical basal
polarity (Tian and Ten Hagen, 2007)

Altered wg and hh signalling. Lesbbe if
overexpressed (Kamimued al,, 2011)

Mirror image dentical defects (Peron et
al., 1996)

Wing vein loss, Dblisteringotches and
narrowing. Segment polarity defects. (Han
et al,2004)

Similar to Sister ¢dut velu (Hanet al,
2004)

Segment polarity defect (Zhet al, 2005).
Wing clones have wing margin “nicks”
2004). Mirror image
duplication of dentical belt. Lethal.
(Perrimonet al, 1996)

Table 2. Table listing the Drosophila homologs of iferent proteoglycan synthetic
enzymes and their mutant phentoypes in Drosophila.
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The final paper was analysing the phenotypd(304713 mutants. Removing
the insert rescued the phenotype and complememntaitb a large deficiency indicated
that there was at least one gene in the vicinitthefinsert, which was responsible for
the phenotype. RNAI suggested that Defective prabBosxtension response 9 (DPR9)
was affected in thE3)04713mutants. Interestinglypr9 is not expressed in the ovary,
but in the brain. Finally, sincdpr9 is part of a large family of DPR-related brain
expressed proteins, | analysed other mutationsha&rdpr genes and found two others
which have similar phenotypesi{®)04713 suggesting that this family of proteins may

regulate stem cell behaviour in the ovary.
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Chapter 2. Results Part |
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Abstract

In the Drosophilaovary, differentiation of the germline occurs thgh a series
of defined intermediate stages and a tightly regdlanumber of mitotic divisions.
Different mutations can result in a range of tunugrovary phenotypes, from excessive
self renewal of germline stem cells (GSCs) to qweliferation of partially
differentiated cysts. The latter category consist® defective developmental lineage
including GSCs and a hierarchy of partially diffetiated cells. This resembles the
heterogenous constitution now thought to comprisgacn human tumours that are
maintained by cancer stem cells. We identifiedARbp1‘©°®*®*P-element insert in the
5' region of the splicing associated gekbpl, as having such a tumorous germline.
Although disruption ofA2bplhas previously been linked with similar outcomes,
find the strongA2bp1¢°®*®®phenotype results from disruption of both A2BPH &me
nearby Gemin3 protein, the latter also being inedlvin RNA processing. Using
different allelic combinations and RNA interferen@&NAi) we identified roles for the
two proteins in various stages of germline develepinand a previously
uncharacterised function to regulate the folliclellsc in egg chamber formation.
Additionally, we found that upregulated Sex letfBKL) protein associated with the
A2bp1©%*%3 phenotype is functional and reducing SXL functisrppresses germline
and follicle cell phenotypes @emin3/ A2bpInutants. Following genetic interactions
with known SXL targets, we suggest that Gemin3/A2BBrmally act to repress SXL-
dependent inhibition of Ornithine decarboxylaseizyme, and also demonstrate the
involvement of Mother's against Decapentaplegic (A a downstream target of

Decapentaplegic (DPP) signalling and known antizgoiestrate.
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Introduction

The defining feature of a stem cell is its ability divide and produce a
differentiating daughter cell and a replacemeninstell. The ovaries obrosophila
melanogastermprovide an excellent model system for analysingv ibe decision to
differentiate occurs vivo. TheDrosophilaovary is composed of 15-20 ovarioles, each
of which contains several egg chambers of varyirgunity (King, 1957; Lin and
Spradling, 1993). At the anterior region of the rini@ is the germarium, which houses
the stem cells. The GSCs reside at the anterioroérttlis structure where they are
anchored by E-Cadherin based junctions to the eltp (Songet al, 2002). The GSCs
divide to produce a GSC, which is retained in tieh@& and a cystoblast, which is the
precursor to the sixteen differentiated cells of trermline lineage (Ong and Tan,
2010). Signals from nearby somatic cells in theragavironment regulate self-renewal
and differentiation of these two daughter cellghef GSC division. GSC maintenance
requires DPP, which is secreted by the surroundomga (Xie and Spradling, 1998).
This leads to the repression of the differentiatmomoting factor, Bag of marbles
(BAM) (McKearin and Ohlstein, 1995). During GSC asis, the mitotic spindle is
oriented such that one daughter cell is pushed dveay the niche and each cell is
exposed to small differences in a morphogen gradiethe DPP growth factor (Deng
and Lin, 1997). Several mechanisms contribute s$tricting the range of DPP activity
to GSCs, including sequestering DPP to the extdaelmatrix and degradation of
downstream targets of DPP in cystoblasts (ChenMaearin, 2005; Wanget al,
2008; Xiaet al, 2010). Additionally, differences in DPP levelsperienced by GSC
and cystoblast cells are reinforced by numerouslaggry loops which ensure that the
niche always contains an active GSC and that, oonenitted a daughter cell will not
de-differentiate into a stem cell (Xie and Spraglli2000; Chen and McKearin, 2005;
Harriset al, 2011).
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The GSCs can be identified by the presence of arggath structure named the
spectrosome, which, on GSC division, becomes paréitl into each daughter cell. In
the differentiating cystoblast it becomes a fusoiee latter adopts an increasingly
branched structure with each round of mitosis gmé#ses through the interconnecting
ring canals of the cyst (Orgg al, 2010). After four mitotic divisions, germline tosis
is arrested and one cell in the cyst enters meidseginning the process of
differentiating into an oocyte (Barbosd al, 2007). The sixteen cell cyst becomes
surrounded by follicle cells, the progeny of th8iéte stem cells (FSCs) to form an egg
chamber and buds off into the ovariole (Morris &paadling, 2011).

Disruption of the cystoblast differentiation thrdugverexpression of DPP and
loss of BAM function can produce germline tumougeriget al, 2004). A number of
other genes have been identified whose mutatioruptis germline differentiation at
different stages, resulting in germ-line tumourfie3e include SXL and Sans fille
(SNF) (Boppet al, 1993; Chawet al, 2009). The phenotypes siifandSxlappear to be
closely related since mutation sfifresults in a loss ddxlexpression from the germline
(Nagengastet al, 2003; Chauet al, 2009). Tumours arising froranf/Sxlloss of
function differ from those resulting from loss lehmin that the frequent occurrence of
branched fusomes Bnf/SxImutants suggests that cyst development has beekell at
a later stage (Chaat al ., 2009). Mutations of the RNA binding factor, Atax2-
binding protein 1 (A2BP1), have also been repoti@doroduce germline tumours
(Tastanet al, 2010). Likesnf mutants, these tumours appear to occur due topdes¥
progression of cyst development since markerstefdgst development, such as RNA
binding protein 9 (RBP9) and 0018 RNA-binding pmote(ORB) are not present in
A2bplmutants while early markers of cyst developmerdiuding BAM and MEI-P26
are still expressed (Tastat al, 2010). Some alleles &2bpldo not give rise to
tumorous germaria but, instead, produce cysts wiaste undergone an extra round of

mitosis (referred to as the 5n phenotype), thusdbilog the normal number of germline
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cells (Tastaret al, 2010). It is not clear whether this representgeaker manifestation
of the tumorous ovary phenotype, or the disruptiba different biological activity. The
A2bplmutant 5n phenotype is suppressed by the remdvahe copy ofbam but the
mechanisms of action of A2PB1 and its other intemgcpartners and targets are not
well understood (Tasteet al, 2010).

While screening a collection of viable P-elememsertion lines for defects

1C08483 55 an insert near the 5' end of

affecting early oogenesis, we identifid®bp
A2bplthat produces germ line tumours when homozygotslidunot disrupt the GSCs
themselves. We show that tA@bp1©°®*®® phenotype results from disrupted function
of both A2bpl gene and the nearby DEAD-box RNA helica&emin3 Further
complementation analysis and RNAI expression rede#hat disruption of both genes
contributes to regulation of germline differentmati and mitosis, and the supply of
follicle cells. We also identify a role for Gemim3 GSC maintenance. We investigate
further the mechanisms of A2BP1/Gemin3 function ahdw their activity depends on
SXL and Ornithine decarboxylase antizyme (ODA)nawn SXL regulated gene (Vied
et al, 2003). Antizyme is an inhibitor of the Ornithidecarboxylase (ODC) which is
essential for polyamine synthesis (Heby and Pers#80). Further genetic interactions

suggest the transcription factor MAD, a known stdistof ODA (Linet al, 2002), is a

downstream targets of A2BP1/Gemin 3 regulationathlgerm line and somatic cells.
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Methods.

Further details can be found in Appendix |.

Fly stocks and maintenance

The following alleles were obtained from BloomingtBloomington, Indiana,
USA); A2bp1©%%3 A2hpfY0149 Gem3°%? Df(3L)ED4457 Df(3L)Vin2, PTRIP.
HMS0028attP2 (RNAI integration site), Nanos::\VP18G&dd %" 0dd®™*’, snt*,
Punm®?® Df(2R)BSC266,5x, sen§’?, A2-3,Sb (Transposase) and UAS-CD8-GFP.
The following alleles were also aquired; c587Gal4 Xie, Kansas city, KA, USA),
A2bpF2*O(Excelexis, Boston, MA,USAN>*®'(S. Artivanis-Tsaksonas, Boston, MA,
USA), N2 (S, Artivanis-Tsaksonas, Boston, MA, USA), A2bplMAM20,
Gemin3VALIUM20 and NotchVALIUM20 were obtained frothe Transgenic RNAI
project (Boston, MA USA), Dad-LacZ (H. Ashe, Manster, UK), E(spl)f’°t2*
(S.Bray, Oxford, UK) (Appendix I). All flies were antained on standard cornmeal-
agar media supplemented with live yeast. All cressere carried out at 25 except
RNAI crosses, which were carried out af@7All wild type controls were Oregon-R.
Recombination crosses for generatid@bp1®*®*®® Dad-LacZ are described in

Appendix I.

Dissections

Females were anaesthetised using ice and thendpiomie a SYLGARIS (Dow
Corning, Barry, UK) containing plate using a 2 mmm gFine Science Tools,
Heidelberg, Germany). The ovaries were removedguirnceps (Fine Science Tools,
Heidelberg, Germany) and ovarioles were separasety0.1 mm pins (Fine Science

Tools, Heidelberg, Germany) (more details in Apperyd These were then placed in
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phosphate buffered saline containing 0.1% Tween (\9) (PBS-Tw) and 4%

formaldehyde for 20 mins at room temperature.

Antibody and Actin immunofluorescence.

Ovarioles were stained using either mouse IgG %ex-lethal 118 (1:50,
Developmental Studies Hybridoma Bank, lowa city,, IASA), mouse IgG anti-
Fasciclin Il (1/20, Developmental Studies HybridmrBank, lowa city, IA, USA),
mouse IgG antpgal (1/1000, Promega, Madison, WI, USA) or mous6& Ignti-
aSpectrin (1/20, Developmental Studies HybridomalBdawa city, IA, USA). All
were diluted in PBS-Tw. This was achieved by indifgasamples with the primary
antibodies overnight at 4°C. Samples were then aasbith PBS-Tw. The appropriate
secondary antibody was then added for 2 hours amréemperature (Listed in
Appendix ). The secondaries used were donkey @g&nianti-mouse IgG, donkey
Cyanine3 anti-mouse IgG, donkey Rhodamine Red krahlgG (all purchased from
Jackson ImmunoResearch, Suffolk, UK), diluted inSPBv. Samples were then
washed again and 4'-6-diamidino-2-phenylindole (DAfontaining mountant (H-
1200, Vector Laboratories, Peterborough, UK) wadedd Ovarioles were stained with
rat anti-Bag of Marbles (1:500, gift from D. McKa&ar Chicago, IL, USA) using a
protocol described elsewhere (McKearin and Sprgdli®90, see Appendix 1). Actin
staining was achieved by incubating ovarioles wighalloidin- Fluorescein
Isothiocyanate (1:100, Sigma-Aldritch, Dorset, Uldj an hour at room temperature.
These were subsequently washed with PBS-Tw and t@dunith DAPI containing
mountant. Samples were left overnight at 4°C ancevleen mounted on a glass slide.
All images were taken with a Hamamatsu digital cameounted on a Zeiss Axioskop
microscope. Subsequently, images were processeat) usiprovision Openlab or
Velocity (PerkinElmer, Waltham, MA, USA). Where d@ewolution was required, Z-

section images were taken at Qr& intervals and were then merged. Deconvolution of
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Z-sections was achieved using Improvision Opent#ftwaire (PerkinElmer, Waltham,

MA, USA).

Polymerase Chain Reaction, Reverse Transcriptiorlypeerase Chain Reaction
and electrophoresis.

30-50 male flies were mashed and incubated witheRraseK (Sigma-Aldritch,
Dorset, UK) at a concentration of 20 pg/ml for Zitwat 55°C. This was then incubated
with RNase inhibitor for 30 mins at 37°C. DNA wdseh extracted using the phenol
chloroform extraction method described elsewherealsil, 2001, see Appendix ).
DNA was precipitated using 100% ethanol and subsetty stored in distilled water.
Primers againsA2bplwere designed using primer3 (http://www.bioinfotiosnl/cgi-
bin/primer3plus/primer3plus.cgi). 5-ACA ACT TGG @STCT TCT GT- 3’ (15F1)
and 5- CGA ATT CAA CAG GCC AAT CT- 3 (15R1) wenesed to amplify part of
intron 2 of A2bpl PCRs and reverse transcription PCRs were camedusing a
TGradient PCR machine (Biometra, Goettingen, Gegnahhe Taq polymerase and
buffers used in the PCR were purchased from Rodhgnostics (West Sussex, UK).
RNA was extracted from 30 virgin female ovariesngsthe RNeasy Mini Kit and
QIAshredder (QlAgen, West Sussex, UK) as per manurfar’s instructionsSxl RT
PCR primers were taken from Johnsral, (2010). These primers are found in exons
2 and 4 ofSxl The RT PCR was carried out using the SuperScripit Reverse
Transcriptase kit (Invitrogen, Life Technologies, aihester, UK) as per
manufacturer’s instructions. All samples were rarai1% agarose gel in Tris acetate
ethylenediaminetetraacetic acid (EDTA) buffer. CQohtprimers used were the
following; 5’ -AGA TGA CCA TCC GCC CAG CAT- 3’ (RP¥F) and 5’ -CGA CCG

TTG GGG TTG GTG AG- 3" (RP49RC)T(nvalues used are listed in Appendix ).

78



X-Gal stain

Flies were aged to 3 or 6 day old. Ovaries werasedi®d in cold Grace’s
medium (Sigma-Aldritch, Dorset, UK) and fixed fdd thinutes at room temperature in
5 ul of 25% glutaraldehyde (Sigma-Aldritch, Dorsg) in 1 ml of PBS. This was
rinsed with PBS and stained overnight with X-GahN2 MgCl2, 6mM K4FECNS,
6mM K3F€"CN6, 0.2% X-Gal). Ovarioles were subsequently wdsiéh PBS and
mounted in Vectamount™ (H-5000, Vector Laboratqriegeterborough, UK) or 70%

glycerol.

Phenotypic analysis

The tumorous phenotype was identified by using DARd aSpectrin to stain
nuclei and spectrosome/fusome structures respgctiVamorous ovarioles contain a
large number of non-polyploid germline cells whidontain aSpectrin positive
structures. Egg chambers which had undergone extases (5n) and egg chambers
which consisted of multiple mispackaged cysts (conmal) were identified by the use
of phalloidin to stain ring canals (protocol debed above). Chitest was used to
determine whether the number of abnormal ovarifi@sorous+ 5n+compound) was
significantly different from wild type. This was germed using the SPSS statistical

software package.
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Results

A2bp1¢%*¢3homozygotes do not undergo normal differentiation.

During a screen of transposon insertion mutants d@ruptions to early
oogenesis, we identified the recesst@bp1®®®**® insertion line. The ovarioles of
homozygous mutant flies contained an excess of lgencells (Fig. 1A,B). This
phenotype was 100% penetrant and reverted by rdisaitin of the P-element (Fig.
1C-E). Further analysis of these tumours showed Al2zdp1©°®*®3 ovarioles have a
large number of spectrosome-containing cells. Iditah to this, the few developing
cysts with branched fusomes present do not prochatare ring canals (Fig. 2A,B). To
determine the developmental stage of the exceds, agé immunostained for the
cystoblast differentiation marker BAM, which is nually present in early cystoblasts
and cysts (McKearin and Spradling, 1990). Manyhef $pectrosome-containing cells in
the posterior region of the tumorous ovarioles wawe positive for BAM suggesting
that germline differentiation had been disruptadhe differentiating cysts had reverted
to an early stage (Fig. 2C,D). Since DPP signalim@SCs represses BAM expression
we used a Daughters against DPP (DAD)-lacZ repdaetetermine if the tumorous
cells retained this stem cell characteristic. Wenfb no difference in DAD-lacZ
expression between wild type aA@bp1®°®*®3 (Fig. 2E,F). Indeed, the cap cell niche

and associated GSC stem cells appeared normaleik2hp1‘©°4%3

ovarioles (Fig.
2G,H). The above results suggest that the germiineA2bp1®%®*** has stalled
differentiation at an intermediate stage betweerC&@nd cystoblasts which is not
dependent on DPP signalling from the cap cellserAltively, the phenotype may arise
from breakdown and de-differentiation of early systeflected in the immature ring

canal interconnections observediipbp1‘©°°4%3
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A2bp1l and Gemin3 are involved in the A2B{72%***phenotype.

The insert in theA2bp1®®***3Jine is located in a 5" intron of A2BP1, a protein
that is known to regulate alternative splicing o mRNA (Lasko, 2000; Nakahata and
Kawamoto, 2005; Underwooet al, 2005; Fukumurat al, 2007; Leeet al, 2009;
Gehmaret al, 2011; Fogekt al, 2012) and which has recently been demonstrated t
be involved in an intermediate step of female gamentifferentiation (Tastaet al,
2010). In order to confirm that disruption A2bplis involved in theA2bp1<c04%3
phenotype, we carried out complementation at tlserinsite using several different
alleles ofA2bp1(Fig. 3A). When crossed to a deficiency that sphesinsert site, all
ovarioles appear tumorous. However, wi@bp1©*®*®3was crossed to other alleles of
A2bpl the phenotype observed depended on the alletb@tion used and tumorous
ovarioles were only sporadically present (Fig. 3B).

The A2bpE2**9A2bp1©2%%%3 combination was a mixture of partially tumorous
ovarioles and a 5n phenotype, displaying just otteaeound of germ line mitosis. The
latter was demonstrated by staining the actin cawggals since the single oocyte present
possessed 5 ring canals instead of the usual Fagir 3C,E). Other allelic combinations
of A2bp1©°%4¢3 gver A2bp1%%%%° or A2bpE " **produced a compound egg chamber
phenotype where multiple cysts were mis-packagem one egg chamber (Fig. 3D), a
phenotype not previously reported for A2bpl.

It was surprising that th&@2bpF2***9A2bp1¢°®4%3combination produced only a

f03440

weak tumorous ovary phenotype, since homozygadbp flies have been

reported to display a strong tumorous ovary phesosimilar toA2bp1¢°%*®3 (Tastan

et al, 2010). However, we were not able to confirm AppF2344°

phenotype because,
in our hands, theA2bpf®** line did not produce homozygous adults. Instead we
considered whether the strong ovary phenotyped2ifip1©°®*®® allele might result

from functional disruption of another neighbouriggne in addition toA2bpl We
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therefore carried out complementation wégbmin3 a DEAD box RNA helicase that is
also involved in RNA processing and is situatedgeltbA2bpXLasko, 2000; Cauclat

al., 2010). INA2bp1©°%*%7 Gemin3->**flies, 66% of ovarioles contained at least one 5n
egg chamber (Fig. 3E). Othé&2bpl mutations in heterozygous combinations with
Gemin3-°? did not interact (Fig. 3E. Note the dominant phgpe of A2bpE?344°

heterozygotes). This suggests that onlyARep1©°**%

allele disrupts both2bpland
Gemin3gene functions, possibly through disruption ofoag range gene regulatory
enhancer sequence or due to chromatin silencingced by thesuppressor of Hairy
wing sequence found in thA2bp1®*®*3insert. Other genes found in this region,
CG32063 CG32061 S-LAP4andCG6257,are unlikely to be affected in the ovary of

A2bp1©®*% mutants as they are expressed in the testis, lut tme ovary

(www.flybase.org).

A2bpl and gemin3 regulate the supply of both gemeliand follicle cells

Since complementation had identifié®bpl and Gemin3as candidate genes
involved in theA2bp1©®®*®3phenotype, we decided to further confirm this Byrging
out RNAI. Furthermore, RNAI using the Gal4/ Upstre@ctivating Sequence (UAS)
system would allow us to identify which tissuesuieg functional A2BP1 and Gemin3.
Removing A2BP1 from the germline using Nanos:VP18al4 and the
A2BP1VALIUM20 RNAI expressing line (Net al, 2011) results in an extra round of
germline mitosis. This phenotype was highly pemgfravith 96% of ovarioles
containing multiple 5n egg chambers (Fig. 4C). Hesve removing A2BP1 from
follicle stem cells and escort cells, using c582G@upplemental S1), also produces
abnormal ovarioles which contain compound egg clemkalso at a high frequency of
87% (Fig. 4C). This supports the above describedptementation data which defines
roles for A2BP1 in both germline differentiationdafollicle cell production. Expression

of Gemin3 RNAI in the germline led to a completedmf germline in most ovaries
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(Fig. 4A). However around 6% of ovarioles retained the gemnland these had

tumorous ovarioles (Fig. 4B). Loss of Gemin3 in stimcells, using c587Gal4, also
produces a low frequency of ovarioles with compoegd chambers (Fig. 4C). These
results suggest that Gemin3 plays a key role inntaetenance and differentiation in
GSCs and, to a lesser extent, in maintaining thieleocell lineage. The results further
support the conclusion that t#2bp1©°*4®* phenotype is due to disruption of both

Gemin3andA2bplgene functions.

A2bpl and Gemin3 regulate Drosophila oogenesis tigh inhibition of SxI function

It has been shown previously the2bplalleles affect SXL expression (Tastan
et al, 2010). AsA2bp1©%® produces tumours which contain branched fusomes,
similar to mutants with altered SXL expression (Ba al, 1993; Chatet al, 2009;
Vied and Kalderon, 2009), we investigated wheth€L 8xpression was also affected
in the A2bp1©%****mutant line. We found that in wild type ovariol&XL is present in
the cytoplasm of GSCs and cystoblasts but is dagmiated during cystoblast mitosis
(Fig. 5A). This staining pattern is consistent wgthblished data (Boppt al ., 1993,
Chauet al ., 2009). In contras2bp1*©*®*®3*homozygotes do not downregulate SXL in
cystoblasts. (Fig. 5B). Similarly, a combinationvedaker alleles oA2bplandGemin3
which are able to produce polyploid nurse cellspdiave persistent SXL expression
that appears to be mostly localised to the cytoplésag. 5C,D). However, the germaria
of these mutant combinations appear to be nornateSsemin3 and A2BP1 are RNA
associated proteins, we carried out RT PCR to wher whether SXL splicing in
A2bp 1483 gyvaries is normal. RT PCR indicated t8ad mRNA is correctly spliced to
produce female SXL and thus the upregulated proieirikely to be functional
(Supplemental S2). Note, this contrasts with cyeplic accumulation of SXL in

germline cells that has been reported to resuthfiéedgehog loss of function and is
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associated with increased expression of the noctitmal male specific form of SXL
(Vied and Horabin, 2001).

To investigate whether misregulation of SXL is lkdo be involved the
generation of thé2bpl mutant phenotype, we tested for genetic interastivith the

heterozygoug\2bp 23440

allele, which has a dominant 5n phenotype. A Iddsirection
mutation,Sx[*, suppressed the 5n phenotype, with only 2% ofioles containing a 5n
egg chamber. Similarly, a loss of function allefesnf which is required for SXL
expression in the germline (Chau al, 2009), leads to rescue of tA@bpf23449+
phenotype. These data indicate that the activit$$ XL lies either downstream of, or
parallel to, A2BP1 and is required for the 5n phgpe resulting from the latter's loss of
function (Fig. 6).

We next tested known downstream targets of SXLulegpn for genetic
interactions with thé\2bp£%***9+ mutant phenotype. One known downstream target of
SXL is Notch (N). Expression of Notch is reducedamales through SXL activity and
this contributes to sex specific developmentaleddhces (Penn and Schedl, 2007).
Notch has been shown to act in somatic cells ofnilsbe to indirectly control GSC
maintenance but no role in subsequent germline loevent has previously been
identified (Songet al, 2007). While investigating oogenesis phenotypeslifferent
Notch mutant alleles, we noticed that females thate heterozygous for the gain of

function N€?

allele (Portin, 1975) sometimes produce egg chasnbe which the
germline had undergone only 3 rounds of mitosish W1% of ovarioles containing at
least one of these “3n” egg chambers (Fig. A& found that germline expression of
E(spl)mp*°"2?, a Notch signal reporter (Furriols and Bray, 2Q043s increased in
N**2 mutant ovarioles, consistent with a gain of Notecimction in the germline.
Curiously, flies that were heterozygous for Nré®**deficiency of Notch also showed a
3n mitosis phenotype, with 12% of ovarioles contagna 3n egg chamber (Fig. 7B).

Also surprisingly, removing one copy dotch led to increased germline Notch
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signalling (Fig. 7C,D). We wondered whether incesh$XL expression in tha2bpl
mutants might suppress a previously unknown funadiNotch to limit the numbers of
germline divisions. In flies that were heterozygdos A2bpf®***°and eitheN***?or
N>*¢* there was mutual suppression of both phenotypdsaawild type number of
germline cell divisions was restored demonstraanfyinctional interaction (Fig. 7B).
We tested whether loss of Notch signallicmuld explain the 5n phenotype APbpl
mutants by expressing Notch RNAI in the germlinewidver we observed no germline
phenotypes despite strong loss of function phermstyp the follicle lineage when the
same RNAI was expressed in somatic tissues by 38&&al4 driver (Supplemental
S3). The most likely explanation is that thetch mutations are neomorphic (i.e.
showing novel gene function which is gain of fuan)i for this phenotype leading to
ectopic signalling in the germline rather thaneefing a normal function of Notch. This
may be because wild type levels of Notch normaliypsess, through cis-inhibition, the
ability of the ligands in the somatic cells to aagto adjacent germline cells. Reducing
the copy number of Notch might relieve this bloak l@and function.Abruptex (Ax)
mutant alleles have been reported to show defectssmnteractions with Notch ligands
(de Celis and Bray, 2000). However it is still pbksthat down-regulation of Notch
through SXL may normally play a role in ensuringlsinappropriate Notch activation
does not take place in the germline.

f03440 and

We next tested whether there was an interactiowesan A2bp
CyclinB which has previously been associated with SXL retiph (Viedet al., 2003).
SXL has been reported to promote CyclinB stabditygl entry into the nucleus (Vied
al ., 2003). Thus, if A2bpl mutation led to increasgdL function then this may
increase germline mitosis through promoting cycladivity. However, we found that

F*%3ndCyclinB mutations, the small

when flies were double heterozygous Aibp
reduction in the frequency of 5n ovarioles obserwas not significant. Interestingly

however the double mutant produced a weak compeggadhamber phenotype.
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An alternative target that is negatively regulatbgy SXL is Ornithine
decarboxylase antizyme (ODA). (Vieet al ., 2003). In turn ODA is a negative
regulator of ODC which catalyses the rate limitstgp of polyamine synthesis (Heby
and Persson, 1990). The latter has been implicatexell survival and proliferation
(Pohjanpeltcet al, 1985; Auvineret al, 1992; Packham and Cleveland, 1994). When
combined with heterozygo@®dd®**’ in which most of the Oda coding region has been
removed (Salzbergt al, 1996), theA2bpF****°phenotype is strongly enhanced with
96% of ovarioles containing 5n egg chambers (Fig.@dd®*’ was also able to
produce compound egg chambers when combined with rétessive mutant,
Gemin3~%%+, with 13% of ovarioles containing at least one poomd egg chamber
(Fig. 6). Thus ODA may function downstream of SXhdaGemin3/A2BP1 in both
somatic and germline cells.

To see if the downstream targets of ODA are in#dhin the germline
phenotype, we combined a deletion which removesh bGdcl and Odc2
(Df(3R)BSC266) with A2bpE®*° However, loss ofOdcl and Odc2 did not
significantly affect the dominant 5n phenotypeA@bpF®**° suggesting that the ovary
phenotype is not influenced by the polyamine sysitheathway (Fig. 6). There have
been few other targets of ODA identified, but inmmmaalian cells, ODA is able to bind
to and promote the degradation of SMAD1, a dowastretarget of the Bone
Morphogenetic Protein (BMP) signalling pathway (leh al, 2002). We found that
Mad'?, a mutant with a small deletion Mad (Wiersdorff et al, 1996), is able to
significantly rescue the 5n phenotype A2bpF®*° suggesting that ODA may be
enhancing the germline phenotype by functioningugh MAD (Fig. 6). However, as
discussed above, we do not see up-regulation of Ca&l2 expression inA2bpl
mutants suggesting a non-canonical function of MAQht be involved. Together the
results suggest a model in which A2BP1 and GemiaBnally function through

suppressing SXL activity. This may relieve repressof ODA expression leading to
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down regulation of MAD to regulate a number of eifnt downstream components
that together ensure tissue renewal is properlydinated across germline and somatic

cell lineages of the ovary (Fig. 8).
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Discussion

Here we demonstrate the involvement of two RNA lriggroteins A2BP1 and
Gemin3 in the regulation of germline and folliclellcproliferation and differentiation
during Drosophila oogenesis. Different mutant combinations Afbpl and Gemin3
result in numerous germline and somatic cell phgred. We show that these
phenotypes result from misregulation of SXL whinhturn acts through its downstream
target ODA. We also demonstrate the involvemenhefBMP target, MAD, which has
previously shown to be regulated by Antizyme. Hinale uncover a possible role of

A2BP1 in ensuring Notch signalling is suppressethengermline.

A2bpl and Gemin3, two RNA associated proteins, fimt to control germline
differentiation.

The A2bp1©%4%3 insertion mutant was able to produce tumours wimem
transheterozygous combination with deficiencies tompletely removed botBemin3
and A2bpl However, complementation analysis betweebp1®°®*®® and different
Gemin3 and A2bpl alleles had less severe phenotypes. Some allelicbinations
resulted in an extra round of germline mitosis whothers were able to produce egg
chambers which contained multiple cysts. This saggthat theA2bp1°*®***umorous
phenotype results from the reduced activity of bA2BP1 and Gemin3. This was
further confirmed by the use of RNAI in the ovarythwtissue specific Gal4 drivers.
Loss of A2BP1 in the germline produced many 5n éwgmbers. Additionally, loss of
A2BP1 in both escort cells and follicle stem cédld to the mispackaging of cysts to
produce compound egg chambers. This suggests @BPA may have an additional
role in the regulation of follicle cells as well asregulating germline differentiation.
Interestingly, RNAi of Gemin3 in the germline pradd a small percentage of

tumorous ovarioles. The majority of ovarioles ie tBemin3 RNAi had completely lost

88



their germline. The fact that this was not obsertedng the complementation between
Gemin3-%? andA2bp1©°****may be due to the fact tha2bp1®°®**3s not a complete
null, since loss of function Geming3 is lethal (Stgehet al, 2009). This result suggests
that Gemin3 may be essential for both GSC maintamand germline differentiation.
Interestingly, theC. elegandhomolog of Gemin3, Maternal Effect Lethal (MEL);46
required to produce mature eggs, suggesting sopex@sof Gemin3 function may be

conserved.

A2bpl and Gemin3 function through regulation of Sahd Oda.

We found that there are elevated levels of SXL @ropresent imPA2bpland

Gemin3mutants, which is consistent with published dats(anret al, 2010). However

it has not been shown previously whether the irsgéa SXL expression is functionally
relevant toA2bplmutant phenotypes. Indeed, previous published liasashown loss
of function of SXL can lead to defects in germliddferentiation that are similar to
A2bp 1483 phenotypes (Chaet al, 2009). Several of our results suggest that the
A2bpl/Gemin3oss of function phenotypes result in part frorar@ased SXL activity.
Firstly, we analysed the splicing pattern 2l in A2bp1‘¢°®*®® mutant ovarioles and
found SxIMRNA to be spliced into the functional female spedorm. Secondly, we
found that mutations which reduce the functiorbafrescued the 5n phenotype of the
dominantA2bp1 allele, A2bpf?***° Tastanet al, (2010) demonstrated that A2BP1
marks an intermediate stage in germline developrbetween a GSC-like state and
early cyst development. They found that late exqgésmarkers, such as RBP9, ORB
and Bruno, require the expression of A2BP1. Intergly, loss of function mutations of
Bruno cause germline tumour phenotypes which, Agbp1©°%*®® mutants, do not
form proper ring canals (Parist al, 2001). Bruno has been found promote germline
differentiation by repressing SXL in the germliremd SXL over expression only

significantly affects germline differentiation ifi¢ Bruno binding sites in its mMRNA are
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removed(Wang and Lin, 2007). One possibility, thereforethat A2BPland Gemin3
may indirectly repress SXL levels through Bruno.

Since ODA is a known downstream target of SXL, la@ked for interactions
between arDda mutant and the domina#2bpf?***°mutant (Viedet al, 2003). The
reduction ofOda led to a strong enhancement of the 5n phenotype. mbst well
known function of ODA is the inhibition of ODC, wth catalyses the synthesis of
polyamines (Heby and Persson, 1990). Polyamine&raven to be important for cell
division and survival (McCanat al, 1977; Minoiset al, 2011). However, a reduction
of ODC did not affect the dominant phenotype AZbpE®** It is known that
polyamines are able to upregulate the amount of @RAontrolling translation dbda
MRNA, thus leading to a feedback loop where an o polyamines will lead to a
reduction in the amount of ODC (McCaehal, 1977). One possible explanation for

the lack of interaction betweddc andA2bp£2344°

Is that this feedback loop is able to
compensate for a reduction in the amount of ODQellyicing the amount of the ODC
inhibitor, ODA. Another possibility is that the geline function of A2BP1 and ODA is
dependent on alternative ODA targets. Antizymeé ttammalian homolog of ODA, is
able to target SMAD1 for proteosomal degradatioru@@dleret al, 2001). SMADL1 is
a homolog of MAD, which is phosphorylated by theMrRceptor, Thick veins (TKV)
(Newfeld et al, 1997). We found that reducing MAD was able tbstantially rescue
the 5n phenotype ofA2bg?*P'E%340 Thys ODA and A2BP1 may be able to
downregulate MAD, subsequently promoting differatiin of GSCs. This interaction
was unexpected since expression of DADLacZ, a tepdor DPP signalling, did not
seem to be perturbed iA2bp1©°®*® One possible explanation is that MAD is
functioning in a non-canonical manner. Some SMADtgins are able to influence the
processing of miRNAs which will then go on to pramahe degradation of specific

MRNAs, thus the interaction we observed may be tduBAD activating different

downstream targets independently of DAD (Oh anth&y2011).
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A2bpE?*° also had a genetic interaction withCyclinB mutant. While the
resulting reduction in 5n phenotype was not sigaiit, the double mutation
unexpectedly produced a compound egg chamber phpnofThis was interesting
because it suggests there may be an involvemdya@inB in conjunction with A2BP1
to control follicle cell prolifration. Nevertheleshe CyclinB mutation is known to
inhibit the 5n phenotype of a mutant allele effete an E2 ubiquitin conjugating
enzyme (Lilly et al, 2000), so a role controlling germline mitosiswthstream of

A2BP1 and SXL remains plausible.

Ectopic Notch signalling in the germline suppressgsrmline mitosis.

Whilst investigating a possible involvement of pbks targets of SXL for
germline mitosis defects, we found an unexpectethlyge phenotype associated with
different Notch alleles. We found that both @&bruptexmutation of Notch and loss of
one copy of the Notch gene led to a premature fegih mitosis in the germline,
producing egg chambers which only have seven ragke and an oocyte. Botkiotch
alleles suppressed th&@2BP1 mutant 5n phenotype. Notch is already known to be
important for regulating the exit from mitosis irttee endocycle in follicle cells (Deng
et al, 2001) but no function of Notch in the germlin@shpreviously been identified.
We were unable to detect any germline phenotypenvid@tch was knocked down in
the germline using RNAI. Using a Notch reporter, fmend that, in both th&bruptex
mutant and the heterozygodotch deficiency, Notch signalling is inappropriately
active in the germline. The Idotch phenotypes may, therefore, reflect a neomorphic
activity. Notch is a transmembrane receptor proteimse activation is normally
dependent on neighbouring cells presenting the WNdigands, Delta or Serrate
(Simpson, 1990). This leads to cleavage of Notadh teanslocation of the intracellular
domain to the nucleus where it activates trangonpof Notch targets (Okoclat al,

2002). Normally, in the ovary, Notch signallingusidirectional with ligands present in
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the germline signalling to somatically expressedcRNDenget al, 2001). However,
Notch signalling can also be regulated through acgss known as cis-inhibition, by
which Delta, expressed in the same cell as thetN&ceptor, is able to downregulate
Notch and vice versa (de Celis and Bray, 2000)-i@igition helps to reinforce
unidirectional signalling so that signal-receivinglls become incompetent to signal
back. It is possible that reduction of Notch expr@s in the null mutation relieves cis-
inhibition of ligand function in the somatic celmabling them to signal back to Notch
in the germline. Similarly th&**’mutation used may be incompetent to cis-inhibit the
ligand, again leading to inappropriate activatidrNetch in the germline. Given that
SXL is known to down regulate Notch activity in sata tissue (Penn and Schedl,
2007) it will be interesting to determine whethé{LSalso functions in the germline to

keep Notch from being active.

Functional links between of A2bpl and Gemin3.

To our knowledge, this is the first report of thlese functional association
between A2BP1 and Gemin3 and it is interestingretioee, that both Gemin3 and
A2BP1 are important in regulating RNA processingntn3 is an RNA helicase that
interacts with Survival Motor Neuron and other Geipioteins in a complex which has
a critical role in assembly of small nuclear ribole@proteins (snRNP) (Supplemental
S4). The latter are constituents of ribonucleopnotBNP) particles known as U bodies,
Cajal bodies and Gemini bodies, which are involwedregulation of pre-mRNA
splicing (Cauchkt al, 2010). Interestingly, the shRBP complex protdiitC has been
found to bind in a two-hybrid assay to mammaliambing of A2BP1, Forkhead box 1
(FOX1) protein (Ohkureet al, 2005). Thus, there may be a direct mechanistic |
between these proteins that underlies the fundtimteraction reported in this study.
A2BP1 has itself been linked to regulation of gplig it contains a conserved domain

called an RNA Recognition Motif (RRM) domain and rnequired for alternative
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splicing during development. Primary human neurafypnitor cells, which have been
treated with A2BP1 RNAI show altered splicing of MWs required for neuronal
development (Fogedt al, 2012). Additionally, mice that have a deletidntlee FOX1
gene show altered neuronal excitation and changetha splice pattern of genes
associated with synaptic function (Gehmanal, 2012). The importance of post-
transcriptional control is already well known inetBrosophila germline; the initial
differentiation of the cystoblast requires the \atti of Pumilios (PUM) and Nanos
(NOS) which are thought to repress the translatan mRNAs required for
differentiation (Forbes and Lehmann, 1998). It e trecruitment of BAM which
inhibits the activity of PUM and NOS and promotke tifferentiation of the germline
(Li et al, 2009; Kimet al, 2010). In addition to this, it has recently bestown that
BRAT is able to bind to NOS and inhibits the tratisin of mMRNAs required for GSC
maintenance (Harrist al,, 2011).

It is interesting that botlsemin3 and A2bpl genes have links to inherited
neurodegenerative disorders. The human homolog#&BP1 is a binding partner of
Ataxin2 which is the gene affected in patients etiffg from spinocerebellar ataxia type
2 (Huynhet al, 1999). A2BP1 has also recently been implicatedther neurological
disorders such as autism spectrum disorder, bipldarder and schizophrenia (Martin
et al, 2007; Le-Niculescet al, 2009; Eliaet al, 2010). Gemin3 is known to interact
directly in a complex with Survival Motor Neuron NIBI) to promote proper
neuromuscular function in Drosophila (Shpargel aMhtera, 2005). Human
homologues of SMN have been linked with the neugederative disorder, spinal
muscular atrophy (Shpargel and Matera, 2005). It e interesting therefore to
determine whether a conserved functional interachetween Gemin3 and A2BP1 is

involved in maintaining normal neuronal functionhumans.
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Figures

Fig. 1 Excision of the A2bp2©%% insert rescues ovariole phenotypes. ANT
ovariole showing egg chambers with normal polyploigtse cellsB. A2bp1©0483
ovariole showing complete lack of germline diffefation. A and B are stained with
DAPI. Scale bars= 100 un€. Map showing location oA2bp1¢®®**®insert. Arrows
indicate the site of the 15F1/R1 primers. GreenxorEnumbers, blue = translated
exons, grey = untranslated regioBs.PCR shows amplification of the region between
15F1/R1 in wild type (WT) but not iA2bp1‘©°®*®3 E. Frequency of tumorous ovaries
for each P element excision line. W-1,-3 and -4emeompletely rescued while W-2
retained fully penetrant phenotype. W+1 was a cbrime established from the same
crosses which fully retained the P-insertiBn PCR analysis of the P-element excision
stocks. W-1 and W-4 are clean excisions, confirfmgedequencing. W-2 and W-3 retain
1.5kb and 39bp P-element sequence respectively.leSecar = 65 pm.

99



A2 bp 1 KG06463

]
10500k

_A2bp1 H .
_A2bpT L .
- > A2bp1 J
S-laps 15F1|15R71_4 A2bpt1F
A2bp1 K
—A2bp1 |
. A2bp1 E
A2bp1 KG06463
D E
WT  A2bp1KGosss3 Genotype Tumorous ovaries
= o A2bp1Keoesestl 0% (p=>0.9, n=8)
3 45 3 A2bp1KC0e46312] 100% (p=<0.005, n=20)
& - g 3 A2bp1Keoeiesial 0% (p=>0.9, n=8)
5 ® 3 & A2bp1Keoesest4l 0% (p=>0.9, n=14)

659bp m A2bp1 KGOB463[+1] 100% (p=<0.005, n=1 6)
612bp

Fo SN M
3 3 3 i gk
» > > 2 3 3

1500bp|
659bp
612bp

100



Fig. 2 GSCs in A2bp1©%4® germline tumours are regulated normally. A. WT
ovariole showing normal cyst development. Inseigrcanals (green) can be seen in
older cysts surrounding the fusome (magent).A2bp1*¢%®*3 ovariole showing
incomplete differentiation. Inset; ring canals aret present in branched cysts in
A2bp1©%4%3 gyvarioles C. Bam can be seen in 2-4 cell cysts (arrowhead) @ W
ovarioles but not in older cysts which are towattis posterior end of the germarium
(inset). D. A2bp1©%%**3gvarioles have Bam staining (green) at the antenma of the
germarium (arrowhead), as in WT. Numerous speatnes@magenta) containing cells
towards the posterior end of the ovariole are mptressing Bam (insetE. DADLacZ
expression (magenta) in a WT background is confitmethe proximity of the GSC
niche (arrowhead)F. DADLacZ expression in aA2bp1¢%®*®%is similar to WT
(arrowhead)G. Cap-cell niche of a WT ovariole with 2 GSCs prag@rrow heads).
H. Cap cell niche of &2bp1“°*®*®3gvariole has a wild type number of GSCs. Scale bar
A-F= 15um (scale in inset A=10 um and inset in @xB). Scale bar G-H 5 um. WT=
wild type.
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Fig. 3 Complementation analysis implies that disrupon of both Gemin3 and
A2bp1 contributes to the A2bp1®®**3*phenotype.A. Genome map of th&2bpland
Gemin3loci. A2bpl spliceforms E-L, CG32061, CG32063, fldaand CG6527 are
shown on the diagram. Blue = exons, grey = unteded|regionsB. Partial germline
tumour phenotype oA2bpF**9A2bp1©?%4%3 phalloidin staining (magenta) reveals
lack of actin-rich ring canalsC. 5 ring canals are clearly visible surrounding sngl
oocyte in A2bpI©¢*®**IGemind=%? indicating a 5n phenotypd. Compound egg
chamber phenotype iA2bp1©**JA2bp1%% Four ring canals surrounding oocyte
indicate germline cyst has undergone the normal beunof mitotic divisions.E.
Complementation analysis of tA&bplandGemin3alleles, phenotypes were scored as
% abnormal ovarioles with proportions of germlinenbur, 5n and compound egg
chamber phenotypes indicated on graphs. Scale b6 gm in A-D, n= >30. All
samples were compared to wild type. * indicate®.D5 as determined by Chiest.
Images in C,D represent a merged stack of 15 catisecdeconvolved Z-sections

sampled at 0.fim intervals.
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Fig. 4 RNAI of A2BP1 and Gemin3 indicates that theyare required in germline
and somatic cells for oogenesis. AExample of a tumorous germarium in which
Gemin3is knocked down in the germlineaSpectrin, purple; DAPI, greyB. Example
of an ovariole which has lost its germline af@min3was knocked down with nanos-
Gald. C. % abnormal ovarioles scored after driving A2BPI1d aBemin3 RNAI
expression in germline and somatic cells using saga¥4 or c587-gal4. Proportions of
germline tumour, 5n and compound egg chamber pijpestare indicated on graphs.
All samples were compared to GIcATIVal20/+ (vac&NAi chromosomal insert site
line) and their respective Gal4 driver controlsndicates R0.05 as determined by Chi
test. (Scale bar =10 um).
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A2bp1 KG06463

Fig. 5 SXL is upregulated in A2bp$©%4%3 A In wild type ovarioles, SXL (magenta)
is present in GSCs and cystoblasts (asterisks)SXL in A2bp1®°®*®3 is present
throughout the germarium as well as in GSCs (ak&xiC. In WT egg chambers, SXL
is not present in germline cells, demonstrated Hgck of magenta staining in the
cytoplasm of nurse cell§. In A2bp1©°**®3 SX| (magenta) is present in the cytoplasm
of nurse cells 0A2bp1¢*®**3Gemin3-=%2 Scale bar = 30 pm.
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Fig. 6 Genetic interactions withA2bpT****° and Gemin3-°*2. % abnormal ovarioles

were scored and comparedA@bpf®**9+. * indicates R0.05 as determined by Chi

test. Proportions of germline tumour, 5n and conmgoegg chamber phenotypes
indicated on graphs.
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Fig. 7 Deregulated Notch signalling suppresses gelime mitosis. A.Example of a 3n
egg chamber (arrowhead) M*®7+ ovariole stained with DAPB. Mutual suppression
of Notch3n andA2bp15n phenotypes in double mutant combinati®tenetrance was
determined by analysing a group of ovarioles fromehegenotype, determining the
number of abnormal ovarioles per genotype and ohgidhis by the total number of
ovarioles analysed for that genotype. This was theressed as a percentdg& +,
N*®9+ and A2bpE®*9+ phenotypes wersignificantly different when compared to
wild type and double mutant combinations. * indésafx0.05 as determined by Chi
test.C. E(spl)np™“/+ has little germline lacZ, indicated by a lacklaéZ accumulation
near the nucleu®. Example of inappropriate Notch activation in therrgline. XGal
was seen accumulating near the nucleus (arrowh&adje bar= 60 um. C and D is
stained with XGal.
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Fig. 8. Model explaining A2bp1l/Gemin3 possible furion in the germline. In the
GSCs, Sxl inhibits Antizyme activity which leads wpregultion of MAD. Together
with DPP, MAD promotes a GSC phenotype by represtie expression of BAM. In
cystoblasts, A2bpl and Gemin3 would reduce SXL twHeads to upregulation of
Antizyme, which in turn targets MAD for proteosoneigradation. This would lead to
upregulation of BAM, thus driving germline differgation.
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c587Gal4/+; UAS-CD8-GFP/+

| 4

Supplemental S1. Expression pattern of c587 Gal4 ithe adult germarium. A. In
order to determine the expression pattern of c58%®e crossed flies containing the
c587Gal4 to flies containing a UAS-CD8-GFP condtrWe chose to costain with
Faslll (magenta), a marker for immature follicldlseFollicle stem cells are located
immediately anterior to Faslll expression domaid eo not express Faslll, themselves.
c587Gal4 drives the expression of a UAS-CD8-GFRgg)y construct in both escort
cells and follicle stem cells, indicated by a lawkspace (arrowheads) between the
expression of CD8-GFP and Faslll. Scale bar = 15 pm
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Supplemental S2. SxI mRNA is normally spliced iPA2bp1®°®*®3 A. Exon 3 is
spliced out of the female form &xl Arrows indicate SxIF and SxIRC primer location.
B. RT PCR showing the female splice formflis produced normally (left panels).
Right panels show control PCR amplification of R@ENA. Lanes marked "-ve" are
respective no template controls.
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NosGal4/NotchVal20 | B c587Gal4/+; NotchVal20/+

Supplemental S3. Loss of Notch in the germline dsaiot produce a 3n phenotype.
A NotchVal20 RNAI expressed with nanosGal4, a gerenlbal4 driver, does not result
in a germline phenotype (N=50), demonstrating lfsSotch in the germline is not the
cause of the germline phenotype seen in Notch neifdnNotchVal20 RNAI is able to
produce a strong compound egg chamber phenotype dineen in somatic cells with
c587Gal4. This shows that the NotchVal20 RNAI camdtis functional, suggesting
Notch is not present in the germline. Scale bargpBb
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Supplemental S4. Gemin3 plays a role in SnRNP biogesis. SMN/Gemin proteins
associate with the Sm proteins required for spdidm the cytoplasm. In the nucleus,
precursor snRNAs are transcribed and then protdmtatie cap binding complex. This
complex is then exported out of the nucleus. Inayteplasm these snRNAs associate
with SMN/Gemin3. This complex is imported back it nucleus and localised to
Cajal bodies. Here, the SMN/Gemin proteins disgecend are localised to Gem
particles. The mature SnRNP then goes on to comRNA splicing. (Adapted from
Pellizzoni, 2007).
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Abstract

The extracellular matrix (ECM) plays important ®lén tissue formation,
providing mechanical support and a substrate fibmugration. Additionally, the ECM
facilitates and regulates pattern formation byred&ng with components of different
signalling pathways. An important constituent ofe tieCM are the extensively
glycosylated proteins known as proteoglycans. §mhesis of this class of molecules
is initiated by addition of an O-linked tetrasaadti@, which is subsequently modified
by the addition of further sugar and sulphate ressd We identified a mutant in
Drosophilawhich had reduced germline stem cells, defects@® cell invasion and
defective packaging of cysts into egg chamberdeent excision, complementation
analysis and expression of a rescue construct ifdehtthe disrupted gene to be
Glucuronyl transferase | (GICATI), which is requréor the final step in the synthesis
of the linker tetrasaccaride which is added onte ferine of -Serine-Glycine-X-
Glycine- sequences found in proteoglycans. Addailyn RNA interference indicated
that GICATI functions primarily in escort cells afallicle stem cells. We found that
GIcATI is able to influence the activity of severdifferent signalling pathways,
including Janus Kinase (JAK)-Signal Transducer akctivator of Transcription
(STAT), Decapentaplegic (DPP), Hedgehog (HH) andiémal Growth Factor (EGF)
signalling, suggesting that proteoglycans produesda result of GICATI activity
essential for modulating tissue function in wsophilaovary. GICATI is one of three
Drosophila Glucuronyl transferases. We also found that GlcAnRg GIcATP, which
catalyse the same and additional reactions duripgogaminoglycan synthesis, were

also able to influence different aspects of oogenes
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Introduction

Maintenance of a tissue throughout a multicellaieganism's lifespan requires
balancing the production of cells with cell lodsthis balance is not maintained and the
tissue is unable to renew itself properly, thenfitaction will be compromised. In
diseases such as cancer, over-proliferation and g@ibi@rentiation of cells leads to
disruption of the surrounding tissue, while undssliferation may contribute to tissue
decline in certain age-related conditions. Bothtanses highlight the importance of
understanding how healthy tissues are maintaineidhaw tissue renewal occurs. The
Drosophilaovary is a useful model for understanding the @sscof tissue renewal as
the production and differentiation of numerous dgjpes from different stem cell
lineages must be coordinated and maintained thautghe lifespan of an adult fly.

The Drosophila female has two ovaries, each of which is splibii5-20
independent egg producing structures called owmioAt the anterior tip of each
ovariole is the germarium, where the two populaiohstem cells that are required to
produce eggs are housed. The first population la@egermline stem cells (GSCs),
which divide to produce a replacement GSC and gliau cell known as a cystoblast
(CB) (Lin and Spradling, 1993). The CB will undergair rounds of incomplete mitosis
to become a cyst, with each cell being connecteslitih an actin-rich structure known
as a ring canal and a branched organelle calledusg®ne (Linet al, 1994; Ong and
Tan, 2010). At this 16 cell stage, one of the imked cells undergoes meiosis,
beginning the process of becoming an oocyte whiedther 15 cells will differentiate
into nurse cells, whose function is to supply tbeyte with maternal mMRNAs (Barbosa
et al, 2007). GSC maintenance is dependent on DPPIlingn&om cap cells and the
terminal filament while the developing cyst is eloped by a set of cells with long, thin

projections known as escort cells (EC) (Fig. 1 magter 1). Disruption of EC invasion
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through loss of JAK/STAT results in a disorganiggmarium (Kai and Spradling,
2003; Decotto and Spradling, 2005). Furthermorengeia with disrupted EC invasion
have a reduction in the number of GSCs, demonsgratiat ECs are important in
maintaining the GSC niche (Kirillgt al, 2011). Interestingly ECs appear to be able to
sense the presence of differentiating cysts, simowaries where the germline is unable
to differentiate, EC invasion in the germarium efattive (Kirilly et al, 2011); it is
also known that ECs gradually undergo apoptosiswgermline cells are absent (Kai
and Spradling, 2003). It has recently been showah Bpidermal Growth Factor (EGF)
is required both to regulate the ability of ECstowround germline cysts and to restrict
DPP signalling to the niche, which is essentialdontrolling proper differentiation of
the germline. The long projections of ECs drive thevement of cysts through the
germarium towards the second population of steils,déle follicle stem cells (FSC). At
this stage, the FSCs produce follicle cells thataaund the developing cyst, replacing
the EC cells. This developing cyst then buds daffrfrthe germarium and begins the
process of differentiating into an egg as it ishmds through the ovariole. FSCs are
anchored to the most posterior ECs through E-Catlaed loss of this adhesion leads
to FSC loss (Decotto and Spradling, 2005). Thus &€san important part of the niches
of both GSCs and FSCs.

While screening P-element insertion lines for yearbgenesis phenotypes we
identified recessive mutants of tH8IcATI gene which displayed compound egg
chambers, reduced numbers of GSCs and matureicytsis germarium, and disruption
of EC invasion. Mutant phenotypes were phenocopiedxpression of GICATI specific
ribonucleic acid interference (RNAIi) and rescueddxyression of wild typ&ICATI
complementary deoxyribonucleic acid (cDNA). GIcAiBl so named because of the
homology it shares with the catalytic domain of lamfi1-3 glucuronosyl transferase

and its ability to catalyse the addition of a glemic acid residue onto a galactose
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residue, which is an essential step in the eadgest of proteoglycan synthesis (Keh
al., 2003). We also found similar oogenesis phenatypemutations of GICATS which
has similar biochemical function (Kimt al, 2003). Proteoglycans in the extracellular
matrix and at the cell surface are known to berggdefor regulating signalling. We
tested genetic interactions d@ICATI mutants with a number of developmental
signalling pathways to show phenotype-specific fiomal interactions of GICATI with
JAK/STAT, DPP, EGF and HH signalling in oogenesisq the development of other
adult tissues. These results extend the known iboibns of the extracellular matrix

and its modifications in regulating adult developinand tissue renewal.
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Methods
Further information can be found in Appendix I.

Fly stocks and maintenance

All stocks were maintained on yeast-molasses ag&25aC. The following
alleles were obtained from Bloomington (Bloomingtémdiana, USA);GIcAT-[F%4384
PTRIP.HMS0028attP2 (RNAi integration site)GICAT-F%*’  Df(1)BSC580,
Df(1)ED6716, Df(1)ED6720, Nanos::VP16Gal4, Actin5&@& hh*° | ht"RT | Egfft |
tkv®>? | Stat92B, Df(1)BSC352, P(Tub-PBac\T)2, CyO (Transposasd;Gal4,
GICATP %29 GIcATS**®4nd UAS-CD8-GFP. The following alleles were also
obtained; c587Gal4 (T. Xie, Kansas city, KA, USApp™"™ (S. Brown, Sheffield, UK)
and GIcATI VALIUM20 (Transgenic RNAI project, BosipMA USA) (Full genotypes
are listed in Appendix [). Crossing schemes for obilising GIcAT-%%*
recombination ofGICAT-?*" with hop™™ the rescue construct experiments and the
genetic interaction experiment are listed in AppendAll experimental crosses were

carried out at 25°C, except the RNAI experimentsctviivere carried out at 27°C. All

wild type controls were Oregon-R.

Dissection

Three day old or nine day old female flies werenpihto a SYLGARDB (Dow
Corning, Barry, UK) plate containing phosphate brgfl saline with 0.1% Tween (v/v)
(PBS-Tw) and ovaries were removed with forceps €Fs8tience Tools, Heidelberg,
Germany). Ovarioles were separated and the sheatbved using 0.1 mm fine pins
(Fine Science Tools, Heidelberg, Germany) (Moreaitietin Appendix 1). Ovarioles
were transferred to an eppendorf and fixed withfdé#maldehyde (v/v) in PBS-Tw for

20 mins.
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Wings were dissected using forceps (Fine ScienadsTbleidelberg, Germany).
These were arranged on a slide containing isopad@ard then allowed to air dry. Legs
were also removed using forceps (Fine Science Teétdglelberg, Germany) and were
arranged on the slide without isopropanol. Gary'agim mountant (1.5 g Canada
balsam and | ml methylsalicylate) was added tostite, which was then covered with

a coverslip and sealed.

Coracle,aSpectrin and Faslll immunofluoresence.

Ovarioles were incubated overnight in either guipgpanti-Coracle IgG (1/10
000, gift from R. Fehon, Chicago, IL, USA), mousati-aSpectrin IgG (1/20,
Developmental Studies Hybridoma Bank, lowa city,, INSA) or mouse anti-
Fasciclinlll 1gG (1/20, Developmental Studies Hyliima Bank, lowa city, 1A, USA)
diluted in PBS Tw. After washing the samples wiBSPTw, the secondary antibodies
were added at a 1/800 dilution and left overnighpgendix [). The secondary
antibodies used were Donkey anti-mouse Alexa 48&dphore or donkey anti-guinea
pig Rhodamine Red X IgG (Jackson ImmunoResearcfiplBuUK). Samples were
again washed with PBS Tw and mounted in glyceraitaioing 4'-6-diamidino-2-
phenylindole (DAPI) (H-1200, Vector Laboratoriesgt&borough, UK) was added.
Images were acquired using a Ziess Axioskop micpsc mounted with a
Hammamatsu camera. Images were processed usinda®g@erkinElmer, Waltham,
MA, USA). Where deconvolution was required, staskese produced by taking images
at 0.5 um intervals along the z axis. Deconvolutizas also carried out in Openlab

using 3 nearest neighbours.

Polymerase Chain Reaction
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Primers were designed against GICATI using Primedftware
(http://www.bioinformatics.nl/cgi-bin/primer3plugimer3plus.cgi). The following
primers were used; 5-GAC AGC TCG CCG ATT TGT TT&-GIcATIF), 5’ -GCC
TGC GGA TTC CTG ATG AAG- 3’ (GICcATIRC), 5 -GAA AAGGTC CAA AGT
CGC AA- 3’ (PBac3F) and 5 -TCC AAG CGG CGA CTG AGAG- 3’ (5R2)
(Thibault et al, 2004). PCR was carried out using DNA Taq polyaser (Roche
Diagnostics, West Sussex, UK) in a TGradient PCRnm& (Biometra, Goettingen,
Germany). Control primers used were the followifg:AGA TGA CCA TCC GCC
CAG CAT- 3' (RP49F) and 5’ -CGA CCG TTG GGG TTG G- 3' (RP49RC).
DNA was extracted from 30-50 male flies by mashthgm and incubating with
ProteinaseK (Sigma-Aldritch, Dorset, UK) at a camication of 20 pg/ml for 2 h at
55°C. This was then treated with RNase inhibitor 3@ mins at 37°C. A phenol
chloroform extraction method described elsewherds, 2001, see Appendix I) was
used to extract DNA which was then precipitatedngisiO0% ethanol (v/v) and
subsequently stored in distilled water. All PCRsevein in a 1% agarose gel in a Tris-
acetate ethylenediaminetetraacetic acid buffer (&DTTm values are listed in

Appendix .

Reverse Transcription Polymerase Chain Reaction

Primers which span the exon-exon boundary in GIc&ARNA were designed
for use in RT PCR experiments. The primers usederRT PCR experiments were 5’ -
GTT ATT TAG GCA CAC AGC TCG C- 3’ (F2) and 5’ -GCTGC GGA TTC CTG
ATG AAG- 3 (R2). RNA was extracted from 30-50 oiew using the QIAgen RNA
extraction kit (QIAgen, West Sussex, UK) and the ROR was carried out for 18 or 40

cycles using the Superscfiptlll RT PCR kit (Invitrogen, Life Technologies,
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Manchester, UK), following the manufacturer’s instiions. Tm values are listed in

Appendix I.

Rescue construct generation

GHO05057 (Drosophila Genomics Resource Centre, Biogion, IN, USA) was
PCR amplified using 5’ -GGG GAT CCG TTT TTA CCA ACECC GCA G- 3
(forward 5’ primer) and 5’ -GGT CTA GA G GAA CAC AITAAG TAA ATT CAC
TA- 3’ (reverse 3’ primer). The 5’ primer and 3’imer contained BamHI and Xbal
restriction sites, respectively (both enzymes wprechased from New England
Biolabs, Ipswitch, MA, USA). The BamHI/Xbal digedtd®CR product was purified
using a QIAquick gel extraction kit (QIAgen, WesisSex, UK), as per manufacturer’s
instructions and cloned into BamHI/Xbal cut pUASpsmid (Rorth, 1998) using a T4
DNA ligase kit (Invitrogen, Life Technologies, Mdmester, UK) as per manufacturer’s
instructions. The resulting plasmid was purified @Agen Midi Kit (QIAgen, West
Sussex, UK) and was injected iljgw embryos by Bestgene (Bestgene Inc, Chino

Hills, CA, USA). See Appendix | for more details.

In situ probe generation and in situ hybridisation

pOT2 GHO05057 (Drosophila Genomics Resource Certepmington, IN,
USA) was digested using either EcoRI or Xhol andfjga using phenol; chloroform
and ethanol precipitation (Wilson, 2001, see Apmpemd The linearised plasmid was
then labelled with Digoxygenin using the DIG RNAd#ling kit (Roche Diagnostics,
West Sussex, UK) and GICATI mRNA was transcribedhgiseither SP6 (Roche
Diagnostics, West Sussex, UK) or T7 (Roche DiagossiVest Sussex, UK) for the
sense or anti-sense probes respectively, as pewufatdmrer's instructions. The

polymerase reaction was stopped using 0.2 M EDTA&®). The resulting probe was
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precipitated using 4M LIiCl, 0.5 ($accharomyces cerevisid@NA (Sigma-Aldritch,
Dorset, UK) and ethanol at -0 for 24 h. The RNA yield was estimated using agaro
gel electrophoresis. See Appendix | for more detail

Wing discs were dissected from inverted larvae avete fixed in 4%
formaldehyde for 30 mins. The tissue was washecraétimes in PBS Tw and
prehybridised for 1 h at 7G in hybridisation solution (HSW) which consistefd50%
formamide, 5x saline-sodium citrate buffer, 0.1%¢€Bw (v/v), 30 mM citric acid. 2 pl
of the appropriate probe was added to 30 pl of H8\W was then denatured af85
The probe was added to the prehybridised tissueiraubated overnight. Following
this, samples were washed in HSW heated fi€ Gthd 500 pl of anti-DIG antibody
(1/2000, Roche Diagnostics, West Sussex, UK) wagador 2 hours. This was rinsed
and samples were then incubated with NMTT whichs@iad of 0.1 M NaCl, 50 mM
MgCI? 0.1 M Tris pH 9.5, 0.1% Tween (v/v) and waterisTtvas then removed and
replaced with 20 pl of stain solution (Roche Diagfics, West Sussex, UK) and 1ml of
NMTT. Wing discs were then allowed to develop ie thark, after which, the reaction
was stopped using 0.1% Tw (v/v) and 20 mM EDTA. Bka® were precipitated using

ethanol and were washed in PBS Tw before being teduwmto glass slides in glycerol.

Phenotypic analysis

Germaria were stained with Fasciclinlll, which isnarker of immature follicle
cells, to enable to counting of cysts. Only germlioysts which were completely
enwrapped by follicle cells were counted. Cap celtel GSCs were counted after
staining for using coracle andspectrin to identify cap cells and GSCs respelstive
Only spectrosome like structures which were touglhdaracle positive cap cells were
counted as GSCs. After confirming that the distiitm was normal using a Kolgomov-

Smirnov test, a t-test was used to determine whgthenotypes were significantly
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different from wild type for both assays descrilkedabve. Compound egg chambers
were identified using DAPI to allow counting of sercells. Escort cell invasion was
assessed following staining for coracle am8pectrin to identify escort cells and
fusomes, respectively. The number of enwrappedsayste counted and compared to
the total number of cysts present per germariesl than 50% of cysts in a germarium
were surrounded by coracle, this was counted amdpgooor escort cell invasion. For
the compound and the escort cell phenotype, &t€$ti was carried oubll statistical

tests were carried out using the SPSS statistifavare package.
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Results

Loss of function of GICATI disrupts Drosophila oogesis

While screening transposon insertion lines for dsfen early oogenesis, we
identified GICATF?%?" as a candidate mutant. This mutant line was sémbie and
adult homozygous escapers displayed weak leg ang phenotypes which included a
slight bend in the tibia of the leg and a narromighe space between wing veins L3
and L4 (Supplemental S1). We immmunostained staiioetozygoussIcATI %% with
Fasciclin 11l (Faslll), a marker used to identifyinature follicle cells which surround
the developing cysts in region 2b and 3 of the gelm. We found that this mutant has
a reduction in the number of Faslll-surrounded y&ig. 1A,B,G). Additionally, we
found thatGIcATI°%?*’ovarioles often contain abnormal egg chambers, Bt of
ovarioles containing at least one compound egg beaiffrig. 1B,H).

Closer inspection of the germarium was carried agihg an antxSpectrin
antibody, which stains a spherical structure foim&SCs known as the spectrosome.
We found that there was a significant reductiorthie number of GSCs from 2.42,
found in the wild type, to 1.71 iGIcATI%*'(Fig. 11). In order to determine if this
reduction was due to a reduction in niche size,mmunostained cap cells using an
antibody against the septate junction marker, Gerathe number of cap cells was
slightly higher inGIcATI?%**"than in wild type ovarioles suggesting that theeobsd
GSC loss is not caused by degeneration of the nisek (Fig. 1E,F,1,J). An additional

9247 \was a loss of EC invasion into the

phenotype, which was seen [BICAT
germarium. Germline cysts are normally envelopeaiy of the long, thin projections
of the ECs. This was observed in 100% of the wyjgetgermaria analysed, but only
60% of the time inGICATI°**" homozygotes (Fig. 1C,D,K). All of the identified

phenotypes mentioned were recessive (data not ghown
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The insert inGICATIF°%**is reported to be in an exon in Glucuronyl trareserl
(Thibault et al, 2004) and this location was confirmed using RER. 2A,B,C). RT

FP924"gvaries to determine the nature of the

PCR was carried out on homozygd@sieAT
lesion in these mutants. Using primers againsirikert itself andSIcATI, we showed
that the insert is retained in the messenger RNé @D). Additionally, RT PCR using
primers againsGICcATI alone suggests that there is a reduction in theuatrof GICATI
mRNA being produced (Fig. 2E). In order to confithat theGIcATI?%**insertion
gene is responsible for the observed phenotypesirsteemobilised the element using
a PiggyBac transposase (Thibaefltal, 2004). Loss of the insert fro@IcATI?%?*’led

to a restoration of wild type phenotypes (Fig.8¢xt, we carried out complementation
analysis for compound egg chamber phenotypes usiatants around th&IcATI
locus. There was a compound egg chamber phenotgpdlies which were
transheterozygous fdBIcATI?%?*"and two deletions, Df(1)ED6716 or Df(1)BSC580
that each remove th@IcATI gene (Fig. 4A,B, Supplemental S3), confirming ttet
mutant phenotype is loss of function. Both deledi@lso produced a strong reduction
in the number of Faslll surrounded cysts (Fig. 4Chearby deficiency, Df(1)ED6720,
which does not delet®IcATI, complemente®IcATI°**for the observed phenotypes.
(Fig. 4C).GIcATF*® 3 transposon insertion 2bp upstreaffGICATI %%’ failed to
complement GIcATF°**" and GIcATF***®* homozygotes also displayed similar

phenotypes (Fig. 4C). Taken together, these dajgest thaGIcATI°*is causing a

loss of GICATI function.

Replacing GIcATI function in a GIcATIF00247 mutanbackground is able to rescue
the mutant phenotype.

To confirm that GICATI is required in the ovary, hktGal4 was used to drive
the expression of an Upstream Activating Sequend¢&S{ GICATI cDNA rescue

construct in aGIcATI°*?**”homozygous mutant background. We found that this wa
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able to significantly rescue both the compound eggmber phenotype and the EC
invasion phenotype (Fig. 5). The construct alseued the leg and wing phenotypes
(Supplemental S1). However, we found that outcrms&IcATI %% produced other
phenotypes in the wing, seen in the control fli€&cATI% ; ActinGal4/+ and
GIcATI%%" - UAS-GICATI/+). This included loss of cross veins between L3 and L4
and slight expansion of the wing vein tissue aab#@ the cross vein between L4 and L5
(Supplemental S1E). It is possible that there metbing in the genetic background of
GIcATIF?%?*" which leads to the suppresion of these phentoypeswere not able to
test for rescue of the GSC loss phenotype, asinmp&cATI % into the ActinGal4
driver line alone recovered the GSC number to Witk levels (data not shown). The
stem cell loss phenotype may be sensitive to gemetckground. Interestingly other
GIcATI*" mutant phenotypes were also less penetrant in khiskground, but
remained significant compared to wild type (Fig. Bhe UASGICATI cDNA rescue
construct was tested using a Patched Gal4 drivéireinving discs of 8instar larvae, to

demonstrate that the construct would exp@is&\TI MRNA appropriately (Fig. 5A,B).

Loss of GICATI in escort cells and follicle stem llzeis sufficient to cause the
GIcATIF®** phenotype.

To further confirm that GIcATI is affected BICATI?%**’and to identify which
tissues it functions in, we carried out RNAI usitigs which contain a GICATI hairpin
in the VALIUM21 vector. This vector has been repdrtto function well in both the
germline and somatic tissue and, using the yeakl/\G&S system, allows for tissue
specific knock down of target genes @tial, 2011). NanosGal4::VP16, which drives
the expression of UAS constructs in the germling ianthe embryo, did not produce a
phenotype with the GICATI hairpin (Fig. 6A,C). Aspasitive control, we found that

this Gal4 driver was able to induce a tumorous y\y#renotype with a contrddam
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RNAI (Supplemental S2). However, driving the hairpin the escort cells and
progenitor cells of the follicle cell lineage usin§87Gal4 (Supplemental S2) produced
a strong compound egg chamber phenotype (Fig. BR). additionally observed a
reduction in the number of Faslll encapsulateds;ySSCs and EC invasion (Fig. 6E-
H). All the observed mutant oogenesis phenotypesGATI mutants are thus
recapitulated by RNAi knockdown of GICATI expregssim the escort cells and follicle

stem cell population.

Functional overlap of GICAT genes in oogenesis.

GIcATI catalyses the addition of a glucuronic a@didue onto galactose during
the synthesis of the tetrasaccharide linkage regidnch is essential for all
proteoglycans (Kimet al, 2003). Two other GICAT gene products, GICATS and
GICcATP, are thought to be capable of catalysingghme step. These latter proteins
share sequence similarity with GICATI and also pkayrole in the synthesis of
glycolipids and other reactions, which include thensfer of glucuronic acid during
proteoglycan synthesis (Kirat al, 2003) (Fig. 7). We tested to see if the othep tw
genes also play a role in oogenesis. We found @ieATS°**®! which is recessive

[F09247  exhibiting GSC loss with germaria

viable, has similar phenotypes GICAT
having on average 0.47 GSCs. Many ovarioles wewideof germline cells (Fig.

8C,D). The GICATS mutations also resulted in 31%\rioles containing a compound
egg chamber and only 43% of germaria had normal iB@sion (Fig. 8A,C).

Interestingly, this mutant also produced a noveihtdj@e phenotype. We found that 6%
of ovarioles contained germline cysts that had tgwlee less than the normal four
rounds of germline mitosis, which was indicatedtlyy reduced number of ring canals

connected to the oocyte. (Fig. 8B,C). In contrhstrnutation ofGICATP “°***did not

cause any germ line or follicle cell phenotypebalgh there was a slight reduction in
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EC cell invasion with 20% of ovarioles showing dréein this process (Fig. 8C). These
results demonstrate overlapping contributionSAT genes to numerous processes in

oogenesis.

GIcATI functionally interacts with several signaltig pathways in early oogenesis

In order to determine how GICATI functions in theraoy, we combined
GIcATIF?%?*with mutations in components of several differégnalling pathways that
have been implicated in regulating egg productioBriosophila Since thesIcATI %%
phenotype indicated a reduced escort cell invasiompound egg chambers which may
indicate reduced follicle cell production and reeldicGSC numbers, we chose to
investigate interactions with mutants from JAK/STATH, DPP and EGF signalling.
JAK/STAT and EGF signalling have been implicatectscort cell function (Kirillyet
al. 2011), while HH signalling is known to be importdor follicle cell production
(King, et al. 2001) and DPP is essential for GSC maintenance & Xie, 2003). To
account for any genetic background effects we sityiloutcrossedsIcATI %% flies
with wild type chromosomes as a control. The wydet outcross had a mean of 1.72
GSCs, 12% germaria with failure of EC invasion, 24éo ovarioles with a compound
egg chamber phenotype. All phenotypes were sigmticcompared to wild type
(P<0.05).

First we analysed the EC phenotype. Since EGFalligg is required for EC
function (Kirilly et al, 2011), we looked at the effect GicATI°***’on a loss of
function EGF receptor mutarEGFR* (Clifford and Schupbach, 1994). We found that
EGFRY+ alone showed a weak EC phenotype (5% germafitile), but there was
no significant genetic interaction with homozygdBisATI%*" with 9% of germaria
showing the EC phenotype in the double mutant coatlmn (Fig. 9H). JAK/STAT

signalling is also known to be required for esa@it morphology. Loss of JAK/STAT

131



leads to poor EC invasion (Decotto and Spradli®@@52 Kirilly et al, 2011). We used a
loss of function STAT allele known &Stat92E (Decotto and Spradling, 2005) in
combination with homozygousIcATIF%*" While theStat92Emutant alone showed
no EC defects, its addition ®IcATI°**’led to an increase in the number of germaria
with poor EC invasion up to 56% which was signifitg enhanced compared with the

wild type outcrossedGIcATIF?9%47

ovarioles (Fig. 9H). A mutant with a deletion
spanning the three JAK/STAT ligandsytstretchedunpaired (UPD) 2andupd3 also
showed a dominant EC invasion phenotype (9% abrpraral this was increased
slightly when in transheterozygous combination WECATI%?*" (17%), while
GIcATIF°*7+ alone showed no phenotype. These data suggesGEATI mutation
may reduce JAK/STAT activity in the EC cells. Catent with the above conclusion,
the gain of function mutant in the JAK/STAT sigrteansducerhopscotch(HOP),
known ashopg“™ (Luo et al, 1995), slightly reduced th®IcATI°°?*"phenotype (12%
to 7%), although this was not statistically sigrafnt (P=0.45).

HH is expressed in the niche and diffuses thrahghEC region to regulate the
follicle cells (Forbet al, 1996). We investigated the effect of alteringsidgnalling in
a GIcAT " mutant background using a gain of function mutaht’"" (Felsenfeld
and Kennison, 1995), and a loss of function allele® (Parket al, 2003). We found
that hhi"R7/+ alone had a phenotype, with 15% of germaria hapiogr EC invasion,
suggesting a possible function for HH in regulatia@s (Fig. 9H). There was no
significant interaction wittGIcATF%**’however (Fig. 9H). Th&H*“/+ mutant had no
germaria with abnormal EC invasion, however, itquoed a phenotype stronger than

[F99247 although this was not statistically significant

that seen in homozygouSIcAT
(32%, P=0.069). We next analysed the effect of Glc#n DPP signalling using a gain
of function mutant in the DPP receptor, Thick ve{fi&V), known astkv®** (Terracol

and Lengyel, 1994). Thi&v mutant alone had a dominant phenotype in the E&s (
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abnormal). The addition dBIcATI?%?*"produced a significantly enhanced phenotype
with 47% of ovarioles showing poor EC invasion gating that GICATI interacts with
DPP signalling to control EC invasion (Fig. 9H).ighmay be an indirect effect,
however, through the effects of enhanced DPP diggabn germline differentiation,
which is discussed below.

Next we analysed the consequence of mutating Ql@RTGSC number when
combined with signalling pathway mutants. Reductioh EGFR signalling with
Egff'//+ was able to rescue the loss of GSCs associatéd GIWATI %" with an
average of 3 GSCs (Fig. 9G). Similarly the additairStat92E/+ into a homozygous
GIcATI®*background was sufficient to increase the GSC nurfioen 1.7 in the
GIcATIF®** control, up to 2.32. The number of GSCs was natiiigntly affected,
however, by the addition of the gain of functibog“™ mutant. ThenH*® mutant was
also unable to rescue the GSC phenotyp&SIsATI%?*" with an average of 1.89
GSCs, although the gain of function mutant was #&blsignificantly raise the number
of GSCs from 1.7, seen in the control, to 3.15. @tigition of the gain of functiotkv>*

! into a homozygou&IcAT**"background also raised the number of GSCs to 2.25,
although this was not significantly different toetiBIcATI %% mutant (P=0.86).
However in the latter case we observed thattkve*! mutant alone had defective
germline differentiation expected from a gain of DBignalling (Xie and Spradling,
1998); 29% of germaria showed a slight accumulataegion 1 of cells containing the
spectrosome structure that is characteristic of £3@is is consistent with the known
role of DPP signalling, i.e. to oppose GSC diffésation (Fig. 9A,B). The addition of

homozygousGIcATI%%7

enhanced both the severity (Fig. 9C) and the frequef this
phenotype, with 63% of germaria showing a largeuatdation of spectrosome
containing cells in the germarium. Thus, GICATI eyt to limit DPP signalling to the

germline.
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In the follicle cells, theEgfi** allele was able to fully rescue the compound

phenotype of3IcATI %24

to wild type suggesting that EGF signalling mayaliered in
GICATIF?9%* (Fig. 91). JAK-STAT signalling is involved in egthamber development
and separates adjacent egg chambers by promoélkgfetmation (Assa-Kunilet al.,
2007). Unexpectedly, and in contrast to the EC phge, theStat92E mutant was
also able to significantly rescue the compound @wgmber phenotype @IcATI %4
(to 1.7%) (Fig. 9lI). However, a new phenotype waseoved in the double mutant flies.
We found that 28% of ovarioles contained egg chamiigat showed inappropriate
accumulations of follicle cells inside maturing egfgambers (Fig. 9D). This suggests
that JAK/STAT signalling may play a direct or inglit role in regulating egg chamber
formation in combination witlGICATI. However, the gain of functiomog"™, did not
significantly alter the EC phenotype (Fig. 9l).

HH signalling is known to play an important roferegulating FSCs (Forbes
al., 1996). The gain of functiomh"*" significantly rescues the compound phenotype of
GICATIF?9%%" with only 5% of ovarioles containing a compoungyechamber. The
hh'RT allele may compensate for reduced HH signallinth@yFSCs in th&IcATI %%
mutation. It is also possible that an increase ki &ttivity may act in parallel to
compensate for other defects resulting from los§IloATI%*”. Consistent with this
explanation, the loss of functiomh™® mutant did not significantly affect the
GIcATIF°* phenotype. Interestingly, we found a contrary lteButhe wing of the
adult fly. Thehh"®" mutant caused partial duplication of wing terriésri which was
enhanced in combination witGIcATI%?*" The latter combination also led to an
increase in the number of ectopic wing margin lass(Fig. 9E,F). This suggests that, in
the wing, the gain of Hedgehog signal is more éffeavhen proteoglycan sysnthesis is
reduced. Finally the gain of functiotkv®® mutant was also able to rescue the

compound egg chamber phenotyp&ttATI %% to 5% (Fig. 9I).
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Discussion

In order to function properly, cells must be able interpret different
environmental cues from both the ECM and their Imgayring cells. The extracellular
matrix is comprised of secreted and cell-associgismteins, many of which are
extensively post-translationally modified with ansalerable variety of polysaccharide
molecules, known as glycosaminoglycans (GAG)s, Wicentribute to its physical and
functional properties (Oxlund and Andreassen, 198&ruset al, 2011). The ECM
provides structural integrity and support to tisswend cells, affecting their three
dimensional form and mechanical stiffness, whichtumn regulates cell polarity,
behaviour and differentiation (Wang and Ingber, 4)99As well as its structural
properties, ECM components affect cell fate by ptioyg a reservoir of growth factors,
affecting their diffusion and presentation to sitjing receptors found on the cell
surface, and by binding to cell adhesion molec@egers et al, 2010). Thus ECM
function must be taken into account when trying uncover mechanisms of
developmental patterning. The ECM also contributemsiderably to providing
appropriate microenvironments that are populatedtésn cells and their progeny. This
includes providing anchorage for niche cells or m@ldirect contact to stem cells, and
regulating the range and activity of key signallmglecules that control stem cell fate
(Fujiseet al, 2003; Linet al, 2008; O'Reillyet al, 2008).Drosophilamelanogaster
provides an ideal model organism to explore the i the extracellular matrix in
development. TheDrosophila ovary in particular has many features that make it
amenable to investigation of the many roles of BEM. For example GSC
maintenance and differentiation are dependent erfitle control of DPP diffusion in
the extracellular space. Disturbing this gradienidpces extra GSCs as seen when the

collagen 1V protein, Viking, is mutated (Wameg al, 2008). Cell adhesion to the ECM
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is also important for hub cells which are anchaedhe basement membrane and are
essential for maintaining GSCs of tirosophila testis (Tanentzapét al, 2007)
Additionally, FSC maintenance is dependent on Lam#nwhich is a component of the
basement membrane (O'Reilgt al, 2008). Cysts also need to be able to migrate
through the germarium, a process which might inedhe ECM.

Here we show that loss of function of key enzynmethe proteoglycan synthesis
pathway, a key component of the ECM, results irecksfin several important processes
in different cell types required for the coordirdhtieissue renewal that maintains egg

production in adulDrosophila

GIcATIl is required for Drosophila oogenesis

Several lines of evidence allowed us to conclude GICATI is required for
normal oogenesis. The ovarioles of a transposeettitine, GICATI°*?** [ocated within
the GICATI locus had numerous defects in oogenesis includiampound egg
chambers, reduction in the number of germ linessylwer GSCs and defective EC
invasion. The insertion was incorporated into GleATI mRNA and was associated
with reduced expression levels of the gene. Comgigation analysis, GICATI targeted
RNAI and phenotypic rescue by overexpression of ild wype cDNA together
confirmed GIcATI loss of function caused the oogenesis defectdh&umore, RNAI
expression in ECs and FSCs was able to replicateeaimutant phenotypes, whereas its
expression in the germline had no effect, sugggstinrequirement for the gene's
expression in the somatic cells of the germarium.

GIcATl is a protein required for one of the earlgps in proteoglycan synthesis.
The synthesis of proteoglycans begins with thetamdof four different sugar residues,
the last of which is the addition of glucuronicdionto a galactose residue. It is this last

step which is catalysed by GIcATI (Kimt al, 2003). After initiation, proteoglycan
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synthesis branches into different groups, leadmghe synthesis of Heparin/Heparan
sulphates, Chondroitin and Dermatan sulphate, laadynthesis of the glypican family
of proteins (Prydz and Dalen, 2000), thus GICATI essential for the post-
transcriptional modification of a large group ofbf@ins. There are thrderosophila
GIcAT genes that have been identified (Kahal, 2003). These are GICATI, GICATS
and GIcATP. All three are able to catalyse the satap in initiation. GICATI is only
able to catalyse this one reaction, while GICATS &ICATP are broad specificity
transferases, which are able to catalyse othettioeacinvolved in the synthesis of
glycolipids and proteoglycans (Kiet al, 2003). In agreement with the conclusion that
defective proteoglycan synthesis results in theenkesl phenotypes we found that
GIcATS mutants displayed similar phenotypes to Qlcanutants. GICATP mutants
revealed only a minor role for this enzyme althoitghcontribution to oogenesis may
be masked by redundancy. An additional role forAGI8 in the germline was shown by
the fact that the GICATS mutant produced egg chaslsewhich germline cells had
only undergone three incomplete rounds of mitcaisar than four.

Proteoglycans are known to play an important mleegulating signalling in
many different processes that affect cell fate dwhaviour. One function of
proteoglycans is to sequester morphogens and tbasrot morphogen gradient
formation. In the zebrafish embryo, reducing thedpiction of heparan sulphate GAGs
by using Heparinise | leads to an expansion ofdhlast Growth Gactor 8 (FGF8)
protein diffusion (Yuet al, 2009). Another example is the role of the glgpic
Development abnormally delayed (DALLY), which aets a co-receptor for DPP both
in the wing disc and in S2 cell culture. In thistance, DALLY is able to increase DPP
signalling by delaying DPP endocytosis and degraddAkiyamaet al., 2008; Dejima
et al, 2011). Similarly, DALLY is able to restrict théiffusion of Wingless (WG)

during wing development. The WG morphogen is unéabléiffuse across cells that are

137



incapable of synthesising heparan sulphate profeags (HSPGs), suggesting that WG
does not diffuse freely in the ECM (Hahal, 2005).

In the Drosophila ovary, the ECM is known to plag important role in
regulating oogenesis. Firstly, DALLY is known to teuired as a co-receptor for DPP
signalling in cap cells (Guo and Wang, 2009). Sdbgrmutants insulfatelessa gene
required for heparan sulphate synthesis, is algmitant for ensuring BAM expression
is repressed during germline development in thealasvary (Hayashet al, 2009). In
developing eggs, two proteoglycans, Perlecan andtr@ylycan, are essential for
defining apical/basal polarity of follicle cells ¢fneider et al, 2006). Thus
glycosaminoglycans are important for regulating ynaspects of tissue function in the

ovary.

GIcATI shows phenotype specific functional interamts with signalling pathways
involved in oogenesis.

In order to determine how GICATI may be functioniimg regulating egg
production in the ovary, we looked at the effect gdnetically altering different

signalling pathways in @IcAT%

mutant background. We analysed the effect these
mutants had on the compound egg chamber phendtyp&SC number and the poor
EC invasion of theSIcATI??*’mutant. While it is not possible to determine wieeth
the consequences are direct or indirect the reshttsved GICATI loss interacted with
several signalling pathways involved in oogeneRisduction of JAK/STAT activity
using theStat92E mutation enhanced defective EC invasion phenoofftee GICATI
allele. This is consistent with published data destating that JAK/STAT is essential
for EC function (Decotto and Spradling, 2005). TB&ATI°**’ phenotype may

therefore reflect a reduction of JAK-STAT signafjinThe genetic interactions of

GIcATIF??*'with a deficiency of theipd ligands or a gain of functionopscotchallele,
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enhancing and moderatinglcATI %%’ respectively, were also consistent with this
conclusion although these interactions were ndissitally significant. UPD1 and
UPD3 are secreted ligands which are thought to twriteparan sulphate proteoglycans
since treatment of Kcl67 cells or S2 cells with drep leads to an increase in
JAK/STAT signalling mediated by UPD and attenuatioh JAK/STAT signalling
initiated by UPD3 (Harrisoet al, 1998; Wrightet al, 2011). It is possible that GICATI
is involved in the synthesises of a proteoglycaicivis essential for restricting UPD or
enhancing UPD3 function.

The functional interaction of GICATI with JAK/STATEignalling during egg

chamber formation was more complex to interpree GleATI %%

mutant compound
egg chamber phenotype is consistent with a redudidd AK/STAT signalling because
the latter is known to be involved in stalk celffelientiation and loss of stalks, which
separate adjacent egg chambers, result in compeggdchamber phenotypes (Assa-
Kunik et al, 2007). However, combination with ti8at92E allele, which would be
expected to further decrease JAK/STAT signalingtdad suppressed the compound
egg chamber phenotype GicATI%?*" |t is possible that precise levels of JAK/STAT
signalling are critical for the differentiation ddllicle cells, particularly because the
mutual antagonism seen with Notch signalling inlksteell differentiation makes
phenotypes based on incomplete loss of JAK/STAIviacdifficult to interpret (Assa-
Kunik et al, 2007). A further complication was that the conaion of mutations
resulted in a novel phenotype consisting of eggntd&as that contained an excess of
follicle cells that invaded the egg chamber andraaurded the nurse cell nuclei.
JAK/STAT is known to function in regulating differe aspects of follicle cell
differentiation, both specifying the stalk cells ¢@regoret al, 2002) and controlling

border cell invasion (Silver and Montell, 2001).UuBhJAK/STAT plays a role in both

differentiation and migratory behaviour. Folliclells continue dividing until stage 6,
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and express Faslll until this point when they axitosis and become terminally
differentiated. JAK/STAT is known to be importawor the latter step and follicle cells
in JAK/STAT mutant clones continue to express HadllcGregoret al, 2002).0One
explanation for the excess follicle cell phenotyjse that follicle cells are not
differentiating and continue dividing inapproprigte

Another surprising result was the ability of thedmf function STAT mutants to
rescue the GSC phenotype, since loss of JAK/STAfeported to lead to a loss of
GSCs (Decotto and Spradling, 2005). However tB&ATI%%" Stat92€/+
combination also had a more severe defect in ECtifum Since ECs are known to be
important for promoting cystoblast differentiatidoy restricting DPP signalling in
region 1 of the germarium (Kirillet al, 2011) then it is possible that their loss may
explain the observed increase in the number of GSCs

Thehh"RT gain of function mutant was also able to resceeGSC phenotype of
GIcATIF?%?* This was unlikely to be an indirect effect of nbas to ECs, because the
GIcATIF??*’EC phenotype was neither enhanced nor rescuéti'iy). Overexpression
of HH is known to rescue the GSC loss observeftitimale sterile 1 Yb (YBhutants
(King et al, 2001), which suggests that HH can play a rolemaintaining GSCs.
GIcATI modified proteins in the niche may act tetrect HH signalling to the location
where it is needed, thus increasing HH signallowgally. However, the loss of function
hH*“ mutant did not cause a further reduction of GSCthe GIcATI *°**phenotype
and at normal expression levels the impact of HHZ8Cs may be insignificant. The
observed GSC rescue Hh"?" may therefore reflect a compensatory function in
parallel to GICATI rather than directly restoring lass of HH signalling in the
GIcATIF?%?*’mutant background. Similarly the gain of functian’""was able to rescue

|F00247

the compound phenotype GICAT which may reflect an increase in FSC activity,

which is known to be a HH target. Expression ofAJictargeted RNAIi with the c587
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Gal4 driver reproduced the compound egg chambengiiige and this expression
pattern included the FSC but was switched off ifidle progeny. It is likely therefore
that GICATI has a required function to modify keyplecules expressed in the FSC and
this may have an effect in boosting HH signalliaihough again we were unable to
demonstrate a genetic interaction with the lossuattion hh*“ allele. One possible
regulator is Development abnormally delayed whelmportant for the production of
HH in the cap cells (Guo and Wang, 2009). Intengdyi we noted a converse

interaction withhh“RT

in the adult wing, which displayed duplication @&fr@in areas.
These phenotypes were enhanced in @eATI %4 background suggesting that a
protein modified by glycosaminoglycans, which ayateesised by GICATI, can act to
limit HH signalling during wing development. The pact of ECM proteins on HH
function in the wing has been previously noted. Disaulphatase 1 protein functions by
removing sulphate groups from heparan sulphatecutds found in the ECM, allowing
the diffusion of the HH morphogen, thus ensuringt tHH signals appropriately in the
wing (Wojcinskiet al, 2011).

We also saw genetic interactions of EGFR v@leATI°**'mutants carrying a
loss of functionEgfr mutant. There has been no direct role for EGFadiigqig in GSC
maintenance reported although EGF from the germizgelates EC function and this
may have reciprocal consequences on GSC reguléioily et al, 2011). However,
changes in the ECs seem unlikely to explain the @3€ue in this case B4cATI %4
EC phenotype was unchangedyf™’. This is despite a known function of EGF in the
EC cells (Kirilly et al, 2011) and a weak phenotype of reduced EC inmasi&gfr*/+
flies alone. The loss of functioBgfi mutation did however suppress the compound

egg chamber ofGICATI %" EGF signalling is known to be required for the

differentiation of epithelial follicle cells whiclkcover the oocyte during stage 6
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(McGregoret al, 2002) but to our knowledge, a role in earliegsis of egg chamber
formation has not been described.

Thetkv mutant also rescued the compound egg chamber pipend his result
Is consistent with a report that Glass bottom b@BB), a Bone Morphogenetic
Protein-like ligand for TKV, is essential for FSGnttion (Kirilly et al, 2005). If GBB

signalling in the FSCs were reduced @icATI %"

this might lead to poor FSC
maintenance. Thus increasing signalling with a gdiflunction tkv mutant would be
expected to restore FSC function. As with otheeriattions that suppressed the
compound egg chamber phenotype we observed aragecie GSC number compared
to GIcATI?%?*" alone, although in this case it did not reach stiadl significance.
However, as increased DPP signalling would be depeto increase GSC numbers
(Xie and Spradling, 1998) then a direct effect nadso be involved. One candidate
proteoglycan that might provide this direct effectDevelopment abnormally delayed
(DALLY), which acts as a co-receptor for DPP. Migas ofdally lead to GSC loss,

similar to that seen iGICATI%*,

(Hayashiet al, 2009) and a gain of function
mutation of thetkv receptor would be expected to suppress this.dstiegly, we also
saw thetkv gain of function mutation resulted in a weakly axged population of GSC-
like cells that were not adhered to the niche. Phienotype was significantly enhanced
by theGIcATF**’mutant background. The latter result suggests ifaggion 1 of the
germarium, another GICATI modified protein may natiy act to restrict the range of
DPP signalling, thus preventing GSCs from losingehelence on niche adherence.
Such a role for the ECM has previously been progpdelowing similar phenotypes
being observed with mutations Dfosophilacollagen IV (Wanget al, 2008). Thekv

mutation alone also displayed reduced EC invadiom,unlike withEgfr'* allele, this

phenotype was strongly enhanced GicATI%%?*” However, the latter effect may
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reflect the disrupted germline progression resglfnom the overproliferation of GSCs

throughout region 1 of the germarium in the comtiamamutation.

Conclusions

Here we describe the identification and characé&os of mutant phenotypes of genes
associated with a key biochemical step in synthedisthe core structure of
proteoglycans. These molecules comprise a majopoaent of the ECM with essential
roles in cell signalling, cellular migration, despmental patterning and mechanical
properties of tissues. Loss of GICATI highlightdde timportance of the ECM in
regulating egg development, with multiple phenosypdfecting most of the cellular
components of the ovariole including the activitytbe germline and somatic stem
cells. We found that GICATI activity underpins tlenction of several different
signalling pathways, including DPP, EGF, JAK/STAMdaHH, demonstrating the
importance of the ECM in cellular communicationrtigallarly between somatic tissue
and the germline. Further characterisation willréguired to determine which of these
interactions reflect direct molecular interactioas signals with GIcATI modified

proteins and the identity of those GICATI targets.
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Figures

Fig. 1 GIcATI"®*" homozygotes have early oogenesis phenotypesNT germaria
often have two cysts which are encapsulated byllF@srow heads).B. GIcATI %024
germaria have less Faslll positive cysts. Thereadse compound egg chambers in
GIcATI®?*ovarioles. C. Wild type (WT) germaria showing normal escort cell
invasion. Inset shows three cysts (Asterisks) whiehseparated by escort cells (Arrow
heads).D. GIcATI?%?*" homozygotes produce germaria in which the escelts @re
unable to invade. Inset shows three cysts (as®riskich are not separated by escort
cells. E. WT germaria usually have two GSCs, identified Ime tpresence of a
spectrosome which is in contact with cap cells ¢rrheads) whileF. GICATIF?%%4
homozygotes lose GSCs (Arrow heads). If not comtgdhe cap cells, structures which
contain aSpectrin were not counted as stem cells. A and & séained for Faslll
(Magenta). C-F are stained for Coracle (Purple)&®gkectrin (green). Scale in A-D =5
pm. Scale bar in insets, C-D=3.6 um. Scale bar-th£2.5 um.G. Graph showing
reduction in number of cystél. Graph showing the number of ovarioles containing
compound egg chambells.Graph showing reduction in GSCs@IcATF?" J. The
reduction in GSCs is not due to a loss of cap cKllsGraph showing the number of
ovarioles which have poor escort cell invasion. bath genotypes in G-K, n=45. Error
bars represent standard error. * indicate8.65 as determined by t test (panels G, | and
J) Chftest(panels H and K).
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Fig. 2 GIcATI™* is |ocated in the GICATI gene and alters GICATI mR. A.
Primers used to confirm the insertion site of FORZAL It was possible to amplify the
3’ region of the PiggyBac insert using primers kel |1 and the insert itself, while this
same band was not present in wild type (WT).It was possible to amplify the 5’
region of the PiggyBac insert using primers in GItAand the insert itself, while this
same band was not present in wild type (\O.)Diagram illustrating the primers used
in determining the effects of the insert on GICAMRNA. E. The insert is retained in
the mRNA transcript as it was possible to amplifrtpof the GICATI mRNA using
primers in GICATI and the PiggyBac insert. It wast possible to amplify the same
region in WT. F. The presence of the insert leads to a reductiothenamount of
GIcATI mRNA in comparison to WT. Control Rp49 mRNé&xpression was not
changed.
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Fig. 3 Remobilising the PiggyBac element in GIcAT{**’ rescues oogenesis
phenotypesA. Map of the GICATI locus, showing the insert sifeboth GIcAT %%
and a second insert used in the complementaGécATIE***®* Locations of primers
used to confirm P-excision are indicated (magerB&)e = translated exons, grey =
untranslated exon®. PCR showing that the insert has been lost in weejamp-out
stocks, [w-1] and [w-2]. Presence of insert is cated by absence of PCR band.
Control RP49 amplified band is present in all sasf The compound phenotype is
rescued in [w-1] and [w-2] but not in the contrai+2), a line which retained the P-
element insert. X50. D. The GSC phenotype is rescued in [w-1] and [w-2] oot in
the w+2 control. ¥25. E. The escort cell invasion phenotype is rescuedvii] and
[w-2] but not in the w+2 control. A25. F. The number of Faslll positive cysts is
rescued in w-1 and w-2 but not in the w+2 cont#50. Error bars represent standard
error. * indicates 0.05 as determined by t test (panels D and F§ @ist (panels C
and E).
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Fig. 4 Complementation analysis of GICATI allelés. Location of deficiencies used in

the complementation analysis. See Supplementab6&bre details on genes which
map to these regiondB. Complementation analysis scored for % ovariolegh wi

compound egg chamber phenotypes. N=266@ omplementation analysis scored for
numbers of Faslll encapsulated cysts. N=26-60.rEyaws represent standard error. *
indicates R0.05 as determined by Chést (panel B) and t test (panel C).
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Fig. 5 Expression of GICATI cDNA rescues the phegpes of GICATT???. A. Wild
type wing disc treated witin situ probe againsGICATI cDNA. B. In situ showing
expression ofGICATI cDNA construct using a ptcGal4 driver. This expenn
demonstrates that it is possible to expressGl&ATI cDNA construct using a Gal4
driver. C. GIcATI%** ovariole expressingIcATI cDNA with Actin-Gal4 driver
appears wild type. (Scale bar in A-C= 60 pm.)GIcATI?%?*" germarium displays
defective escort cell invasion when only Actin Galdver is presentE. Actin-Gal4
driven expression of th@elcATI cDNA rescues escort cell phenotype. (Scale bar-ih D
= 5 um)F. Actin-Gal4 driven expression of tf&IcATI cDNA rescues th&IcATI 00?4
compound egg chamber phenotype. Con@BtdATI%?*" with either Actin-Gal4 or
UAS-GICATI alone showed no rescue. N=35-8R. Actin-Gal4 driven expression of
the GICATI cDNA rescues th&IcATI %Y’ compound egg chamber phenotype. Control
GICATIF?9?*" with either Actin-Gal4 or UAS-GICATI alone showed rescue. N=35-50.
Grezy:DAPI, GreenaSpectrin, Magenta=Coracle. * indicatesOF05 as determined by
Chi“test.
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Fig. 6. Exgression of GIcATI RNAI in escort cellsnd follicle stem cells replicates the
GIcATIF®**" phenotypes.A. Expression of GICATI RNAi in the germline using a
nanosGal4 produces wild type ovarioles. Line = geram, arrow = stalkB. Driving
GIcATI RNAI in the escort cells and follicle stem cellsthvic587-Gal4 produces a
strong compound egg chamber phenotype. Note tlkedfstalks. Line = germarium.
Scale in A-B = 60 umC. Expression ofsICATI RNAI in the germline using nanosGal4
does not affect escort cell invasidd. Driving GICATI RNAI in the escort cells and
follicle stem cells with c587-Gal4 reduces the ipibf escort cells to invade in the
germarium. Scale in C-D = 15 ur. Scoring of % ovarioles with aompound egg
chamber phenotype following expression of GICATI ANvith ¢587 Gal4. Controls
with either Gal4 or UAS construct alone, or thepttinsert site alone displayed no
phenotype. N=19-52F. Reduction in the number of GSCs following expressid
c587-Gal4 driven of GICATI RNAIN=19-52. Error bars represent standard ef®r.
Scoring of Escort cell invasion phenotype followiexpression of GICATI RNAi with
c587 Gal4. Controls with either Gal4 or UAS conetralone, or the Attp2 insert site
alone displayed no phenotype. N=19-B2.Reduction in the number of Faslll enclosed
cysts following expression of c587-Gal4 driven d€&TI RNAI. N=19-52. Error bars
represent standard error. * indicateDR®5 as determined by t test (panel F and H) and
Chi® test (panel E and G).
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d cATP YQYHI SREPFAASEVVKHQEKSSSY! ASYLWSPI SLLMANSSSNTNNNSTTTSTTTTTAP 60
G CATS e ARRI CLI GGALFLLLVALCYLTLSGDTRLGGSEDSEEGSHHG 42
T 1 e

d cATP TTPTTTTTTTVGSVGQKLGASSI SSI RWSLAATI PSFKSTLSESRSVSL GGHQKTATVK 120
d cATS LGKQRI SVMESRPADW. L RYTRPDKHEGDDRNPGEEEFPGNL SHRAQE! YEYEWNFKI EE 102
. 1 e

d cATP TSTTI TTRTTASGLATTKLSATTRTTAKTSAKL SAATTPTASHVENGYKTRPTFVAASLP 180
d cATS QTTKQVQ RNRHRFDPRI HSMNFRPLNETVHI CSESYEDRRQFMQDKPQS- - - - - DYVQL 157
d cATI - TIYAVTPTYPRPAGKAEL TRL SHLFM.LPHLHW | VEDTNATTPLVRNLLDRAGLEKRS 59
d cATP PPLYI | TPTYRRPEQLAELTRL GYTLKHVWNLLW. VI EDANKTNPLVGHTLDR GVPYEY 240
d cATS PVI YFVTPTYPRREQ PELTRLAHTLLHI PRLHW VADDQEKCNDYMDTLLYRFGVPFTH 217
G cATI TLLNI KTPSEFKLKGKDPNW KPRGVEQRNL AL AW.RNHVDVDRHS! VFEMDDDNSYSTE 119
d cATP MVAPMPEKYKQTKKAK- - - - - - PRGVSNRNRGLEYLREHATEG - - VLYFADDDNTYDI S 291
d cATS MVSPMPSKFRNEKPAP- - - - - - - RGVANRRAAL QA RQHNLTN- - G| LYFGDDDNTYDLR 268
G cATI LFAENVBKI ERGRVGVWIPVGLVGGL WERPL L TEDGTKVTGFNAAWRPERPFPI DNVRAFAI 179
d cATP | FEQVRY! S- - KVAMAPVGLVTKTGVSSPI | QAG- - KLVGYYDGW GGRKYPVDVAGFAV 347
d cATS LFSEI RKTQ - RVSMFPVGLI ADYGVSGPVVRKG - KVWAFL DSW/AGRRVWPVDVAGFAY 324
d cATI SVDLFI RNPQATFSYEVQRGYQESE! LRHLTTRD- - QL QPLANRCTDVLVMHTRTEKTKL 237
d cATP SVKFLKERPNAQVPFKP- - GYEEDGFLRSL APL DDAEI ELLADECRDI LTWHTQTKKNAP 405
d cATS NLEYMAQYPYVNVPYKP- - GYEEDLFLRSI GLQWN- LI EPRGNNCTE! LVMHTQTKSKKL 381
G cATI AAEEALLKKGQ: - = == === === smmme o - RSDGGVEV- = = = = == == == == = = - 256

d cATP AQALNRTRYKN- = = = = == == mmmcemae o - TNLEHI DRLLVRP- = == = = - = - = - 429

d cATS GWRLESKYL DDRSNL GAL L HNLKLMGVTSTTESEGRNAL | SKNGRENPHSKI LS 436

Fig. 7. GICATI, GICATS and GICATP share sequence miilarities. Regions which are
identical between the three putative GICAT genes haghlighted in blue. Sequences
aligned with ClustalW (http://www.ebi.ac.uk/Toolsaiclustalw?2/).
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Fig. 8 GICATS mutant has germline and follicle celphenotypes similar to
GIcATIF®#7 A, Compound egg chamber GicATS °**®! Phalloidin staining of Actin
(magenta) indicates there are only four ring camear the oocyte, despite the egg
chamber having more than fifteen nurse cdls3n egg chamber iGIcATS "***has
only 3 ring canals connected to the oocyte, despdging 10 nurse cellsC.
GIcATS ***¥homozygotes often lose their germline cells (destrated by the lack of
fusome/spectrosome structures which contgdpectrin). Stained with an@Spectrin
(green). Scale bar in A-C = 15 uM. Reduced escort cell invasionBicATS "***%and
GICATP9%2% germaria E. Numbers of GSCs scored foGIcATS **8hnd
GICATP%92%4 | oss of GSCs foGIcATS *8compared to wild type is significant
(P<0.05, T TestF. Scoring of % abnormal ovarioles BICATS***¥! Proportions
showing 3n or compound egg chamber phenotypesdreaied on the graph. (N=15-
32). Error bars represent standard error.
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Fig. 9 GIcATIF®* interacts genetically with JAK/STAT, HH, EGF and BP
signalling componentsA. tkv**7+ has wild type germaria, ar. germaria with a
slight increase in the number of cystoblagis.The accumulation of cystoblasts is
enhanced irfGICATI?" tkv** ¥+ germariaD. Example of follicle cells invading egg
chambers (arrowhead) BICATI?%* Stat92E/+. Scale in A-D = 30 um. Stainings in
A-D are Coracle (magentaySpectrin (greenE. The wing phenotype ihh"?"/+. E'. a
magnified image of boxed region in E. In GIcATI?%: hiRT/+, the wing phenotype
is enhancedF'. a magnified image of boxed region in 6. GSC numbers for
GIcATI % interactions withStat92E , hog"™ hh'"' Egff* and tkv®*% N=21-60,
error bars represent standard ertdr.Scoring ofescort cell invasion phenotype for
GIcATI % interactions withStat92€ , hog"™, hh"RT Egfr't andtkv®*® N=21-60.1.
Scoring of compound egg chamber phenotype fBIcATI?®?*’ interactions with
Stat92€ , hog"™ hhH"™R' Egfi" and tkv®*! * indicates significant rescue of the
GIcATI°**" phenotype. N=21-60. * indicates®05 as determined by t test (panel G)
and Chftest (panels H and I).
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Supplemental S1. GIcATP?**" has wing and leg defects which are rescued by a
GIcATI cDNA construct A. Wild type wing showing normal wing vein morphology.
B. GIcATF%** wing showing narrowing of gap between wing vein &Ad L4
(arrowhead)C. Wild type leg, showing normal leg morpholody. GIcATI%°**|egs
had slight bend in tibia (arrowhead. GIcATI°°**’wing phenotypes are not affected
by crossing in Actin-Gal4 (black arrow)hese wings also show loss of cross veins
(white arrowhead) and extra wingvein tissue (blaolow head)F. Actin-Gal4 driven
expression ofGICATI cDNA construct rescues wing phenotypesGIEATI%% G.
GIcATIF?®*’|leg phenotype is not affected by crossing in AGia4 (arrowhead)H
Actin-Gal4 driven expression dBICATI cDNA construct rescues leg phenotype of
GIcATIo%
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bamVal20/+ | B nosGal4/BamVal20

ActinGal4/+; UAS-CD8-GFP/+

CD8-GFP

Supplemental S2. Expression controls for c587 Gatdnos Gal4 and Actin-Gal4 in
the ovary A. bamVal20/+ RNAI construct alone produces normaj egambersB.
Driving bamVal20 RNAIi with nanos-Gal4 produces gkmne tumours. A and B are
stained with DAPI.C. Expression pattern of c587Gal4. C587 drives UASEKB
(Green) in escort cells and follicle stem cellsaigtd with Faslll (Purple)D. The
ActinGal4 drives in escort cells in the germariurhe escort cells can be identified by
their distinctive morphology in the germarium; thiegve long cytoplasmic processes
which surround the developing cyst. These can batifled by the expression of the
UAS-CD8-GP construct (green). Scale bars = 15 pm.
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Supplemental S3. Genes deleted by deficiencies usedomplementation.Blue=
Df(3R)BSC580, black= Df(SR)ED6716, magenta= comnorboth Df(3R)BSC580
and Df(3R)ED6716, green=Df(3)ED6720.

Gene
Symbol

bi

brn
Cbp80
CG11436
CG11444
CG12179
CGl12184
CG12684
CG12688
CG12691
CG12692
CG12693
CG15239
CG15375
CG15473
CG15570
CG15571
CG15572
CG15576
CG15577
CG15578
CG15579
CG15912
CG2901
CG2930
CG2938
CG2941
CG2982
CG3009
CG3062
CG3081
CG32773
CG32783
CG32786
CG34336
CG3527
CG3546

Gene Name Any known functions
Bifid

Acetylglucosaminyltransferase
Brainiac (Wilson, 2002)

p binding protein 80

- No published information
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CG3556
CG3568
CG3626
CG42541
CG43134
CG43135
CG43288
CG43689
CG6379
CG6414
CG6428
CHOp24

cib
CTP

dgt4
ec

Fasll
Fd3
Femcoat

GIcATI

HIP
HLH4c
Hsf

lva
mei-9

MRpL33
muc4B

norpA

Nsun?2
peb
pon

Pp2cl

rap
rb
rox1l
TiP60

CHOp25

Ciboulot
cut up

dim y-tubulin 4
Echinus

Fasciclin 2
forkhead domain 59A

Femcoat

Glucuronyl transferas
I

Hsc/Hsp70-interacting
protein

helix loop helix 4c
Heat shock factor
lava lamp

meiosis 9
Mitochondrial
ribosomal protein L33
Mucin 4B

no receptor potentic
A

NOP2-Sun domair
family, member 2
ortholog

Pebbled

partner of numb
Protein  phosphatas
2C

retina  aberrant ir
pattern

ruby

RNA on the X 1

Tip60

cytoskeleton organisation
(Boquetet al, 2000)

mitotic spindle organisation
(Hugheset al,, 2008)

neural development (Hebbar
and Fernandes, 2005)

glucuronyl transferase (Kirat
al., 2003)

RNA methylation (Abbasi-
Mohebet al, 2012)

histone acetylation (Kuscht
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Torsin

tyf
Vap33-1
VhaAC38-1

Xpac
yin

Torsin

twenty-four
Vap-33-1
VhaAC38-2
Xeroderma
pigmentosum
A-like

Yin

grouj

al., 2004)

positive regulation
translation (Limet al, 2011)

of
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Abstract

In the Drosophila ovary, the rate of oogenesis and egg laying bebaaoe
strongly linked to the quality of food source. Tipeoduction of Insulin in the
Drosophila brain allows the female to adjust the rate of pgaduction to match the
availability of sugar and protein in the environmefhis systemic signal acts in
addition to local niche-derived signalling to catgermline stem cell proliferation.
The mechanisms that link behavioural and physicligiesponses to food quality are,
however, poorly understood. Here we describe thgtification of a mutant that affects
defective proboscis extension respongdi9), a gene expressed in the brain. Loss of
dpr9 in the nervous system leads to germline stem losi and poor follicle cell
production. DPR9 belongs to a large family of meamier bound Ig domain DPR
proteins, related to the Neurotrimin family of nenal cell adhesion proteins. To date,
the only known functions of these proteins is tadrate behavioural responses to food
source constituents. DPR has been implicated irb#mavioural response to salt and
DPR9 in the response to alcohol. In additiondjmr9, mutations of several brain
expressed members of thpr family, including dpr, displayed similar oogenesis
phenotypes. The results suggest a possible patimmaoh links the detection of food
guality and the regulation of oogenesis. The fuomal overlap of several members of
this family suggests that there may be other dietares to be identified which are

important for controlling stem cell behaviour armbenesis at a systemic level.
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Introduction

The role of adult stem cells is to produce enougts ¢o ensure the maintenance
of tissue homeostasis. In order to do this, stetis cequire environmental cues to
ensure that they do not over- or under-prolifer&ech cues are often provided by the
surrounding microenvironment, known as the stenh ‘cethe.” Examples of niche-
dependent stem cells are seen inDhesophilalymph gland, where haemocytes require
Janus kinase (JAK)/ Signal Transducer and Activatdrranscription (STAT) mediated
signalling for their maintenance (Gaa al, 2009). The mammalian hair follicle is
another site where signals produced from the nodmgrol stem cell fate. In this case,
WNT signalling drives the differentiation of bulggem cells (Andlet al, 2002). In
addition to local signals produced by the nichesteayic signals, such as Insulin, are
able to control the activity of adult stem cellsetosure that they only proliferate under
the appropriate conditions (Drummond-Barbosa andadiipg, 2001; Hsu and
Drummond-Barbosa, 2009).

The Drosophilaovary is a useful model for understanding bothitieractions
of stem cells interact with their niche and for arslanding the role of systemic factors
in controlling stem cell behaviour. Each female has ovaries, which are split into
independent egg-producing structures known as alesti At the anterior tip of each
ovariole is the germarium, which maintains the tpapulations of stem cells that are
required to produce a viable egg. These are thelger stem cells (GSCs) and the
follicle stem cells (FSCs). GSC maintenance is ddpet on Decapentaplegic (DPP)
produced by somatic cells known as cap cells (X@ &pradling, 1998). Once a GSC
divides, one of the daughter cells is pushed outhefrange of DPP signalling and
begins to differentiate into a cystoblast. At tetage, the cystoblast will divide four
times to produce a cyst, in which each cell is duhlby an organelle known as the
fusome. This branched structure passes through®@athat actin-rich junctions called
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ring canals (McKearin, 1997; Ong and Tan, 2010xhEayst is enveloped by an escort
cell, which pushes the developing cyst throughgéenarium to the region where the
FSCs are found (Morris and Spradling, 2011). Eaelmgrium has two FSCs that
reside in separate niches and rely on signals fsoth escort cells and the underlying
basement membrane to control their maintenanceg(8nd Xie, 2002; O'Reillgt al,
2008). The progeny of FSCs give rise to the falicklls which will surround the
developing cyst. At this stage, the cyst and assedifollicle cells begin to bud off
from the germarium, prior to the final stages offailentiation. The GSC will
differentiate into one oocyte and fifteen nurselscethile the follicle cells will
differentiate into polar cells, stalk cells andlifdé cells which cover the germline cells
(King, 1957; Lin and Spradling, 1993; McGregaral, 2002; Barbosat al, 2007). If
any part of this process is disrupted, the femdkatlity is reduced. In addition to local
signals from the niche, the maintenance of GSG®asvn to require Insulin produced
in the brain. Loss of Insulin signalling leads teeduction in the number of GSCs (Hsu
and Drummond-Barbosa, 2009). Insulin appears tg plaole in maintaining GSC
number as flies age by acting to increase Notchadligg levels in the cap cell niche
(Hsu and Drummond-Barbosa, 2011). The latter isigho to maintain the levels of
DPP from the niche to the GSCs. Additionally, imdiions of poor nutrition, egg
production slows markedly due to loss of Insulignsilling. The Insulin receptor is
essential for GSC proliferation, where lack of lirsihalts GSC proliferation which
indirectly results in a matching reduction in folé& cell division (Drummond-Barbosa
and Spradling, 2001). Insulin deficiency also caudeveloping egg chambers at stage 8
to undergo apoptosis (Drummond-Barbosa and Spgdl2001). These findings
demonstrate the importance of signals produceddmuthe niche in co-ordinating egg

production.
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In order to identify other genes that play a roleagulating stem cell behaviour,
we carried out a screen of transposon insertiogsliffrom these stocks, we identified
several mutants which had defects in early oogené@gult homozygous escapers of
thel(3)04713line showed a reduction in the number of matudysts associated with a
loss of GSCs. The production of egg chambers witlttipte cysts inside them, known
as compound egg chambers, suggested this mutamthaks an impaired ability to
regulate the supply of follicle cells. Inverse puolrase chain reaction (PCR) showed
that the P-element found in this mutant was presesat brain-expressed gene called
defective proboscis extension respondd®9). We did not deteatipr9 expression in
the ovary but we confirmed expression in head @erimRNA, which was strongly
reduced inl(3)0413 homozygotes. Remobilising this P-element restalpr® mRNA
expression and rescued all of the mutant phenatyfmesonfirm that disruption afpr9
caused the observed mutant phenotypes, we exprdpsg@dargeted RNAI using the
Gal4/Upstream Activating Sequence (UAS) systemnock downdpr9 in different
tissues in the adult fly. We found that loss dgr9 in the brain reproduced the
compound egg chamber phenotype, but found no caersegs ofipr9 knockdown in
follicle cells or the germline. DPR9 belongs to age family of brain-expressed
Immuoglobulin (Ig) domain proteins whose functidosdate have been only linked to
behavioural responses to the constituents of faadces. We found that mutants in
other members of the DPBmily have similar phenotypes k8)04713 suggesting that

they have overlapping roles in regulating tissueeveal in theDrosophilaovary.
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Methods
Further information can be found in Appendix I.

Fly stocks and maintenance

All stocks were maintained on standard yeast-coahnagar media. The
following alleles were obtained from Bloomington IgBmington, Indiana, USA);
I(3)04713, Df(3R)ED5660, PTRiP.HMS0028attP2 (RNAi integratiorsite),
GAL4::VP16-nos, TM3, delta2-3, Shdpr', dprd"®%378 (prg©o1318 gprgBo71ss
dpr115Y0982% qpr13"8%79 gnd elav-Gald. We also obtained c587Gal4 (T. Kiansas
city, KA, USA) anddpr9 VALIUM20 (Transgenic RNAI project, Boston, MA USA)
(See Appendix | for genotypes). All experiments evearried out at 2& except the

RNAI expression which was performed af@7All wild type controls were Oregon-R.

Dissection

Nine day old female flies were pinned to a sylgplate containing phosphate
buffered saline with 0.1% Tween (v/v) (PBS-Tw) aodaries were extracted with
forceps (Fine Science Tools, Heidelberg, Germa@yhrioles were separated and the
sheath removed using 0.1 mm fine pins (Fine Sciérmas, Heidelberg, Germany)
(See Appendix | for more details). Ovarioles weensferred to an eppendorf and fixed

with 4% formaldehyde (v/v) in PBS Tw for 20 mins.

Coracle,aSpectrin, Faslll, Actin immunofluorescence.

Ovarioles were incubated overnight with PBS-Tw. Toldowing day, either
Guinea pig anti-Coracle 1gG (1/10 000, gift from Rehon, Chicago, IL, USA) and
mouse antaSpectrin 1gG (1/20, Developmental Studies HybridoBaak, lowa city,

IA) or mouse anti-Fasciclinlll IgG (1/20, Developmal Studies Hybridoma Bank,
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lowa city, I1A) was diluted in PBS-Tw and applied ttee ovarioles which were then
incubated overnight. Samples were subsequently edagiree times for 20 mins each
using PBS-Tw. Alexa488 donkey anti-mouse IgG (JacksnmunoResearch, Suffolk,
UK) and Rhodamine Red X donkey anti-guineapig Igiackson ImmunoResearch,
Suffolk, UK) were diluted in PBS-Tw and added te tbvarioles overnight. Samples
were washed again and mountant containing 4'-64idiany2-phenylindole (DAPI) (H-
1200, Vector Laboratories, Peterborough, UK) wadeddto the ovarioles. This was,
again, incubated overnight. Actin was immunostaimsthg phalloidin- Fluorescein
Isothiocyanate (Sigma-Aldritch, Dorset, UK) at aldd dilution for 1 h at room
temperature in PBS-Tw. Samples were thoroughly e@shith PBS-Tw before being
stained overnight with DAPI (H-1200, Vector Labana¢s, Peterborough, UK). In both
protocols, ovarioles were mounted onto plain micope slides. See Appendix | for
more details.

All images were captured on a Hammamatsu digaatera and an Axioscope
microscope. Images were captured in Velocity andcessed using Openlab
(PerkinElmer, Waltham, MA, USA). Where deconvolatizvas required, Z section

images were collected at 5 pum intervals.

Inverse polymerase chain reaction

30-50 male flies were digested with Proteinaselr{&i-Aldritch, Dorset, UK)
at a concentration of 20 pg/ml for 2 h at 55°C #m&h incubated with RNase inhibitor
for 30 mins at 37°C. DNA was then extracted usihgmml/chloroform as described
elsewhere (Wilson, 2001, see Appendix I). GenonmitADvas precipitated using 100%
ethanol and subsequently stored in distilled w&&A was digested using HinPI (New

England Biolabs, Ipswitch, MA, USA) for 2.5 h at°&7 followed by 20 minutes at
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65°C to inactivate the enzyme. Ligation was cardation digested DNA (10 ul) at 4°C
overnight using 0.5 pl T4 ligase, 40 ul ligationffeu with adenosine triphosphate
(ATP) and 348 pl of distilled water.

PCR was carried out on the ligated mixture usimg following primers; 5’ -
CAC CCA AGG CTC TGC TCC CAC AAT- 3’ (Placl) and BACT GTG CGT TAG
GTC CTG TTC ATT GTT- 3" (Plac4) or 5 -CCT TAG CAGTC CGT GGG GTT
TGA AT- 3’ (Pryl) and 5’ -CAA TCA TAT CGC TGT CTC &T CA- 3’ (Pry4) and
the resulting PCR samples were analysed using sgayel electrophoresis. Reactions
containing a single band were sequenced and adlalyseeg BLAST (Basic Local
Alignment Search Tool (BLAST) (http://blast.ncbmmhih.gov/Blast.cgi). Tm values

are listed in Appendix I.

PCR and reverse transcription PCR

Primers were designed using Primer3 (http://wwwriiamatics.nl/cgi-
bin/primer3plus/primer3plus.cgi). PCR was carried asing the Roche PCR kit at the
concentrations recommended by the manufacturer imGaadient PCR machine
(Biometra, Goettingen, Germany). The following peir® were used to amplifjpr9; 5’
-CAG CAC GCG AAG ATG AAT AA- 3 (38F1) and 5" -TTTTGG CCC ACT GTT
CTA GG- 3’ (38R1). The annealing temperature wa¥C5RT PCR was carried out
using the Superscriptll RT PCR kit (Invitrogen, Life Technologies, Manester, UK)
as per the manufacturer’s instructions using ttieiang primers; 5’ -CGC CGT TGG
GGT TGG TGA GA- 3’ (LP20) and 5’ -GCG GCT CCG GTGGEA TTT GTA- 3’
(LP21). The annealing temperature was 55°C. All R€&ttion products were run in
1% agarose gel in a Tris-acetate ethylenediamnagiettic acid buffer. Control primers

used were the following; 5’ -AGA TGA CCA TCC GCC GACAT- 3’ (RP49F) and 5’
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-CGACCG TTG GGG TTG GTG AG- 3 (RP49RO)mvalues are listed in Appendix

Phenotypic analysis

The first egg chamber stage for each ovariole gasssed using DAPI staining
and the staging criteria outlined elsewhere (Kitf@57). The average first egg chamber
stage of mutants was compared to wild type usiMpan-Whitney U test. The number
of cysts per germaria was assessed using Faslthwhia marker of immature follicle
cells. Only germline cysts which were completelyweapped by follicle cells were
counted. The number of GSCs was determined usingcleo anda-spectrin which
identify cap cells and GSCs, respectively. Onlycsmsome-like structures which were
touching coracle positive cap cells were scoredG&Cs. These two assays were
compared to wild type using a t-test; normal dmttion was confirmed using a
Kolgomov-Smirnov test. Compound egg chambers wssessed by DAPI staining and
counting the number of nurse cells. This was coegan wild type using a Chiest.

All statistical tests were carried out using the&sSPtatistical software package.
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Results

1(3)04713 affects dpr9.

We identified a p-element insertion lim@)04713which was recessive semi-
viable with homozygous escapers displaying earlgeoesis defects. These included
egg chambers with supernumerary germline cellsdaation in the number of Fasciclin
[l encapsulated cysts and a raised first egg clearstage that indicated a delay in egg
chamber assembly (Fig. 1). We found that around 6D@&varioles analysed had lost all
their GSCs (Fig. 1). We examined the egg chambengtype by staining the actin-rich
ring canals with phalloidin and showed oocytes wileed to nurse cells through four
ring canals. This confirmed that the phenotype Itedurom mispackaging of multiple
cysts rather than additional rounds of germ lintogis (Fig. 1G).

We used inverse PCR to confirm the insertionciitthe P-insert mutation in the
5' end ofdpr9 gene (CG12601) (Fig. 2A). We mobilised the P-elemergenerate an
imprecise excision and restore the wild type segeiekVe generated two lines which
had lost thevhite” eye colour marker indicating p-element excidioas, [-1] and [-2].
The [-1] line contained an imprecise excision, Whietained 91 bp of non coding
sequence. However, despite this, the line fullgwed the oogenesis phenotypes (Fig.
2F,G,H). The [-2] did not give a detectable genobaad either, indicating a large part
of the P-element was retained or that primer sitese deleted. This line displayed an
incomplete rescue of the phenotypes (Fig. 2B,F,G,H)

We investigated the consequences of the P-elemsettion on the expression
of dpr9. Expression ofdpr9 has been detected in brain but not other tissues

(www.flybase.org. Consistent with this we detected expressiodpm® in adult head

extracted mRNA but not frorDrosophila ovaries (Fig. 2C,D). Thislpr9 expression
was strongly reduced i(3)04713homozygotes but appeared fully restored in the [-1]

P-excision line. Interestingly the [-2] line, whichtained weak oogenesis phenotypes,
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showed an incomplete restorationdgr9 mRNA expression (Fig. 2E). Additionally,
the P-insertion failed to complement a deficienkgttremoved thelpr9 locus (Fig.
3A,B,C,D).

To confirm that loss ofipr9 function is associated with the observed phenatype
we utilised a Gal4 dependent RNAI expression cagstvhich targetslpr9. Expression
in somatic and germline tissues of the germariunodypced no phenotypes consistent
with the lack of any observed ovary expression dpr9. In contrast, expression of
RNAI in the nervous system with elavGal4, a panraeal Gal4 driver, phenocopied
the dpr9 mutant phenotype, producing 27% of ovarioles whiontained compound
egg chambers and a reduction in the number of cysts 23% containing no cysts
(Fig. 4). There was also a significant increastheaverage first egg chamber stage up
to 3.44. However, there was no significant redurctio the number of GSCs (Not
shown). Separately, the elav-Gal4 and UAS RNAi st alone produced no

phenotype.

Other Dpr mutants share similar phenotypes

DPR9 is a member of a large family of lg-domain temes (Fig. 6). To
determine if other members of the family mediatmilsir functions we analysed
mutants in otherdpr family genes for the number of GSCs and the presesfc
compound egg chambers. We chose to anafjmegenes which have the same
expression profile adlpr9, according to Flybase (www.flybase.org). We fouthdt
dpr!, dpr8'8%%®3 and dpr18'®%%7>° have significantly less GSCs than wild type, while

AMBO3978 and dpr1157°%®** have compound egg chambers (Fig. 5C,D). In

dpr!, dpr
addition to the loss of GSCs, some of the ovarialeslysed appeared very short, with

fewer egg chambers than wild type, suggesting actezh in GSC output (Fig. 5A,B).
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Therefore, several brain-expressdjgt genes appear to have overlapping functions to

regulate egg formation.
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Discussion

We identified thel(3)04137P-element insertion line as part of a screennd fi
genes which are involved in regulating tissue raalewtheDrosophilaovary. Analysis
of thel(3)04137phenotype revealed a reduction in the number dtiraacysts and an
increase in the average first egg chamber stagggesting a defect in germline
production. Coracle angtSpectrin staining showed tH&8)04137was losing GSCs. In
addition to this|(3)04137also produced compound egg chambers, suggestingefo
cell production was also abnormal. Remobilisingitisert rescued the phenotype while
complementation with a deficiency at {8)04137locus suggested the region spanned
by the deficiency was affected by the insert. kegéingly, RT PCR demonstrated that
dpr9 is not expressed in the ovary, but in the brainc&inverse PCR demonstrated
that the insert was in thdpr9 gene, we knocked this gene down with brain expess
RNAI and found that this replicated the compoundmatype and the reduction in cysts.
However, there was no reduction in the number o€&Either the RNAiI knockdown
was producing a partial loss of function which k¢ GSCs intact or an untested tissue
is involved in generating this phenotype. Desitis,tthe results indicate thdpr9 is
required in theDrosophilabrain for proper regulation of oogenesis. Previask has
shown that systemic signals are able to contrahstells in the ovary. For example,
both follicle and germline stem cells respond targes in nutrition; flies which are
raised on a poor diet show germline and folliclksoghich divide at a much slower rate
than flies fed on a rich diet (Drummond-Barbosa Spdadling, 2001). This fluctuation
is dependent on insulin signalling since insulice@or (INR) mutants lose their GSCs
rapidly over time (Barbosa, 2001, Barbosa, 2008)tddlon of thenR in GSCs leads to
reduced GSC proliferation, suggesting that Insudinable to act directly on GSCs
(LaFever and Drummond-Barbosa, 2005) and this magumt for the response to poor
nutrition. Poor nutrition also leads to reduced dggng which is caused by the
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apoptosis of both stage 8 egg chambers and germlises in region 2a/2b of the
germarium in response to starvation (Drummond-Bsaband Spradling, 2001).
Additionally, mutations innR andchico, another component of the Insulin signalling
pathway, lead to a reduction in the number of GEGsiet al, 2008). Reduced Insulin
also leads to a loss of Notch signalling in caplscethich is essential for the
maintenance of the cells, demonstrating that Indugis an impact on the niche itself as
well as on stem cells (Hset al, 2008). Thus there is good evidence that Indudis an
important role in maintaining an active niche assflage.

While the GSC loss i(3)04713is reminiscent ofnR mutants, no compound
egg chamber phenotype has been describddRomutants. Proliferation of follicle cell
clones that contain mutahtR is unaffected, suggesting Insulin does not diyeatfect
follicle cells and that the reduction in folliclelt proliferation is due to a signal from
the germline (LaFever and Drummond-Barbosa, 200Bj)s suggests thadpr9 may
function via alternative or additional mechanisBssides insulin signalling, another
process under systemic control is the regulatiomasfet of Rapamycin (TOR), which
is essential for cell survival, growth and prolg&gon. TOR responds to the presence of
amino acids and growth factors, and is also cdetidby the energy status of the cell
(Wang and Proud, 2009). In the ovary, TOR is esslerior controlling GSC
proliferation and maintenance, independenthynsiulin (LaFeveret al, 2010). Unlike
Insulin signaling, TOR is also able to control FSfoliferation, but not FSC
maintenance or the proliferation of progeny fo#lidells. Loss of TOR signalling was
found to significantly reduce FSC proliferation Heveret al, 2010). This might
therefore account for follicle cell phenotypes alied in dpr9 mutants. Further
candidate signals required for follicle cell prelition and differentiation that may be
affected by loss oflpr9 include Notch and Hedgehog signalling. Delta, igarid for

Notch, is expressed in the germline cells and otstiollicle cell differentiation and
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proliferation and also the switch between the natphase of immature follicle cells
and the endocycle phase of differented follicldsc@Forbeset al, 1996; Zhang and
Kalderon, 2000; Denget al, 2001; Lopez-Schier and St Johnston, 2001). lajss
hedgehogfunction also causes the generation of compourgd cmbers while its
upregulation results in excess follicle cells whadntinue dividing inappropriately up
to stage 10 (Zhang and Kalderon, 2001). It williberesting to determine whether
DPR9 could be controlling the expression of a systeactor, which is important for

regulating Notch or HH in the ovary.

Other members of the Dpr gene family play a rolerggulating Drosophila oogenesis

DPR9 is member of a family of twenty related memisr@ound proteins containing at
least one Ig domain in their extracellular domaWakamuraet al, 2002). A BLAST
search of the DPR9 amino acid sequence (Fig. @estgd that, apart from other DPR
family genes, it is most closely related to the rak@adhesion protein, Neurotrimin.
DPR9 and related DPR family proteins may therefnection as neural adhesion
molecules. The firstlpr gene identified has been linked to the gustatesponse to
salt. Flies which losépr will eat salty solutions while their wild type caterparts will
not (Nakamureet al, 2002). We found that loss dpr also produces compound egg
chambers and a reduction in the number of GSCsdlasito [(3)04713 Several other
brain expressedipr family genes produced similar phenotypes suggesditiege is
functional overlap between them. Interestindgpbr9 has recently been implicated in the
behaviour response to alcohol (Koagal, 2010). Under normal circumstances, flies
show increased locomotor activity upon exposurealkmhol vapours, whiledpr9
mutants do not. Additionally, alcohol exposure keat an upregulation oflipr9
expression in the adult fly, suggesting tdpt9 may play a role in the adult rather than

during development (Konet al, 2010). Thus, it is possible that tther family of genes
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may be involved in detecting appropriate food sesyas well as food with a high
calorific content. The different DPR family proteinmay therefore be involved in
detecting the presence of suitable environmentsefw laying and for boosting egg
production in these appropriate environments. Eamngle,Drosophila melanogaster
will preferentially lay their eggs on food contaigi a small percentage of alcohol
(McKenzie and McKechnie, 1978; McKenzie and Parsd®/2). Given the large
number of DPR family proteins which have been idiedt, it is possible that other food

cues besides sugar and protein may be able tendtuthe production of viable eggs.
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Figures

Fig. 1 1(3)04713 has a follicle and germline pherype. A. Normal wild type (WT)
ovarioles have several egg chambes.(3)04713 has reduced numbers of egg
chambers, and frequently have compound egg chamBeesnd B are stained with
DAPI. Scale bar in A = 30 umC. WT ovarioles also have two or more Faslll
encapsulated cysts (arrowheddl) [(3)04713has reduced numbers of Faslll enclosed
cysts. C and D are stained for Faslll (magentap@&tions of germaria with 0, 1, 2, 3+
Faslll cysts are indicated. WT germaria have two or more GSCs (arrowhedsls)
1(3)04713loses GSCs. E and F are stained for coracle (ntagando-Spectrin (green).
G. Actin staining indicated that the extra nurse a@htaining egg chambers are
compound egg chambers since the oocytes only lmaveihg canals around the oocyte.
Actin is stained with phalloidin (magent8gale bar in C, E and G= 15 phkh. The %

of ovarioles containing compound egg chambers comtp&o WT. N50. | The
number of Faslll encapsulated cysts compared to MFB0. J The number of GSCs
compared to WT. K50. K The first egg chamber stage compared to WIS Error
bars represent standard error. * indicate8.85 as determined by t test (panel J and 1),
Man Whitney U test (panel K) and Ghest (panel H).

183



g 100

e

= 80

3

- 60 m Normal
% 40 W Compound
o

E 20

o]

. 0

BN WT 1(3)04713

Genotype

—
D & O
o O

o

N h
[= N )
[ [
O =N W

% Faslll encapsulated cysts

O™—WT —1(3)04713
Genotype
Spectrin—
asSpectrin °
1(3)04713 [RUNERS K& 45
] *
2.5 =
8 o 3.5
n 2.0 =
(O] g 25
15 <
S * o> 15
S 1.0 S
0.5
05 E’
i 0
WT  1(3)04713 WT 1(3)04713
Genotype Genotype

184



Fig. 2 1(3)04713 phenotype is rescued by P-elemmabilisation A. The dpr9 locus
and primer sites used in the PCR experiments pieden this figureB. PCR shows
that [-1] has retained part of the insert while],[-@ue to the absence of a band, either
has a deletion or has retained a large portiorhefitsert.C. It was not possible to
amplify dpr9 mRNA in adult ovaries. Control RP49 mRNA was ssstally amplified.

D. It was possible to amplifgipr9 in adult headd(3)04713shows reducedpr9 mRNA
expression. There is no effect on expression ofrobRP49 mRNA.E. dpr9 mRNA
expression is restored in [-1] and [-2] in adultatie F. The first egg chamber
phenotype in [-1] is suppressed comparel3i4713 and weakly suppressed in [-2]).
N>50. Error bars represent standard e@rThe number of Faslll encapsulated cysts
is reduced to WT in [-1] and [-2]. 260 H. The I(3)04713 compound egg chamber
phenotype is rescued [-1] but only partly supprésse [-2]. N>50. * indicates R0.05

as determined by Man Whitney U test (panel F) ahid st (panels G and H).
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Fig. 31(3)04713 fails to complement a deficienqgyasining the dpr9 locusA Diagram
illustrating the region of the genome deleted by3BR)ED5660 and all the genes
deleted by this deficiencyB Df(SR)ED5660/+ has a slight dominant phenotype of a
raised first egg chamber stage when compared/To This is significantly enhanced
when placed overl(3)04713 N>50. Error bars represent standard errGr.
Df(SR)ED5660/+ shows a slight raised number of Fasists when compared to WT
However, this is enhanced when placed oi8)04713 N>50. Proportions of germaria
with 0, 1, 2, 3+ Faslll cysts are indicate®. [(3)04713 fails to complement
Df(3R)ED5660 for the compound egg chamber phenotygeen compared to
1(3)04713/+which has no dominant phenotypex30. * indicates R0.05 as determined
by Man Whitney U test (panel B), t test (panel 8 £hf test (panels D).
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Fig. 4 Expression of dpr9 RNAI in the central nerus system mimics the phenotype
observed in [(3)04713A. Driving thedpr9 Val20 RNAi with the nanosGal4 gave rise
to a normal number of Faslll encapsulated cysto\dreads)B. Driving the RNAI
with elavGal4 produced a strong reduction in thewber of cysts. A and B are stained
with Faslll (magenta). Scale bar in A = 10 p@.The number of Faslll encapsulated
cysts is only reduced when the dpr9 RNAIi was driwéth elavGal4 when compared to
dpr9 Val20/+ and respective driver controls>$0. D. The first egg chamber stage is
only increased when trapr9 RNAI was driven with elavGal4 when compareddfw9
Val20/+ and respective driver controN>50. Error bars represent standard eror.
Ovarioles containing compound egg chambers are prdgent when thdpr9 RNAI
was driven with elavGal4 when compared dpr9 Val20/+ and respective driver
controls.N>50. * indicates R0.05 as determined by Man Whitney U test (paneltD),
test (panel C) and Chiest (panel E).

188



Normal

30 mCompound

% compound ovarioles
[6)]
o

O
w
o

Mean GSCs
o - = n n
o 3 o 3 o o
I
I
—*

Genotype

Fig. 5 Several members of the dpr gene family halenotypes similar to 1(3)04713
A. Wild type (WT) ovarioles have several egg chamlagrgelatively close stages of
development (S=stage). Additionally, they have atbiwo GSCs (arrowheads.
dprl has less developmental stages representedinozariole (S= stage). This mutant
also has less GSCs (arrowhead). Staining for Spgetragenta). Scale bar in A = 30
um. C. dprt, dprd"®3¥8and dpr11Y°°%2* have a significantly higher percentage of
ovarioles with compound egg chambers than WE5SM D. dpr, dpr8“8°*¢3!and
dpr13'8%7° show have significantly less GSCs than WESN. Error bars represent
standard error. * indicates<P.05 as determined by t test (panel D) and’ @it (panel
C).
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Fig. 6 DPR9 is similar to the Neurotrimin family ofieural cell adhesion molecule#\
Predicted protein domains of DPR9, DPR16 and DPRk@Nuraet al, 2002),
compared to mammalian anicromyrmex echinatioMNeurotrimin. (Grey circles=
Immunoglobulin domains, black rectangle= predictexhsmembrane domain, white
rectangle= putative signal sequence). Proteinoaeated N terminal on the left to C
terminal on the rightB A BLAST search indicated thaf\cromyrmex echinatior
Neurotrimin was the nearest relative to DPR9 oetsafl DPR family. A reciprocal
BLAST search ofAcromyrmex echinatioNeurotrimin againstDrosophila proteins
identified several of the DPR family members asmgenost closely related. Diagram
shows part of the amino acid alignment between E#PRly members and Neurotrimin
(Ntm) (Blue = exact match, Alignment obtained using Clustal\fiveare).
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Chapter 5. General discussion
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General discussion

The aim of this project was to study genes astatiaith stem cell regulation
and tissue homeostasis, using Dresophila melanogastesvary as a model system. In
order to do this, a screen designed to identifyamtst with defects in early oogenesis
was carried out in the Baron lab using publiclyikde stocks containing transposable
elements which were annotated as being semi-I@waiting, personal communication).
These were stocks which, while balanced, wereadié to produce homozygotes with
reduced fertility. The goal of this screen wasdenitify genes involved in adult tissue
renewal, which are not otherwise required for teeetopment of wild type adults. The
ovaries of these mutants were analysed for a highdgg chamber stage, which would
suggest a delay in egg chamber production. Thigyd@h association with compound
egg chambers or an increase in mature but unpagkages in the germarium, would
reflect a decreased supply of follicle cells. Imtast a high first egg chamber stage in
association with a decrease in maturing cysts nmsgigigest a reduction in germline
stem cell (GSC) activity. Having identified a sétoandidate mutants, our next goal
was to determine which genes were affected in thegants and understand how these

genes contributed to the maintenance of the ovaoughout the fly's lifetime.

Three candidate mutants were chosen for furthalysis, which are described in
this thesis;A2bp1©%%4®3 GIcATI?%%*" and1(3)04317 The first paper shows that two
gene encoding RNA binding proteimstaxin 2 binding protein {A2bpl)andGemin3
are affected inA2bp1©®*® The second paper identifie@lucuronyl transferase |
(GICATI), a gene involved in proteoglycan synthesis, taffected by theSIcATI%%7
allele. The final paper suggests that brain expbskefective proboscis extension

response 9 (dpr9jnay be affected if(3)04713 In addition to identifying candidate

genes affected in these mutants, the papers peeséantthis thesis identify potential
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signalling pathways by which these gene produdgsilage tissue function either cell
autonomously, non-autonomously in the stem celhaior at a systemic level. This
general discussion describes possible caveat® wdhk carried out and suggests future

experimental directions that could be taken.

Paper 1. The RNA binding proteins, Ataxin2 binding protein-land Gemin-3,
cooperate to regulate somatic and germline cellfeiiéntiation during Drosophila
melanogaster oogenesis.

The first paper describes the tumorous germlinenptype seen in the
A2bp1©®*%3jine, which was rescued following mobilisation dfet P-element insert
(Chapter 2, Fig.1). Complementation with mutantssimrounding regions identified
A2bplandGemin3as candidate genes that were involved in the ghipadChapter 2,
Fig. 3). The role of both genes in tA@bp1*®***phenotype was further confirmed
using expression of ribonucleic acid interfereriR&IAI) against each gene in different
tissues in the ovary (Chapter 2, Fig. 4). Complataiegon analysis revealed additional
phenotypes depending on the allelic combinatiowlved. Weaker phenotypes had egg
chambers that had undergone five instead of founds of mitosis, or egg chambers
that consisted of multiple cysts which had beerppmapriately packaged together

(Chapter 2, Fig. 3).

Since differentiation appeared to be affectedbp1©°®*®3 we tested to see
whether Bag of marbles (BAM), a marker of diffeiation, or Decapentaplegic (DPP),
a key signalling molecule associated with diffel&ian, were altered (Chapter 2, Fig.
2). As has been reported for other allelesA@bpl there was no change in the
expression of Daughters against decapentaplegicDjDlkacZ, a reporter for DPP
signalling indicating the GSCs in the niche werefeaegulated normally by intrinsic
signals. However we found that most of the sprescdime-containing GSC-like cells

were negative for BAM expression, a marker for algkst (CB) differentiation that is
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normally expressed when DPP signalling is reducHus result was unexpected
because Tastaet al (2010) have shown that another alleleA@bp1, A2bpE®***? has
an excess number of GSC like cells which expresMBAAIthough different staining
conditions might contribute to such a discrepanugtlaer possible explanation is that
the different expression pattern reflects differalieles used. A2BP1 is a marker for an
intermediate step of GSC differentiation. Its egsren begins in the cyst after
cytoplasmic BAM expression is reduced, and consrtheough to the sixteen cell stage
(Tastanet al, 2010). It is possible that A2BP1 could functetndifferent stages in cyst
development and that more severely affected allgesv arrested development at an
earlier stage, i.e. at the CB stage. Thus, morerevaffected alleles would show an
increase in BAM expression. Tastah al (2010) used thé2bpE®***allele in their
study. SinceA2bpf?***°has a dominant phenotype, we might expect thisetanbre

£%344%]lele did not

severe than other alleles A2bpl However in our hands th&2bp
produce viable adults so we were unable to test gbssibility. Another explanation
could be thatA2bp1©*®**3affects Gemin3as well asA2bpl, while A2bpE**bnly

affectsA2bpl This may alter the phenotypic consequences, iheence the observed

thebamexpression pattern.

108483 \vere reminiscent of those seen Sl

The germline tumours iA2bp
mutants; while most of the germline consisted of0diRe cells, there were a few cysts
which were able to develop beyond the CB stage. d¥ew these cysts were unable to
complete the differentiation process and producéypbmid nurse cells. Similar
phenotypes have been observed following lossSxffunction (Chauet al, 2009).
A2bp1®%*%3 showed an excess of SXL protein in the cytoplashiclv was not
observed in the wild type (Chapter 2, Fig. 5). SW¥as shown to be correctly spliced

1<G06463

into the female splice form, that is, ti8xI mRNA in A2bp mutants do not

contain exon 3, which is only retained in wild typales (Johnsoet al, 2010). This is
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consistent with the misexpressed SXL that | obskbaing functional and genetic data
suggested that SXL activity was required for asiemme of thé&2bpl/Gemin3nutant
phenotypes. However it remains possible that nasmiis involved in generating the
observed increase in Sxl accumulation. There are spfice forms of Sxl
(http://flybase.org/reports/FBgn0264270.html), tsis possible that Gemin3 and A2BP1
are affecting the splicing of a different isofornf 8xl which results in altered
localisation or stability ofSxl mRNA. | have not however determined if Gemin3 and
A2BP1 have a direct effect on SXL itself or if thbBundance of SXL is caused by the
effect of Gemin3 and A2BP1 on another target. SX hecently been shown to be
required in the ovary for GSC differentiation. uinttions by reducing Nanos protein in
BAM-expressing cells (Chaet al, 2012). SXL is expressed in the cytoplasm of GSCs
whereas it is downregulated in CBs (Chetwal, 2012). It is possible that A2BP1 and
Gemin3 control the localisation of SXL, thus leaglto inappropriate activation of SXL
targets. Alternatively, SXL may function with oth@nding partners, which are affected
by Gemin3 and A2BP1 (Fig. 1nterestingly, aSaccharomyces cerevisi@#xD-box
helicase, Dhh1l, is able to regulate mMRNA decayth&nabsence of other components
that control mMRNA decay, Dhhl is still able to reduhe amount of protein produced
from mRNAs which it targets, suggesting that Dhislable to inhibit translation
(Carroll et al, 2011). It is possible that Gemin3 functions bgressing the translation
of SxI mRNA. If this were the case, reducing Gemativity might be expected to

produce more SXL protein.
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Fig.1 Possible function of Gemin3 in germline stemells. SXL is essential for

downregulating Nanos (NOS) in cystoblasts (CBs),ictvhis required to allow
differentiation of the germline. Gemin3 may alteXLSfunction by controlling its

localisation. If SXL is downregulated, then NOS Wwbiue able to promote GSC
maintenance.
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SXL is essential for regulating sex determinatio®rosophila(Gonzalezt al,
2008). In the ovary, as well as a function in ragug GSC differentiation, SXL
controls the development of the female germlinghim embryo. SXL is sufficient to
change transplanted XY pole cells into female gerenlAdditionally, transplantation of
XY pole cells without ectopic SXL expression leatis an accumulation of
undifferentiated germline in female ovaries, denti@img that male germline cells are
unable to differentiate in females and that SXLrespion is essential for ensuring that
the germline retains a female identity (Hashiyaataal, 2011). Interestingly, the
Caenorhabditis elegan®iomolog of Gemin3, Maternal effect lethal (MEL);48
required to produce mature eggs. Loss of MEL-46.ielegantfiermaphrodites leads to
an overproduction of immature female germline ¢ddieown as ooids, and an increase
in the production of sperm, which suggests a massation of the germline (Minasaki
et al, 2009). Similarly, Drosophil®ani®® and snf*® mutationsare known to express
MRNAs associated with males (Chatial, 2009). As SXL expression is altered in
A2bpland Gemin3mutants, one of the functions of A2BP1 and Gemimgy be to
ensure the female germline is suppressing expres$imale specific mMRNAs, possibly
through SXL.

During complementation, only deletions which reew\both theGemin3and
A2bpl loci were able to produce the tumorous phenotypemplementation with
transposable element mutations mostly produceedin chambers or compound egg
chambers. This suggested that bétPbpl and Gemin3 mutations contribute to the
tumorous phenotype. Since the null alleléS@min3 Gemin3%, is lethal (Shpargeit
al., 2009), the fact that we can obtain homozygates A2bp1©°****suggests it is not
a null allele. It is possible that the 5n and coommb phenotypes are weaker than the
tumorous phenotype because they were only prodicedmbinations where either

A2bplor Gemin3alone was affected. A2BP1 and Gemin3 may regtdaters required

198



to promote differentiation at multiple stages oftcgevelopment. In males, BAM is
required to control the number of transit amplifysteps that developing cysts undergo.
If BAM is reduced, the cysts will undergo an extoand of mitosis because the BAM
threshold required to stop mitosis takes longerdach (Inscoet al, 2009). One

possible explanation for the 5n phenotype seehembp1©°%

complementation is
that factors required for the switch between m#@sid cyst progression take longer to
reach an appropriate threshold, thus the germinuenrgoes an extra round of mitosis.
Conversely, it is also possible that factors whaie required for maintaining an
undifferentiated state are not turned over quigdpugh in the absence of Gemin3 and
A2BP1, leading to germline cysts which differergianuch more slowly and may
undergo extra rounds of mitosis.

The presence of compound egg chambers was inteydscause it suggested a
function for A2BP1 in the follicle tissue which ha®t beenidentified previously
(Tastanet al, 2010). Compound egg chambers can arise whek s#dls fail to
differentiate appropriately, leading to egg chamfission. This may be one mechanism
by which A2BP1 functions in the follicle cells. Adidnally, A2BP1 may be important
for regulating FSC proliferation. A reduction inllfide cell production might be
expected to lead to packaging defects in the gemmarOne way of differentiating
between the two would be to carry out a Fascidli(Haslll) stain on the weaker alleles
of A2bpl This would mark the polar cells; if the compoypttenotype resulted from
egg chamber fusion, there should be an extra sthiese cells.A2bp1RNAI using the
c587Gal4 driver produced compound egg chambershwduggests follicle stem cells
(FSCs) may be affected by lossA2bpl, since | found that this driver expresses in the
FSCs (Chapter 2, Fig. 4). The use of flippase (FER] induced mitotic clones (Golic
and Lindquist, 1989) would determine whether A2Bfatl a function in FSCs. Using

recombination induced by FLP under the control ofheatshock promoter, this

199



experiment would allow the generation of FSC clomdsch do not have functional
A2BP1 which would be identified by their lack ofrearker such as GFBy comparing
the number of unmarked FSC clones between ovarwidgs mutantA2bpl and a
control which contains unmarked wild type clongésyould be possible to determine
whether A2BP1 functions in FSCs. If A2BP1 did fuantin FSCs, we would expect
the number of unmarked FS&2bpl mutant clones to be less than the number of
unmarked wild type clones, since any mutant FSCsildvdoe replaced by FSCs
containing GFPIt is also possible that, rather than being I0SICE may just not divide
frequently enough iA2bp1©%*4%® |t might be possible to determine if this were th
case, again, by using mitotic clones. Since it haen shown that two FSCs are
responsible for the generation of all follicle sedind that making a mitotic clone in one
leads to half of the follicle cells being unlabdlléMargolis and Spradling, 1995), we
could generate germaria with single mutant FSCsamuoht the number of unmarked
mutant follicle cell clones and compare them tosthavhich are marked. If there are
significantly less than 50% which are unmarkeds thight suggest a problem with FSC
proliferation rather than maintenance.

While the ribonucleic acid interference (RNAI) @&2bpl produced many
compound egg chambers when driven in the somaBadi and many 5n egg chambers
when driven in the germline, further demonstratimgt A2BP1 is required for germline
and follicle cell function, there were no tumouisserved. This is possibly because the
RNAIi was not strong enough. Alternatively, A2BP1giti need to be reduced in both
the germline and somatic tissue, or GeminBction may also need to be reduced.
Consistent with a role for Gemin3 in oogenesis, RMMgainst the latter produced a
strong phenotype when driven in the germline. Therxe few ovarioles which
produced a tumorous phenotype. The rest were deso@hy germline. This latter

phenotype is reminiscent ohnosmutants (Chaet al, 2012). Since SXL is required to
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inhibit the expression of Nanos in the germline dCht al, 2012), it follows that the

loss of a protein which normally functions to inkiSXL, for example, Gemin3, might

produce a similar phenotype t@mnosmutants (Fig. 2). Given that A2BP1 does not
seem to be expressed in GSCs (Tastaal, 2010), the fact that Gemin3 is able to
cause GSC loss suggests that A2BP1 and Gemin3 avaydifferent targets depending
on the cellular context they find themselves inwtiuld be useful to determine the
expression pattern of Gemin3 in the germarium,cafion whether Gemin3 is present

in GSCs.
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Fig. 2. Loss of Gemin3 in germline may lead to gdime differentiation. In GSCs,
Gemin3 may inhibit SXL which leads to upregulatiafgNanos (NOS) and subsequent
GSC maintenance. In cystoblasts (CBs), SXL is &bldownregulate NOS, leading to
differentiation. In the Gemin3 RNAI, loss of Gemilgads to upregulation of SXL and
loss of NOS, driving GSC differentiation.
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One function of Gemin3 that has been publishedntécas to induce the
separation of polytene chromosomes in nurse ¢€lsichi, 2012). This phenotype is
similar to that seen in mutant clonessnfrvival motor neuror(smr) in the germline
(Leeet al, 2009). This was not a phenotype observed incdnlye experiments carried
out usingA2bp1©°®4®® One possible explanation for this is that we ud#terent
combinations of mutants, as mentioned previouslg; ghenotypes seen in our study
might require the disruption of both A2BP1 and Ge3nilt is also possible that the
clones described by Cauchi (2012) are actualgP' egg chambers rather than
Gemin3-%? clones.ovd® mutant egg chambers are able to survive until sfagehich
has nurse cells with a characteristic “blob” liygaarance, when germline development
becomes arrested and the egg chambers later dage(fang and Riechmann, 2007;
Cauchi, 2012). Since the Cauchi (2012) paper desstheGemin3-"%? germline clones
as having the characteristic “blob” like nucleiaoétage 4 egg chamber, it is difficult to
determine the difference between@m/Gemin3-*> egg chamber and @emin3->%
clone without confirming that the egg chambers geinalysed are, in fadgemin3->%
clones. This could be done using a Gemin3 antihodhow that the Gemin3 clones do
not contain any Gemin3 (Cauadt al, 2010). If the egg chambers being analysed were
not Gemin3 clones, this may explain why a Gemirsgtue construct was unable to
rescue the phenotypes which they described (Ca@biR). Additionally, eggs which
were laid were described as having fused dorsaragames, which are characteristic of
someovo alleles when placed in combination wihf or SxI mutants (Oliveret al,
1990). Since we know from our work that SXL is aféxl by Geming, it is possible
that, althoughovd®mutants do not normally lay eggs, by adding a G&nailtele into
this background, this may have allowed some eggbkes to progress beyond stage 4.

In order to determine how2BP1might be functioning irA2bp1¢%®*%® | tested

to see if the dominant allelé&2bpf®***°had an interaction with mutants known to
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affect SXL (Chapter 2, Fig. 6). FirsA2bpE®*° was rescued by an allele which
abolishes SXL in the germlin&nf*® suggesting that SXL function is increased in
A2bpl mutants. Additionally, anotherlSxI mutant that leads to an increased
accumulation of SXL in the germline also rescuezih phenotype oA2bpf?* It is
unconfirmed whether SXL in this mutant is functibioa not (Boppet al, 1993). A
known downstream target of SXL is Ornithine decastmse antizyme (ODA) (Viedt

al., 2003).A2bpE****°produced 5n egg chambers with a deletion in ODddifionally,

a P-element mutant i©da was able to produce compound egg chambers with
A2bpE2*° suggesting that A2BP1 may be affecting ODA inhbfatlicle cells and in
the germline. ODA is a negative regulator of Onméhdecarboxylase (ODC), a key
enzyme involved in polyamine synthesis (Hedal, 1990; Heby and Persson, 1990).
ODA binds to ODC and inactivates it, eventuallyg&tmg it for ubiquitin-independent
degradation in the proteosome (Murakaghial, 1992). | had expected that reducing
ODC would rescue the dominant phenotype. Howeeglyging ODC had no effect on
the phenotype of2bpf2***° In addition to its role in regulating ODC, ODAasle to
target other proteins for degradation, includingclieyo1 (Newmanet al, 2004) and
Aurora A, which are essential for cell cycle praggien (Lim and Gopalan, 2007). In
addition to this, upregulation of antizyme is albbe promote deoxyribonucleic acid
(DNA) repair in human oral cancer cells by upregota DNA dependent kinase and
Ku70 (Tsujiet al, 2007). Another function for antizyme is the &teyl destruction of
Smadl, which is a downstream component in Bone Nmgpnic Proteins (BMP)
signalling (Linet al, 2002). A mutant in Mothers against Decapentapl@gAD), the
Drosophila homolog of SMAD1, was able to rescue Shephenotype if\2bpF3*4°
This suggests that DPP signalling is upregulated2bpf®***® However, this was
unexpected given there was no increase in the amoulADLacZ produced in

A2bp1©%*%3 |t is possible that the effect of altering DPBnsilling is indirect. If the
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components which are required for differentiatioa @educed, then the developing cyst
might be expected to take longer to differentiiteeducing the level of DPP signalling
by reducing MAD, this restores the balance betwdantors responsible for
differentiation and GSC maintenance. Another exgtian for this interaction could be
that Mad is functioning through other downstreangé¢s. For example, mad is known
to interact with a non-DNA binding transcriptioncfar, Yorkie. This is able to
upregulate the expression of a micro ribonucleid &niRNA) gene known as bantam,
which is required for growtliOh and Irvine, 2011). It would be interesting &e df
Yorkie or bantam and other components of the DBRadling pathway interact with

A2bp 03440

Another target which is negatively regulated by SXLNotch. Paradoxically,
we found that both loss of function and gain ofdiion alleles of Notch produced egg
chambers which had only undergone three rounds itdsim as opposed to four
(Chapter 2, Fig. 7). Notch is able to regulatesiwéch from mitosis to endocycle in the
follicle cells (Shcherbatat al, 2004). Perhaps inappropriate Notch activity e t
germline has a similar effect. Notch is not knownhtave a function in the germline
itself. This was confirmed using Notch RNAI in tgermline; this had no effect on the
number of mitoses the germline underwent. The ingppate activation of Notch in the
germline could be explained by the activity of igikibition of Notch (de Celis and
Bray, 2000). The E(spl)pt° reporter in wild type ovarioles showed that notgnal
Notch activity is present in follicle cells, but thimn the germline. A Notch loss of
function allele unexpectedly led to an increasdlatch signalling in the germline. It is
possible that reduced amounts of Notch are unaldestinhibit ligands expressed in the

somatic cells, allowing them to mis-activate Noitclthe germline (Fig. 3).
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Fig. 3. Cis-inhibition of Notch in the ovaryln the wild type situation, Notch signaling
is active in the somatic tissue but not the gerentas Delta (Blue) expressed in the

somatic tissue is targeted for degradation by N@itagenta). IlN>>**% a reduction in
the amount of Notch leads to loss of cis-inhibitid@ading to inappropriate Notch

activation in the germline.
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It would be interesting to see if there is a fuoictll interaction between Gemin3
and A2BP1 homologs in other organisms. Both arelied in processing mRNAs and
both have been implicated in regulating neuronatfion in mammals (Bhallat al,
2004; Martinet al, 2007; Suret al, 2010).smn which is known to be mutated in
patients with spinal muscular atrophy (SMA), is tpasf the small nuclear
ribonucleoprotein (SNRNP) biogenesis pathway, wisobssential for RNA storage and
processing (Praveest al, 2012). Gemin3 is known to interact directly wiBiMIN via
its C terminus and addition of a human mutant foum8MA patients is able to reduce
this interaction, suggesting that Gemin3 and SMhcfion together (Charrougt al,
1999). Recently it has been shown that replacindNSiMa smnmutant background is
able to rescue the lethality ¢fmnin Drosophila larvae without restoring snRNA
biogenesis, suggesting loss of SnRNP biogenesigtithe cause of the SMA phenotype
and that SMN may have other functions besides snRidBenesis (Praveeet al,
2012). Gemin3 is a putative DEAD-box RNA helicaBbese proteins also form part of
the spliceosome and have been implicated in mRN&gssing. For example, the yeast
homolog of Gemin3, Dhh1l, is able to prevent traimhaby decapping mRNAs, thus

promoting mMRNA degradation (Sweadtal., 2012).

There is, as yet, no known interaction between ARBRd Gemin3. However,
A2BP1 is able to bind to Ataxin 2 which is known lbe mutated in patients with
spinocerebellar ataxia type 2, thus A2BP1 is ailsked to human neurodegenerative
disorders (Roset al, 2011).A2BP1 belongs to a family of proteins known as the
Forkhead Box 1 (FOX1) family, which regulate altgime splicing by binding to a
specific sequence, (U)GCAUG, in different unpreeses mMRNA molecules. FOX-1
proteins are able to induce exon skipping by bigdmupstream introns and preventing
the spliceosome from forming at that junction ahdst leading to inclusion of the

downstream exon. Alternatively, they are able wuge exon inclusion by binding to
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downstream exons and, again, preventing compoménke spliceosome from binding

to the intron (Reviewed in Kuroyanagi, 2009).

Paper 2. Disruption of Glucuronyl transferase | aeity impairs escort and follicle
cell contributions to Drosophila oogenesis.

The second paper describes the identification o AGI as a gene involved in
regulating egg production. In this mutant, theres\wdoss of GSCs and the presence of
compound egg chambers which suggested that botgethsline and the follicle cell
lineage were affected (Chapter 3, Fig. 1). Furtleearthe escort cells were unable to
invade and separate adjacent cysts. Viable adidts lzad defective wing and leg
morphology (Chapter 3, Fig. 1). Remobilisation bé ttransposable element in this
stock demonstrated that the phenotypes were natedaby a secondary mutation
(Chapter 3, Fig. 3). We carried out complementasinalysis, which suggested GICATI
was the affected gene (Chapter 3, Fig. 4). This eeedirmed by RNAi knockdown of
GIcATI, which replicated the phenotypes (ChapteFig,. 6). Furthermore the mutant
phenotypes were rescued by expression of a GlcAmptementary DNA (cDNA)
rescue construct in @IcATI F%%%*" mutant background (Chapter 3, Fig. 5). The RNAI
experiment indicated that GICATI exerts its funatieither in the ECs or the FSCs.
GIcATI is predicted to be a homolog of the humaney@1-3 glucuronosyl transferase
which catalyses an essential step in glycosamimagl GAG) synthesis which form

part of proteoglycans (Bat al, 1999; Kimet al, 2003).

Proteoglycans are known to play important rolesnany different signalling
pathways and thus have an impact on many aspedissat function. For example,
chondroitin sulphate proteoglycans (CSPG)s are t@blect as a repellent to neurons
(Wang, H.et al, 2008). After a brain injury, neurocan and NG&o wifferent CSPGs,

are upregulated and deposited at the site of fueyinpotentially contributing to the
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formation of scar tissue in the brain (8 al, 2012). During the neuronal development
of Drosophila embryos, heparan sulphate proteoglycans (HSP®salgo able to
control the gradient of a repellent known as $lieventing axons from inappropriately
crossing the midline (Johnscet al, 2004). Additionally, GAGs are known to be
important for regulating stem cell fates. In a otét plate containing different GAG
molecules, human mesenchymal stem cells will begipressing markers associated
with differentiating osteoblasts, suggesting thhae tcomposition of the ECM s
important for controlling differentiation (Mathewet al, 2011; Murphyet al., 2012).
Another example is seen in the ability of GAG males to influence the differentiation

of heparan sulphate mouse embryonic stem cellsiedoal tissue (Maedst al.,2012).

Since proteoglycans play key roles in regulatimgnalling, the activities of
enzymes which modify proteoglycans are also importa tissue function. Loss of
components of the proteoglycan synthesis pathwahp sstout velu,brother of tout
velu and sister oftout veluin Drosophila all have an impact on heparan sulphate
synthesis which in turn results in altered Wingl€géG), DPP and HH signalling
(Takeiet al, 2004). One enzyme required for modifying hepaaphate is Sulphatedl
(SULF1) which functions as an endosulphatase. Buieht al, 2012 demonstrated that
Epidermal Growth Factor (EGF) signalling is ableufwregulate the activity of SULF1
which in turn acts as a negative regulator for B@faalling in the wing, potentially by
removing active sites from heparan sulphate. TBUH,F1 contributes to a negative
feedback loop which regulates the levels of EGRRalgg in the wing (Butchaet al.,
2012). Similarly, SULF1 is also able to act as aatiee regulator of WG, thus
suggesting that multiple signalling pathways maifiset the same mechanisms of
controlling the output of a given pathway (Yetial, 2011). Additionally, control of
proteoglycan synthesis allows for simultaneous legun of the multiple signals

required for organogenesis. For example, Fat ammth§maus, both members of the Hippo
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signalling pathway, are able to negatively reguagvelopment abnormally delayed
(DALLY) and Dally-like protein (DLP), which are reged for WG, HH and DPP
signalling in the wing (Baena-Lopeert al, 2008). Finally, internalisation of
morphogens which are bound by proteoglycans may plaole in enhancing cell
signalling. This is seen in the wing, where DLRerlocytosed with patched and HH,
which ensures proper activation of both WG and hthalling (Galletet al, 2008). It
would be interesting to determine whether or nbepenzymes associated with GAG
synthesis are also able to influence ovary funcaod, if so, whether these had an
interaction withGICATIF?°**" It is possible that the phenotype of mutationsciviaffect
the protein core of a particular proteoglycan migétenhanced by affecting the activity
of GICATI, or vice versa, thus indicating which proglycans are important for ovary

function.

After identifying GICATI as a potential candidateerge, | tested to see if
GIcATI®**"had a genetic interaction with components of differsignalling pathways
in an attempt to identify potential mechanisms ol GICATI may function (Chapter
3, Fig. 8).GIcATI%*"was found to interact with several mutants thatcifgither HH,
DPP, EGF or Janus kinase (JAK)gnal Transducer and Activator of Transcript{&@TAT).
Since GICcATI catalyses a step which is common o dhnthesis of all proteoglycans,
GICcATI may be influencing multiple signalling prases. Proteoglycans are able to
both enhance and suppress signalling by sequester@creted morphogens. An
example of the former is seen when proteoglycansetion as coreceptors for signalling
molecules. Heparan sulphate is able to facilitdtd®Band fibroblast growth factor (FGF)
mediated signalling. The loss of heparan sulpleddd to attenuation of both signalling
pathways and poor differentiation of mouse mesodermoulture (Kraushaaet al,
2012). Another heparan sulphate proteoglycan wisigssential for BMP signalling in

the Drosophilawing is the glypican, DALLY. This protein functisras a coreceptor for
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DPP, theDrosophilahomolog of BMP, thus enhancing DPP signalling ideugt al,
2003). Additionally, the expression of a secretednf of DALLY is able to induce
overgrowth in different tissues in Drosophila dweexpansion of the range of HH
signalling in these flies. Under normal circums&s)ctethering DALLY to cell
membranes functions to restrict the range of Hhalmg (Takeoet al, 2005). In the
ovary, DALLY also increases HH signalling from tbap cells (Guo and Wang, 2009).
Since GIcATI%*" led to the enhancement of a dominant HH wing phgregt
suggesting an expansion of HH signalling, one fdssxplanation for this result might
be that without proper glycosylation, DALLY is nonlger able to sequester HH in
GIcATI*""  Also, by sequestering morphogens, GAGs are ablesharpen the
boundary between cells which respond to high leetlsignalling and cells which
respond to low levels. This is seen in the rol®bP in the regulation of HH signalling
in the wing. In this instance, DLP, secreted froefiscexposed to the highest levels of
HH, is able to sequester HHhis is then internalised, thus preventing otredisdeing
activated by HH signalling (Ayerst al, 2012). Thus proteoglycans are able to “fine
tune” the expression of morphogens to ensure tissereelops properly during

embryogenesis.

We found that a number of signalling pathway congmis showed genetic
interactions with the GSC loss phenotype GIEATI®**" but the results were not
straightforward to interpret. A gain of functidmckveins(tkv) mutant had excess GSC-
like cells in the germarium which was expected e @ctivation of DPP signalling is
known to increase GSC self renewal. This phenotas enhanced when thkv

mutant was placed in a homozygdBkAT %

mutant background, suggesting that
one of the products of GICATI is able to restraiRDsignalling in the germarium (Fig.
3). If this were the main function of GICATI in tlwary then it is difficult to reconcile

this activity with its mutant phenotype which leadsloss of GSCs. Similarly, loss of
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function JAK/STAT mutants were able to rescue @eATI°%?*’GSC loss despite the
known role of JAK/STAT signalling to promote DPRysalling from the niche. One
possibility is that the GSC loss phenotypeGd¢ATI°*"reflects consequences of this
mutation on other cell types, with subsequent saaticonsequences on GSC number
that mask any enhancement of DPP signalling irG8€s. | considered whether loss of
Escort cell invasion might be linked to GSC los®wever there was no correlation
between the strength of the escort cell phenotype @GSC number in the genetic
interactions studied. There did seem to be a @iroel between the presence of the
compound egg chamber phenotype and GSC numbethdljenetic interactions that
rescued the follicle cell phenotypes also recove@HC numbers. It is possible
therefore that there is a form of feedback betwa@per egg chamber formation and
GSC population. Recent unpublished work in ourugr@hows that inducing egg
chamber phenotypes by RNAi knockdown of Notch omlythe follicle cells does

reduce GSC number (Alessandro Bonfini, unpublished)

212



Wild type

S+

Fig. 3. Possible function of GICATI in DPP signalm In wild type germaria, the range
of DPP (Red) signalling is limited. This means thenber of GSC cells (dark purple)
remains restricted to those which are in contath wap cells (Dark green). In thigick
veinsgain of function mutant, there are more cells Wwhi@come GSC like, possibly
because they are more senstised to DPP (ie. Lewelslof DPP are required to convert
germline cells into GSCs). With the addition ®ATI%?*’ the number of GSC like
cells is increased, possibly because one of thelugte of GICATI is involved in
controlling the diffusion of DPP.
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Another interesting phenotype which we observeds wWae inappropriate
invasion of follicle cells in the egg chambers béd which were mutant for both
GIcATI*" and heterozygous loss of functi®tat92E It would be interesting to
determine if the invasion is due to poor differatitin of the follicle cells, which could
be investigated using a marker such as Faslll wimalks undifferentiated follicle cells.
Another mutant which has been associated with imgdsllicle cell behaviour is Discs
large, which is a marker expressed on the latétal &f follicle cells. This phenotype is
caused by an inability to halt proliferation or t@h polarity of follicle cells (Goode
and Perrimon, 1997). Follicle cell over prolifematiis also seen iposterior sex comb
andsu(z)2mutants which show follicle cells lacking apicaBbipolarity. In this case,
differentiation of follicle cells is blocked (let al, 2010) Also, blocking mitochondrial
fission, by mutatingdynamin related protein;lleads to over proliferation of follicle
cells (Mitra et al, 2012). Another possible explanation for this mustgpe is that
GICcATI is responsible for the synthesis of a molecwhich acts as a repellent for
follicle cells, inhibiting their ability to prolifeate and invade the egg chamber. The
basement membrane of tissues is known to be impgodida regulating tissue integrity
and this is also a site where proteoglycans arevkno accumulate and influence cell
behaviour (Reviewed in lozzo, 2005). Indeed)rasophila proteoglycan, Perlecan is
needed to define the apical/basal axis of thecidbir epithelium of older egg chambers
(Schneideret al, 2006). If the synthesis of basement membrane akered, the cells

which rely on positional cues from the ECM wouldureable to function.

We found that loss of GICATI also had an impactlmmability of the germarium
to appropriately package cysts. One pathway adsdcigith follicle stem cell function
is HH signalling (Nystul and Spradling, 2007). Wauhd that a gain of function HH

|F00247

mutant was able to rescue the cyst packaging defieGICAT , suggesting a

possible function of GICATI is to control the diffion of the HH morphogen secreted
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from the cap cells. Again this could be throughratgoglycan, which functions as a
coreceptor on the FSC surface, or a component efbdtssement membrane that is
required to sequester HH at the surface of FSGp @i However we found no genetic
interaction with a loss of function mutation of Hihd further genetic analysis with
other alleles and components of the HH signalliathway will be required to confirm

a role of GICATI in HH signalling.

Thus, these results demonstrate that GICATI hestiaal role in many aspects
of tissue regulation in the germarium and idertifiyctional interactions with a number
of signalling pathways. Further work will now bequéred to determine the relevant
proteoglycans proteins involved in each case art&termine which interactions reflect

direct molecular regulatory mechanisms.
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PTC / co-receptor 277

Wild type
GICATI

GICATIFOOH? FSC loss

GICATIFO0217- ppMRT

Fig. 4. Influence of GICATI on HH signaling in FSCmaintenance.In wild type
germaria, HH produced by cap cells (Dark greemssential for FSC maintenance. It is
possible that GICATI is involved in the productiah a co-receptor for HH which
promotes activation of HH signaling in FSCs (Datie)). In GICATI?%?*’ the loss of
the co-receptor would make FSCs less sensitiveegdHH morphogen, thus leading to
FSC loss. The addition of the gain of functioim mutant might lead to a boost in HH
signaling which is enough to compensate for the tdsa putative co-receptor produced
by GICATIF?%?*" This would prevent the loss of FSCs, thus redudire number of
compound egg chambers seeGIoATI 9?4
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Paper 3.Dpr9, a brain expressed IgG domain containing prioteis required for egg
production.

The final paper shows the characterisation ofial tnutant identified in the
screen)(3)04713 This mutant produced compound egg chambers, addigh first
egg chamber stage caused by the premature lossS@fs GChapter 4, Fig. 1).
Remobilising the insert rescued the phenotype cataig that the phenotype was not
due to a secondary mutation (Chapter 4, Fig. 2m@ementation with deficiencies
showed thatlpr9 was a possible candidate for the phenotypk3)04713(Chapter 4,
Fig. 3). It was found thatlipr9 was expressed in the ovary, and RNAI expressed in
ovarian tissues had no phenotype. We thereforéedaput RNAI using a pan-neuronal
Gal4 and found that this was able to partially icgie thel(3)04713 phenotype,
suggesting that dpr9 does not function in the avlany in the brain (Chapter 4, Fig. 4).
It would be useful to generate other mutantsdpr9, possibly using imprecise P-
element excision events in the original mutantpider to completely understand the
role whichdpr9 plays inDrosophila Additionally, confirmation of the role adpr9 in
thel(3)04713mutant would be further strengthened by the restilee phenotype by a

dpr9 cDNA construct.

| also found that other members of this familyimimunoglobulin containing
proteins demonstrated the same phenotype. A BLA&AFch for the DPR9 protein
sequence suggested that DPR proteins share homwltigyeurotrimin, a member of a
class of neural cell adhesion molecules known &©MNgs (Chapter 4, Fig. 6jThese
proteins are able to influence neural adhesionneudlite outgrowth (Akeedt al, 2011;
McNamee et al, 2011). They are also able to function as botimddimers or
heterodimers with other members of the IgLON famiReedet al, 2007). One
possible explanation for the observation that othprgenes have an ovary function is

that there is functional redundancy in this fanafyproteins. But another possibility is
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that they are involved in heterodimer based cdieatn similar to the IgLON proteins.
This could be tested in DPR-expressing cell culusig a cell-cell aggregation assay
similar to that used to demonstrate Notch recepgarid interactions (Cordlet al,
2008). It would also be interesting to combine mtgan differentdpr genes with each

other to see if there is a phenotypic enhancement.

One possible function of the DPR proteins is ttiey are involved in the
production of a systemic factor important in reguig the fly's responses to food. For
example brain produced Insulin-like peptides arevikm to play a role in regulating
GSC proliferation and maintenance (Hsu and Drumni®adbosa, 2009; Hsu and
Drummond-Barbosa, 2011). Additionally, Insulin isle&to regulate the apoptosis of
older egg chambers under conditions of starvatimurhimond-Barbosa and Spradling,
2001). A high protein diet is also known to haveeffect on egg production (LaFever
et al, 2010). The consequences of diet and loss afilmen the ovary do not directly
phenocopy the consequences of disruption of DPR8gjéhowever, and other possible

sources need to be considered.

It is possible that the normal function of DPRStasinfluence the fly’'s egg
production and egg laying behaviour in responsdifferent components in their food.
The first member of this family of genes to be idfesd wasdpr, which is known to be
important for controlling the response to the pneseof salt in food. Under wild type
conditions, flies will reject solutions which comaoo much salt, whilelpr mutants
will consume salty solutions (Nakamuet al, 2002). Recentlydpr9 has been
implicated in the response to alcohol. Flies wdkmally exhibit increased locomotion
when initially exposed to alcohadpr9 mutants do not show this increased locomotion,
suggesting thadpr9 may, likedpr, be involved in detecting the presence of a paleic
food cue (Konget al, 2010). This is interesting because it suggdsds the systemic

regulation of ovary function is dependent on mdntjust a high sugar or high protein
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diet. It would be informative, therefore, to obserthe effects of removing defined

components of the diet on tdpr9 mutant phenotype.

If the dpr family of genes are involved in regulating respan® food, it would
be necessary to determine how they contribute itogtocess and how this influences
the ovary. One possibility could be tligtr9 is needed for neuronal development during
embryogenesis, rather than affecting neuronal fongh the adult. To assess thipr9
could be selectively downregulated in the adulbhgsin elavGal4 stock which contains
a temperature sensitive Gal80 (McGuateal, 2004). In this instance, if the embryos
are allowed to develop at the permissive tempezattich allows Gal80 to function,
the brain should form normally. After eclosure, tiies would be shifted to a non-
permissive temperature, and thdm9 would be knocked down in the adultdibr9 has

a function in the adult, this would recreate dpe9 phenotype in the ovary.

It would also be necessary to determine which oreuiare affected in the fly.
Candidates might include neurons which are involiredhe gustatory or olfactory
response. It would be useful to determine the esgive pattern ofipr9 in the brain.
This could be done usinig situ hybridisation or by generating Dpr9 specific aates
for immunostaining. Another possible experimentlddoe to use Gal4 drivers which
affect subsets of neurons to selectively knock ddm® in these neurons to see if the
dpr9 phenotype can be replicated (Pfeiffer al, 2008). Additionally,dpr9 may
function in Insulin producing cells in the brain.would be interesting to determine if
dpr9 exerts its function through Insulin. One key expent to test this would be to
drive Upstream Activating Sequence (UAS) Drosophilsulin like peptide constructs
in the ovary in alpr9 mutant background to see if this would rescuedipr® phenotype
(Hsuet al, 2008). It would also be interesting to se§3)04713interacts with other

components in Insulin signalling, or mutants inveahvin Tor signalling.
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General Conclusions

We found that stocks containing transposable eisnwere useful in allowing
the identification of genes which are required foaintaining tissue function. One
advantage of this strategy over an RNAi-based snihat there is no need to decide
which tissue to knock the gene down in. Anotheraadi®ge of this method is that it may
reveal functional clusters of genes. For exampie A2bp1©%®*®33]lele affected two
different genes which are both required for ovamction and when both genes were
knocked out together, this produced a much stropgenotype than if one locus alone
had been affected. This suggests that transposéieents have the ability to reveal

phenotypes which might not be identified in othenesns.

However, a disadvantage of using transposableegitsis that identifying the
affected gene with certainty is problematic. Soraegposable elements have the ability
to influence multiple loci, as seen wit2bp1‘©%®4®3 Additionally, confirmation of
which loci are affected requires that there araighaharacterised mutants which affect
that particular locus for complementation. A furtpeoblem with this latter point is that
narrowing down which genes are affected can beicdiff if the mutants for
complementation are not available. This is wheeeube of RNAI in conjunction with
complementation is useful as this allows seleckimeck down of genes to see if the
phenotype can be replicated. Employing this metlomyo the screen was able to
identify different categories of mutant phenotypesgolving a wide range of protein
functions: extracellular matrix, RNA binding andllezell adhesion. Furthermore, the
screen uncovered genes which are required in dedifierent somatic and germline
cell types, and it identified both locally actingdasystemically acting factors that,
together, regulate the constant turnover of cedlsded to maintain egg production in

Drosophila
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Through the use of the screen, we found seveddéipis which play a role in
this regulation of tissue turnover. First, we shitvat A2bpl and Gemin3 may function
together to control differentiation in the germlingnderstanding this interaction is
important since both have been linked to poor posgnof certain human cancers (Tada
et al, 2009; Yanget al 2008; Caiet al, 2011). Secondly, we identified GICATI as a
protein which is important for egg production, dersimating the importance of the
ECM in regulating tissue turnover. Finally, we itidad DPR9 as a protein produced in
the brain which is able to influence egg productiarpetter understanding of how DPR
proteins influence egg production may provide ihtgginto the role of nutrition in

human fertility.
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Appendix I. Supplementary materials and methods.

Genotype list

Mutant FullGenotype Order Obtained
Number from
A2bp 16463 v P{SUPor-P}A2bp1©"%¢* 15104 Bloomington
ry>%YTM3, Sb Ser
A2bpF Y0149 Ya vfma: P{EPgy2}e§ "°*ITM3, Sb 15285 Bloomington
Se
Gem3>°%? P{PZ}Gem3°%? ry"%TM3, SB 12079 Bloomington
Df(3L)ED4457 w[1118]; Df(3L)ED4457 / TM6C, 150428  Bloomington
Sb[1]
Df(3L)Vin2 Df(3L)vin2, ru[1] h[1] gl[2] e[4] 2547 Bloomington
ca[1]/TM3, Sb[1]
PTRIP. y[1] sc[1] v[1] P{y[+t7.7]=nos- 25710 Bloomington
HMS0028attP2 phiC31\int.NLS}X;
(RNAI P{y[+t7.7]=CaryP}attP2
integration site)
Nanos::VP16Ga w[*]; P{w[+mC]=UAS-eGFP- 8730 Bloomington
14 huLC3}1; P{w[+mC]=GAL4::VP16-
nos.UTR}CG6325[MVD1]
Odef 701073 vt wP'*2 pIEPgy2}0dg 1073 15831 Bloomington
Odd™*’ v w3 odd®ICcy0, PlenLw§™t 4373 Bloomington
snf*® vt w8snf*® P{neoFRT}19A/FM6 7398 Bloomington
Pumn %8 F>{Fr>12}pun‘?1688 ry’°9TM3, ¥ sit 11544 Bloomington
Se
Df(2R)BSC266 w*''% Df(2R)BSC266/CyO 26500 Bloomington
sxM y[1] cm[1] SxI[M1] v[1] 3719 Bloomington
f[1]/FM7a/Dp(1;2;Y)w[+]
sen&’! sen8*/ TM3, Sb M. Baron
A2-3,Sb A2-3,Sb/TM6, Hu - M. Baron
(Transposase)
UAS-CD8-GFP UAS-CD8-GFP - M. Baron
c587Gal4 c587Gal4 - T. Xie,
Kansas city,
KA, USA
A2bp 03440 W1118; PBac{RB}A2b[5*44%/ TM6, - Excelexis
Hu
Nosel N>*¢1p{neoFRT}19A/FM7c - S. Artivanis-
Tsaksonas,
Boston, MA,
USA
NAxe2 NA*€2 | FM7¢ - S. Artivanis-
Tsaksonas,
Boston, MA,
USA
A2bplVALIUM y'sc V& P{TRiP.HMS00478}attP2 - Transgenic
20, RNAI project
(Boston, MA
USA)
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Gemin3VALIU
M20

NotchVALIUM
20

Dad-LacZ

E(Spl)nﬁl.S-LaCZ

baZ°9FM7c :
TM3, Sb/TM6,
Hu

bazZ°9FM7c ;
noc*JCyO

GlcAT-[F0438
GlCAT_|F00247
Df(1)BSC580
Df(1)ED6716

Df(1)ED6720

Actin5CGal4

hH¢

h hMRT
Egfit
tkv°21

Stat92&
Df(1)BSC352
P(Tub-
PBac\T)2, CyO
(Transposase)

ptcGald
GIcATP 100294

GlCAT§YOl481
hOpTuml

GIcATI
VALIUM20

y' sc v; P{TRiP.HMS00287}attP2

y' Vi, P{TRiP.HMS00001}attP2

Dad-LacZz, r*/ TM3, Sb

E(Spl) nﬁl.S-LaCZ

baZ’FM7c : TM3, Sb/TM6, Hu

baZ°JFM7c ; no¢*ICyO

W1118, GIcATH**%¥*/ TM6, Hu
W1118, GIcATI?*"/ FM7c
Df(1)BSC580, W¥Binsinscy
Df(1)ED6716, w[1118]
P{w[+mW.Scer\FRT.hs3]=3".RS5+3.
31ED6716/FM7h

Df(1)ED6720, w[1118]
P{w[+mW.Scer\FRT.hs3]=3".RS5+3.
31ED6720/FM7h

y'w'; P{Act5C-
GAL4}17bFO1/TM6B, Th

ry°%® hH*9TM3, SB

hH""/TM3, Sb

Egfr[t1l] bw[1]/CyO

In(2L)tkv[Sz-1], al[1] tkv[Sz-1]
b[1]/SM1

w ; e' Stat92E/TM6C, cd St

Df(1)BSC352, W¥FM7h/Dp(2;Y)G, R#37Gd}Y

w[1118]; CyO, P{Tub-
PBac\T}2/wg[Sp-1]

ptcGald

W ; PBac{GAL4D,EYFP}GICAT-
PP pIERT(W9)2A
P{neoFRT}82B

y' W% PIEPQY2}GIcAT-8§Y01481
y* V! hop “"FM7c

y' s¢ V! P{TRiP.HMS00289}attP2

25414
24145

9055

3954
1749
26166
2079
860

24757

8285

19444

20120

Transgenic
RNAI project
(Boston, MA
USA)
Transgenic
RNAI project
(Boston, MA
USA)

H. Ashe,
Manchester,
UK

S.Bray,
Oxford, UK
University of
Manchester
communal fly
facility
University of
Manchester
communal fly
facility
Excelexis
Excelexis
Bloomington
Bloomington

Bloomington

Bloomington

Bloomington
Bloomington
Bloomington
Bloomington

Bloomington
Bloomington
Bloomington

M. Baron
Bloomington

Bloomington
S. Brown,
Sheffield, UK
Transgenic
RNAI project,
Boston, MA
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USA

nmd®yT™M6,  nmd*¥TMm6, Hu - M. Baron

Hu

1(3)04713 rgl% P%PZ}I(3)0471§4713/TM3, ¢ 11638 Bloomington

Sb Se
Df(3R)ED5660 w'''® Df(3R)ED5660/ TM6C, Sb 150331
prt P{PZ}dpr"; ry>®® 25079 Bloomington

dpr41Bo3978 W MI{ET1}dprgBo3o78 24553 Bloomington

dprg‘co131e w8 MI{ET1}dprg 01318 Bloomington

dprg"Bo71ss w8 MI{ET1}dprg“Bo71>> Bloomington

dpr115700824 vt WP’ p{EPgy2}dpr1 £Y068%4 16760 Bloomington

dpr13/1B08759 w8 Mi{ET1}dpr134B80879 26401 Bloomington

elav-Gal4 elav-Gal4/CyO - University of
Manchester
communal fly
facility

dpro y' sc v P{TRiP.HMS00288}attP2 - Transgenic

VALIUM20 RNAI Project

Fly husbandry and experimental crosseStandard fly food consisted of the following;
7.9% (w/v) glucose, 7.2% (w/v) maize, 5% (w/v) ywe&85% (w/v) agar, 0.3% (v/v)
proprionic acid and yeast powder (Sigma-AldritcB)l crosses were carried out at
25°C, unless otherwise stated. Any experiment reguimultiple crosses had an
appropriate control which was similarly out-crossedaccount for changes in genetic
background. All females for dissection were agethwWregon-R males in un-crowded
conditions (~20 flies per vial) and were tippedrgva-3 days to provide new egg laying
sites.

Ovary dissectiorFlies were anaesthetised by incubating on ice @omins. Females
were pinned by the thorax to SYGARD plates filledhwphosphate buffered saline
containing 0.1% Tween 20 (v/v). Ovaries were renaloivem the abdomen using a pair
of forceps (size 55, Fine Science Tools). The @lasiwere separated by using a pair of
forceps with 0.1 mm pins taped to the tips. Thgasation was achieved by holding the
ovary steady with one pin through the broad posteznd of the ovary (mature egg
containing end which appears opaque under the stop®) and brushing the narrow

anterior tip of the germarium gently until ovarislbreak free of their smooth muscle
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sheath (strings of individual egg chambers cardbatified when this is accomplished.
If the ovariole is not removed from its sheath,ividbal egg chambers cannot be
identified). These ovarioles are pipetted into ppesndorf and immunohistochemistry is
carried out as described.

P- element remobilisation The following crossing scheme was used for the

remobilisation of the PiggyBac elementGicATI%%*

Fhi7c X PBac transposase, Cy0
FO W GloATIFO0247 wgSP
F1 w, Gl A TIFO0247 [i+] FMTc ; PBac transposase, CyO
FRTC X ¥ +
F2 vy, GICAT| FR0247 ] - PBac transposase, CyO X Fh7c
Fh7C + K

l

3 FMPc  x  w, GICATIFORTIN .y
F ¥ FM7 E

l

Permanent stock

Loss of theminiwhitegene (w+) found in the PiggyBac element was usesha
indication that the transposable element had beshih the F3 cross. At this cross,
individual [w-] females were back crossed to FM7¢6Ymake a stock. In addition to
the [w-] stocks, flies which had retained the inggw+2]) but had been through the

same crosses were analysed as a control for tmgeha genetic background.

Generation of A2bpt®%®®3 Dad-Lacz/ TM6, Hu
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FO

F1

F2

F3

Dad-Lacd

™3, Sb

Individual
males

AbpHovEis o Dad-Lac?
Th3, Sb TM3, Sb

A2pp{Kesss
Dad Loz Females

X
AZbp1KEBIE3 DadlacZ % nmosdki
T3, Sb VB, Hu

}

Permanent stock

l

+Screen for Dad-LacZ using S Gal antibody
«Screen for AZDp 1ME08E3 y crossing to AZbp1HEI8E3 and checking for phenatype

Generation of hof'™, GICATIF?®?*7 FM7c for GIcATIF®**” genetic interactions.

FO

F1

F2

F3

FM7c

Individual
males

hOQTumI X ", G| A T|FO0247 e
Y

FrATe
W, GloATIF00247 we
X W Females
W G|CAT|F0024? W+. hOpTumI X EM7c
AT ki

|

Fermanent stock

|

«Screen for hoptsm! by [ooking for tumours in larvas
«Screen for GICATIFO0247 by looking for whife+ and back crossing to GIcAT(FI0247
to look for original phenotype

Crosses used in GIcATI**” genetic experiment3he following crossing scheme was

used to generate flies which were homozygousGiaAT

F29247 and heterozygous for

second chromosome mutants (these w&k8*' and Egfi). Step 1b was used to

generate permanent stock of GlcA¥f*¥lies which were balancedn the 1st and 2nd

chromosome.
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mutant FMTc | nocseo
CyO bazT™ CyO
FMic | mutant
& nocsee
1b
IR FMT7c | nocse
Fh7c ¥ Cy0Q
G"(::;:AT]! FIJIJZEW‘ CYO x FM?C 4 nOCS:o
[sS + l Y CyO
EMTc : nocks  x GICATI P07 CyO
i 0 FrTc nocseo
Permanant stock
> _FMIc . _mutamt . GRATIP®®, oo
Y nocse° FhTc nocEEe
GlcATIFI0247 . Cy0 % GleAT| Fon=er
3 FR7e mnutant ¥
GlcATI FO0247 - utant

&

The following crossing scheme was used to genefiss which were
homozygous foiGICATI*?*” and heterozygous for third chromosome mutantsséhe
were ht*° hiMRT and Stat92&). Step 1b was used to generate permanent stock of

GIcATI%%*%ies which were balanced on the 1st and 3rd chromosome.

1a
mutant FhiTc T3, Shb
ThE, Hu baz’® TMEB, Hu
FMi7c | mutant
¥ T3, Sh
1h FOOD247
GleaTI X FM7ic | T2, Sh
Fhd7c Y THAB, Hu
GICATI FO9247 - TG, Hu X Fiic | T3, Sb
I 2 l Y B, Hu
FM7c . TW3,Sb % GIeATI FO0%7T 5 Th3 Sh
i B, Hu Fh7c TG, Hu
Permanent stock
> _FMic. _mutamt  ,  GIATI®®¥; TM3 S
Y T3, Sb Frdic TG, Hu
GlcATI FO0247 - Trds . Hu % GleAT] Fon2e7
3 TFMTT mutant Y
GICATI FO0247 - mutant
+
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Crossing scheme for the GIcATI®**rescue experimentThe following crossing

scheme was carried out for both ActC5Gal4 and UASATI construct which are both

found on the § chromosome:

ActiC5Gald X FMic | TM3, Sh
M3, Sh baz'™ ThiB, Hu

FM7c . ActC5Gal4

Y THE. Flu
1
GICATI FOUasr FM7c . TM3, Sb
e Y THE, Hu

|

GloATI FI0247 - Tha3, Sb

Fhdic +
2 FMTc . ActCSGaM X GICATI FO0247 - T3, Sh
Y THIB, Hu FM7c +
3 /\
GIcATI FI0247 - T3, Sh X FMTcC; T3, Sh
Frd7c ActC5Gal Y ActC5Gal

|

Permanent stock

Flies from the two permanent stocks generatechénabove crossing scheme

were used in the following cross;

4 GIcATI FOR247 . T3, Sh ¥ GICATI FOO247 . T3, Sh
Fh7c ActCHGald i UAS-GICATI

GlcATI FOR247 - JAS-GICATI
ActCHGald

Additionally, flies from the same permanent stoakee crossed to OregonR to
generate the following controlsGICATI%?*" UAS-GICATI/+ and GIcATF%%*
ActinC5Gal4/+.These were used as a control to rule out that liserged phenotypes

were not caused by the genetic background (i.¢.atiacrossingsIcATI%?*" does not

rescue th&IcATI%?*"phenotype)

Antibodies; dilutions, concentrations, antibody typThe following table summarises

the antibodies used and their corresponding secypadibody.
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Antibodies  Type Concentration Source Secondary

Fasciclin 1l Monoclonal, 1/20 DSHB Donkey anti-mouse
supernatant IgG Cy3

aSpectrin Monoclonal, 1/20 DSHB Donkey anti-mouse
supernatant IgG Alexa488

Coracle Polyclonal, 1/10 000 R. Fehon Donkey anti-guinea
antisera IgG pig RRX

Bag of Polyclonal, 1/500 D. McKearin  Donkey anti-rat 1gG

marbles antisera Cy5

Bgal Monoclonal, 1/1000 Promega Donkey anti-mouse
supernatant IgG Cy3

118-Sex Monoclonal, 1/50 DSHB Donkey anti-mouse

lethal supernatant IgG Cy3

The following immunofluorescence protocol was @drout for Bag of Marbles.

Ovarioles were dissected as described in mainatedtfixed in a solution consisting of

300 pl 4% Formaldehye and 900 pl Heptane for 30utes at room temperature.

Samples were subsequently rinsed with phosphaterbdfsaline (PBS) and incubated

for 1 hour at room temperature with 5% normal dgnéerum diluted in PBS. Rat anti-

bag of marbles was added at 1/500 and incubatechigih¢ at room temperature. This

was then washed three times with 0.1% PBS Tweean20the donkey anti-rat RRX

secondary was added for two hours at room temperaBamples were then incubated

with DAPI containing mountant overnight and thenrevsubsequently mounted and

analysed as described in main text.

First egg chamber stagingThe first egg chamber adjacent to the germarium was

staged using criteria found in published literatiang, 1957). These included;

Stage Features

2 Oocyte indistinguishable from nurse cells. Adjacgalks are a cluster of cells

3 Oocyte appears smaller than nurse cells. Poststak is straight, anterior
stalk is still clustered

4 Nurse cells take on characteristic "blob" likep@grance as they become
polyploid. Oocyte is easily identifiable, due toheing much smaller than
nurse cells.

5 Nurse cells become large and "speckled.” Egg bleatvecomes oval shaped.

6 Nurse cells are all same size, but anterior edimes narrower.
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7 Egg chamber elongates and anterior nurse celeinae noticeably smaller
than posterior nuclei.

8 Yolk becomes visible at posterior end. Follickdl dayer still covers whole
egg chamber
9 Follicle cells begin to migrate from the antergmd over the oocyte. The yolk

fills 1/3 of the egg chamber.

10a  Yolk fills 1/2 of the egg chamber. Follicle IciElyer over oocyte becomes
columnar epithelial like. Follicle cell migratioretween oocyte and nurse cells
is not cisible.

10b  As for 10a but now follicle cells begin to natg between nurse cell and
oocyte.

11 Oocyte is not 3/4 of the egg chamber. Folligk layer thins over oocyte.

12 Oocyte fills entire egg chamber. Nurse cells sineunken at the pointed
anterior tip.

13-14 Chorion and dorsal appendages form. Follicle cafild nurse cells undergo
apoptosis.

Phenol:Chloroform Genomic DNA extractionAfter incubation with RNaseA, samples
were spun down and the supernatant was transfesradfresh eppendorf. A 24:25:1
mix of Phenol; Chloroform; Isoamylalcohol (Sigmae#itch) was added to the
supernatant. This was mixed well and spun downs phocess was repeated and then
the supernatant was transferred to a new eppemdafe it was subsequently mixed
with chloroform alone. The supernatant was againsferred to a new eppendorf which
was then treated with 2 supernatant volumes of 1@@nol and 1/10 supernatant
volume of sodium acetate. This was finally washéith wthanol and allowed to air dry
at room temperature.

RNA extraction.The Qlagen RNA extraction kit (QIAgen, West SusdéiX) was used

to extract RNA. Tissue (ovaries, heads or whoksflias appropriate) was mashed in an
eppendorf containing buffer RLT with 6%-mercaptoethanol using a sterile, RNase
free pestle. The mixture was then transferred stedle Qlagen Shredder column and
spun down. 70% ethanol diluted direthylpyrocarbonatéDEPC) water was applied to
the column and this was spun down again. Buffer RVd& added to the flow-through
which was then transferred to a RNeasy column whiak spun down again. 10 pl of
RNase free DNase (Qlagen) was added to the columdnngubated for 15 minutes at
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room temperature. This was further washed withdsuRW1 and spun again. Buffer
RPE was applied to the column and this was spucetwvith the flow through being

discarded after each spin. The collection tube ngataced with a new eppendorf and
then distilled, sterile water was added to the mwiuAfter spinning, the eppendorf was
labelled appropriately and stored at -20°C. RNA mjii@s were estimated using
agarose gel electrophoresis.

PCR and RT PCR programs and reaction mikhae following table summarises thien

values of all the primers used and the technidueg Wwere used for.

Name Sequence Techniqgue Tm
15F1 ACA ACT TGG CGC TCT TCT GT PCR 51
15R1 CGA ATT CAA CAG GCC AAT CT PCR 51
GICATIF GAC AGC TCG CCGATTTGTTTG PCR 56
GICATIRC GCC TGC GGA TTC CTG ATG AAG PCR 56
PBac3F GAA AAG GTC CAA AGT CGC AA PCR 56
5r2 TCC AAG CGG CGACTG AGA TG PCR 56
38F1 CAG CAC GCG AAG ATG AAT AA PCR 51
38R1 TTT TGG CCC ACT GTT CTA GG PCR 51
RP49F AGA TGA CCA TCC GCC CAG CAT PCR/RTPCRE5
RP49RC CGACCGTTG GGG TTG GTG AG PCR/RTPCB5
F2 GTT ATT TAG GCA CAC AGC TCG C RTPCR 55
R2 GCC TGC GGA TTC CTG ATG AAG RTPCR 55
LP20 CGC CGT TGG GGT TGG TGA GA RTPCR 55
LP21 GCG GCTCCG GTGAGTTTT GTA RTPCR 55

Standard reaction mix for PCR; 1 Unit Taq, 2.5 ul each primers (25pmol), 1 pl diNT
mix (10mM of each NTP), 5 pl of 10x reaction buffér5 pg of genomic DNA. Made
up to 50 pl with distilled water.

Standard PCR program; 95°C for 2 minutes, 95 °C for 1 minutégn value for 30
seconds, 72 °C for 1 minute per Kb of sequenceeRefrom second step 34 times.

Final extension at 72 °C for 5 minutes.
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Standard RT PCR mix; 1 pl of RT platinum Taq mix (Invitrogen, Life Temblogies,
Manchester, UK), 25 ul of 2x reaction mix, 1 pgrRMA, 1 pl of each primer (10 uM).
Made up to 50 pl with distilled water.

Standard RT PCR program; 50°C for 30 minutes, 94 °C for 2 minutes, 94 &C I5
secondsTmvalue for 30 seconds, 72 °C for 1 minute per Kbemuence. Repeat from
second step 16 or 40 times. Final extension atC7/®f 7 minutes. 17 cycles was used
for the amplification ofGICATF°**’mRNA; this was to ensure that the PCR was not
saturated so any differences in RNA levels couldbsgerved. 40 cycles was used for
the GICATIF?*’RT PCR demonstrating that the insert was still gmesn the mRNA
message. This was to saturate the PCR so smalatitieis of the final sample could be

run in the gel and thus, better resolution coulalb@ined.

PUASpP-GHO05057 GICATI rescue construct generation.

Electrophoresis;PCR amplified GHO5057 GICATI fragment was run i1% agarose
gel in 1x Tris acetate EDTA buffed@ mM Tris acetate and 1 mM EDTA). Bands were
illuminated for extraction using a transilluminat@Vitec, 365nm) and the desired
band was extracted using a scalpel. DNA was theifignli using the Qlagen quick gel
extraction kit(Qlagen) Three gel volumes of buffer QG was added to thlewdhich
was then mixed. Following this, one gel volumesafgropanol was added. The sample
was then spun down and in a Qlaquick spin columichvivas placed in a 1.5 ml
eppendorf. The flow through was discarded and tilanen washed with buffer QG.
This was centrifuged again and buffer PE was ad@bts was centrifuged again and
the collection tube replaced. This was spun anthaf@ collection tube was replaced.
DNA was eluted from the column using distilled wate

Digestions;Restriction digests of both the pUASP vector and0&bb7 GICATI PCR

product were carried out at 37°C for 2 hours. Eaelction consisted of the following; 1
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g of DNA, 10 units of appropriate enzyme, 2 pappropriate restriction buffer, 0.5 pl
of bovine serum albumin as required, and 20 plisfillded water. After digestion of
vectors, 1 unit of calf intestinal phosphatalke England Biolabsjvas added to the
vector to prevent re-ligation. These were gel pedifas described above to remove
overhang fragments. Uncut vector treated in theesar@nner (i.e. reaction mixture with
no restriction enzyme) was used as a control fdigestion reactions.

Ligations, Gel purified GIcATI DNA fragments and vector werligdted using the
Rapid Ligation Kit (Roche Diagnostics). The reawtiix consisted of the following; 5
pl of 2x reaction buffer and 1ul of T4 DNA ligas®gpid Ligation Kit, Roche
Diagnostics). This was performed at room tempeeafor 10 minutes. Vectors and
fragments were also treated separately as a coiitrelligation was confirmed using a
restriction digest enzyme which would cut in bdik tnsert and the vector, thus giving
a unique set of digestion bands during electroisre

E. coli transformation, Eschericha coliXL10 gold ultracompetent cells (Stratagene)
were used for amplification of the ligated vectmgment (pUASP-GH05057). Cells
were allowed to thaw on ice. 100ul of cells wereuimated with 0.5 pl ofg-
mercaptoethanol for 10 minutes on ice. The cellsewben inoculated with 2 pl of
ligation mixture and left to incubate on ice for Binutes. A 30 second heat shock was
carried out at 4ZC. The cells were then allowed to settle for 2 ut@s on ice before 1
ml of Luria Bertani (LB) broth was added. This wen agitated for 1 hour at 37°C
before being spread onto 50 pg/ml ampicillin adatgs which were then incubated at
37°C overnight.

Plasmid purificationy Plasmids weresolated from agar plate colonies and added to 5
ml of LB broth containing ampicillin at 50g/ml. Samples were transferred to a 15 ml
Falcon tube and centrifuged at 300rpm for 10 misw§@agen miniprep plasmid kit was

used to extract plasmid DNA as follows. The supemawas discarded and the pellet

247



resuspended in 250 ul of resuspension buffer wakedado the cells which was
transferred to a 1.5 ml eppendorf. 250 ul of lymiéfer was then added to the samples.
This was then centrifuged for 10 minutes at 13q#19.r300 pl of buffer N3 was added
to precipitate proteins. The sample was then spunl0 minutes at 13000 rpm
(Eppendorf 5415D) and the supernatant was tramsfelr a column which was then
treated with 0.5 ml of buffer PE. This was cengiéd again and the supernatant
discarded. A new collection tube was added andDiIN& was eluted using distilled
water. Midi preps (PureLink HiPure Plasmid DNA figation kit, Invitrogen) were
carried out in a similar manner except volumes w&er and, rather than
centrifugation, samples were drained through aralon the bench.

Sequencing; The vector was sequenced using the Big Dye TerminaB.1 Cycle
sequencing kit (Applied Biosciences) to ensure ghgere no mutations which had
occurred during PCR or subsequent plasmid amgiibican E. coli. The reaction mix
contained the following; 21l of ready Reaction mix, 1x Big Dye Terminator v3.1
buffer, Jul of primer (3.2 pmol), 300 ng of DNA template, aeaup to a volume of 20
pl with water. The PCR cycle use was; 96°C for Autes, 96°C for 30 seconds, 50°C
for 15 seconds and 60°C extension for 4 minutes. [&kt three steps were repeated 34
times. Resulting DNA was purified using 100% etHaand was air dried at room
temperature. The samples were sequenced at thersityvof Manchester Sequencing
Facility and SeqEdit was used to analyse sequeat& dhe sample sequence was
aligned with the GHO5057 vector DNA to check fortations using ClustalWw.

Map of pUASP GHO05057 GIcATI GHO05057 was inserted downstream of the
Transposase promoter which is found in pUASP. W+ waed as the marker for

injection intoDrosophila embryos.

248



Transposase BamH| Xbal

promoter
— e G AGA UAS GlcATI GHO5057 K10 ™=

In situ probe generationE. coli JIM109 cells were used for the amplification of EOT
GHO05057 using the protocol outlined above, but susg the ampicillin plates for 34
png/ml chloramphenicol plates. Plasmid DNA was etgd using Qlagen midiprep
plasmid kit. 3 ug of plasmid was digested with @itKhol (for T7) or EcoRI (for SP6).
T7/SP6 reaction mixture pOT2 contains both a T7 and SP6 promoter. LabeHing
transcription of GICATI GH05057 probe was carried simultaneously as follows. For
T7; 2 ul of Dig labelling mix (Roche), 2 ul of treeription buffer, 1.5 pl of T7
polymerase, 1 ul of RNase, 1 ug of DNA, made ugQaqul with distilled water. For
SP6; 2 ul transcription buffer, 2 ul Dig labelledxniRoche), 1.5 ul of SP6 (Roche), 1
g of DNA, made up to 20 pl with distilled watehése were incubated at 37°C for 2
hours. 2 pl of the reaction mix was removed aftes time for electrophoresis. Probes
were precipitated as described in main text.

pOT2 GHO05057 vectorProbe was transcribed with either EcoRI digestepf S

polymerase or Xhol digested, T7 polymerase to pedGIcATI GH05057 in situ

probe.
Chloramphenicol
Y, Sp6
pOT2 GHO5057 Xhol (3" end)
2583bp GHO05057
N EcoRI (5’ end)
Tet promoter
P /17
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