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Abstract

Recent studies have identified a new class of small RNAs witB02ducleotides in
lengh. This class of small RNAs igssociated with the PIWI clade Amgaute proteins, thus
named PIWiinteracting RNAs (piRNAs).piRNAs mediate silenog of transposable elements
(TEs) by transcriptional silecting and transcript destructiorin this study, we investigated the
roles of two piIRNA pathway compones Piwi and Aubergine (Aub) inDrosophila
melanogastefemalegermlinedevelopment.Our resuls demonstrate that Piwi functions in the
differentiation nichethe escort cells (EC)f the Drosophilaovary to repress thgermline stem
cell (GSQ selirenewal molecul@pp transcripts, thus ensuringgmer germline differentiation.

It has been pragsed that Piwi functions in the somatichrecto control GSC selenewal. Our
studydemonstratethe intrinsic role of Piwi in the germline to maintain primordial germ cells
(PGGs) before adultbod and GSCs during adulthood. eWavealsorevealed a new intrinsic
role of Piwi in promoting germlindifferentiation. Our study demonstrates the requirement of
Piwi in multiple cell types of thérosophilaovary for both GSC maintenance and germ cell
differentiation. Different from the expresa of Piwi in all cell types in the ovary, Aub is
specifically expressed in the germlin@ur genetic results demonstrate that Aub is only required
in the gerntine for GSC maintenance and germ cell differentiation, similar to thetifum of
Piwi in the germline. A mutationof lok, the homolog otthk2 in Drosophilg is sufficient to
rescue theaub mutant GSCsdemonstrating that theub mutant GSC loss is caused by DNA
damage checkpoint activatiorRemoving one copy adub significantly enhances the gercell
differentiation defect obam heterozygous deletion. Aub is also capable of forming a protein
complex with Bamin DrosophilaS2 cellsand celocalizes with Bamn the nuagea perinuclear
structure important for piRNA processing and TE silenciidnese data together suggest that



Aub and Bam function cooperatively to promote germ cell differentiation. TE transcripts are
upregulated irbam mutants as they are aub mutants, further supporting the notion that Bam

may interact with the piRNA pathwag represS Es
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Chapter 1: Introduction to Dissertation

1.1 DrosophilaFemaleGermline Development: fromGerm Plasmto GSCs

Germ cellsare specializedells thatgive rise tothe gamete®f sexually reproducing
organisns and contribute genetically to subsequent generatidsshe sole progenitors of eggs
and sperms, germ cellmve to underg@roper specification, migration and differentiation to
ensure species survival and evolutiohese cells are usually set aside during embryonic
cleavageeither by germ plasm segregation, a strategy employed by most animmglssignaling
induction from neighboringells in mammalg1-3]. In Drosophila, germ plasm is gem cell
specific cytoplasm thatontains proteins andnRNAs for germ ceél determination genes
including oskar, vasa nanos (nos) pumilio (pum) tudor, aubergine (aub) and piwi. The
maternally synthesized germ plasm components are deposited into the posterior pole of the
oocyte through directional tranmpation on polarized microtubule meshwsrknd stably
anchored to the actin cytoskeleton. This abtised anchoring mechanism ntains germ
plasm localization and determines tloealization of gerncells for the next generatidd, 5].

After fertilization and dring early embryogenesis, the fly embryo undergoes 13 rounds of rapid
nuclear division without cytokinesis before cellularization, during which each nucleus will be
enclosed into an dividual, membrandound cell. During nuclear cycleX®, the nuclei ngrate

to the cortex and continue to dividelrhe ruclei that have reached the posterior germ plasm
initiate a process ca&ltl pole cell budding, during which the plasm membrane incorporates the
nuclei and the surrounding cytoplasm including the germ ptasiorm 3-5 cytoplasmic buds.
These buds will divide twice duringuclear cycle 9.3 before the buds pinch off to form -B2

individual pole cells[6, 7]. These cells can divide-D times to form ~40 pole cells while



somatic cells will be formed from the remaining cortical nudigiing cellularization at @Je 14

[6, 7]. Amongthe ~40 pole cells only less than hatfthemwill survive themigration journey

and eventually populate the germlinghile the restiegenerate dvecome lost during migration

[6, 8-12]. During gastrulation at embryonic stages3,7the pole cellgnitiate their active
migration by penetrating an epithelium comprising endodermal cells into the future midgut
where they remain immobilentil stagel0. At this time, they pass across the posterior midgut
primordium and movdowards the gonadal mesodemmere they contact and adhere to the
somatic gonadgbrecursor cell§SGP cells}o form two embryonic gonag] a compact structure
containing ~10pole cellslying in abdominal segment 13]. The gonadal pole cells are
generally cded primordial germcells (PGCs) Both PGCs and SGP cells divide but remain
undifferentiated during larval development. At this stage, Dpp signaingmolog of BMP in
Drosophilaand also the most critical signaling for maintaining the undifferentiated status of
PGCs anggermline stem cellsSGSC9, is active throughout the entire germ cell compartment as
evidenced by pMad staining in all ti&Cs[14]. Dpp signalingnaintains the undifferentied

stae of the PGCsuntil the GSC niche developim the anterior of the gonad the larvaipupal
transition. During this transitionpvariole morphogenesis takes pladeansforming the larval
gonad nto the functional adulbvary. Ovariole morphogenesis starts with the formation of the
terminal filament(TF). It has been shown the Delta expression on newly forifectells
activates Notch signaling in their neighboring SGP cells to induce cap cell formation during
larvalpupal transition, which provides the majgomponentand central signaling source of the
GSC niche in th®rosophilaovary[15]. Once cap cells are established, they stabecomehe

sole source of Dpp production anestrict Dpp diffusion to one cell diameter The restricted

Dpp signalingprotectsand conver 2-3 PGCs to GSGswhile the rest of the PGGiitiate



differentiation. The newly established niche and GSCs also further strengthen the cell fate
commitment by expressing-&dherin and-catenin to build the adherens junctions between
cap cells and GSC4d6]. The adherens junctions serve at least three known purposes in this
GSC system: anchoring GSCs to the central signaling s¢uét; keeping Dpp molecules to

only one cell diametefl7]; orientingGSCdivision o that one othetwo daughter cells remains

in contact with the niche while the other one leaves the niche and ueddiffierentiation[18].

Sperm Figure 1.1 Drosophila pole cell formation and
Gemplsm - higration.  Germ plasm(hot pinK is maternally
Stage 1-2
deposited and anchored to the posterior of the egg.

polecells  DUrNG pole cell budding, plasm membrane

Stiges: incorporate germ plasm and nuclei to form

cytoplasmic buds which will further divide to form

~40 pole cells. Pole cells then penetrate an

Stage 68
epithelum and enter the future midgggellow).
Staring atstage 11, they pass across the posterior
Stage 9-10 midgut primordium and move towards the gonadal
mesoderm (green) where thegalesce withSGP
cells to form two embryonic gonads. The gonadal

eI pole cells are gemally called PGCs Both PGCs

and SGP cells divide but remain undifferentiated

during larval development. Adapted from
Stage 14

) Nakamura A and Seydoux [@&9].
Embryonic gonad
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1.2 Ovarian GSC Maintenance and Differentiation

The DrosophilaovarianGSC was identified in the 1970s by genetic and laser ablation
analysis[20-23], and later it has become the mostoductive stem cell system due toe
availability of reliablemolecular and cellulamarkers. One female fly contains one pair of
ovaries,each of which consists of 48 ovarioles. Each ovile contains a germarium at the
anterior tip followed by a string gfrogressively more differentiated egg chambers which will
eventally develop into mature eggver the course of approximately 5 d4g6, 21, 24]. The
anterior tip of the germarium resides a stack-8f discshaped, postmitotic somatic ksetalled
the TF cells At the base of th@F is a group of 5 somatic cap cells, which constitute the
major component of the GSC niche by forming adherens junctions with and providing self
renewal signaling tthe GSCs. The germarium has been divided thtegions according to the
germ celldevelopmental stages. Regibrontains GCs,cystoblasts¢Bs) and mitotic 2cell to
8-cell cysts Region 2a and 2Mnarbor 16cell cysts Region 3corresponds t@ stage 1 egg
chamber. GSCs are the most apically located germ catid alsoform directcontactwith cap
cells. GSCs divide asymmetrically and in parallel to the germarial axis such that the daughter
GSC remains contact with cap cells, whereas the differentiating daughfertteICB, is
displaced one cell awaffom cap cells. The CB then undergoes 4 rounds of mitosis with
incomplete cytokinesis to form a cyst of 16 germ cells interconnected by ring canals. Once the
16-cell cyst is formed, it entetheregion 2a and startiirectional deposit of oocyte determinant
into 2 germ cells with 4 ring canals within the-&éll cystby polarized microtubule meshwark
The microtubule organizing center starts to fornth&tregion 2a and becomes more readily
visible attheregion 2b The differentiating 1&ell cyst continues to move towarthe region 2b,

where the oocytes specifiedfrom oneof thetwo germ cells with 4 ring canals and relocated to

5



the posterior of the 16ell cyst and the remaining 15 germ cells will becdnghly polyploid

nurse cells by dellt. In the region 2b, he 16cell cystbecomesa lensshaped structurthat

spans the whole width of the germarium. At the same tiofigle cells that arederived from

follicle stem cells at the 2a/2b bord&artto migrateacross thesurface of thel6-cell cystand
enclose the cyst When the 1&ell cyst continues to differentiate and reactiesregion 3, it
rounds up tdecome a stage 1 egg chaméeclosed by follicle celvith the oocyte lying at the
posterio end which defines the anteriquosterior axis of the egg chamber and of the future
embrya The stage 1 egg chamber eventually buds off but still is connected to the germarium by
5-7 stalk cells.Normally, it takes approximately 3.5 days for a CB tifedéntiate into a stage 1

egg chamber and 5 days from a stage 1 egg chamber to a mat[26, &4b



TF: Terminal Filament
GSC: Germline Stem Cell

CB: Cystoblast

EC: Escort Cell

. ) X[/
Adult germarium . in I —Oocyte  FSC: Follicle Stem Cell
SS: Spectrosome

FC FS: Fusome

L | ]
region 1 22 2b 3 FC: Follicle cell
Figure 1.3. Schematic diagrams showinddrosophilaoogenesisand germarial structure.

Extrinsic signals for GSC maintenancén the Drosophilaovary, GSCmaintenance is achieved
by the integration oéxtrinsc signals from the niche witimtrinsic factorsworking within the
stem cells Cap cellsare the major component of the GSC njolbereas the influence of TF on
GSCs is very limitedn the adult ovary25, 26]. A recent study witlt587-gal4 driven RNAI
knockdown in the ECs shows that loss of ECs including -@&€acting ECs leads to GSC loss,
suggesting the involvement of G&0ntacting ECs in GSC maintenan@¥]. Both daughter
cells become GSQs they are indirect contactvith cap cells, demonstratirigat the proximity

to cap cells is essential foramtaining the GSC identitp25]. Cap cells produckoth Dpp and

7



Gbb, two BMP homologs ibrosophilg to maintain GSC selienewal by direct binding to the

receptor complex on the GSC surfd@s, 28, 29]. Cap cells also expressEad her in and
cateninto form adherens junctions with GSCs and keep the AS@#ect contact with the
signaling source. GSCs with-dadherin mutationsdrift away from the niche and initiate
differentiation[16]. Very interestingly, components of the somatic piRNA pathRisy and Yb

have also been shown to function in the nichmaintain GSC selfenewal 30-33].

BMP signaling has been demdnaged to function in the niche to direcitpntrol GSC
selfrenewal by repressing differentiati¢®8, 29, 34]. In Drosophila homodimers formed by
two Dpp molecules or heterodimeiermed by Dpp and Gbb can bind to type | and type I
receptor compleason the GSC surface to allow the constitutively actiype lIreceptorkinase
Punt to phosphorylate and activate the type | receptor Tkv or Sax. Phosphorylated Tkv or Sax
then relays the signal by phosphorylating signaling transducer Mdad thenrecruits Medea
and translocates into the nucleus as apermto regulate target gene transcriptiom situ
hybridizationof dpp shows thatdpp mRNAs are expressed in both the cap cells and &fds
overexpression afpp in the somatic cells using tgal4/UAS system causes accumulation of
excessGSGs [25, 28], demonstrating that BMP signals frotime niche to control the GSCs.

Overexpression af constitutively active Tk(Tkv®?)

using hsgal4/UAS systemhoweverdoes

not produce germline tumor, whereassgal4 driven Tk overexpression in germ cells causes
GSC hyperplasid 28, 35-37], demonstrating that BMP signaling directly activates the receptor
complexes on the GSCs to control geliewal. Bam has been shown to be the most potent

differentiation factor in GSCE38]. A° si |l encer el ement hasbanlbeen f

transcriptthat is required fobamtranscriptional silencing and this silencer element also binds to



Medea and Madn vitro [34, 39]. Thesedata together demonstrate that BMP molecules

produced from the niche act directly on the GSCs to prevent differentiation.

The piRNA pathway components Piwi and ¥re expressed in cap cells to maintain
GSCs. Both piwi andYbmutant ovaries fail tanaintain normal oogenesis due to GSC ,lassl
overexpression dPiwi or Ybin somatic cells using bgal4/UAS system increases the number of
GSCs, demonstrating the role of Piand Ybin somatic cells for GSC maintenanf@0-33].
Interestingly, Yb may regulate GSCs partially by modulating the function of Piwi in the somatic
cells as Piwi expression and nuclear localization are disruptelll ime somatic cells including
TF, cap cells, ECs and follicle celis Yb mutants[33, 40]. In addition,bam transcription is
upregulated ipiwi mutant GSCs, which is similar ttpp andgbb mutants[29, 41]. In contrast
to the molecular meemism employed by BMP signalinij remains unclear how Piwi represses
bam transcription Becausehe Mad-Medea binding site ithe 5 6 U T RPanasf sufficient to
silencebamtranscription in the GSCs, the function of Piwi from the niche must integittie
BMP signaling[29, 34, 39]. An E3ligase $nurf has been shown to suppré&d€P signaling by
targeting pMad for degradatidl7, 42, 43]. Inactivation of &urf also restores the GSCs in
piwi mutants, indicating that Piwi silencéam transcription by repressingrsirf in the GSCs
[41]. Considering the expression of Piwi in both somatic cells and germ cells in the ovary, cell
type specific requirement of Piwi in GSC maintenance needs to be determined. alsavibe
interesting to unravel the missing link between the function of Piwi in the cap cells and the
repression obmurfin the GSCs Alternatively, Piwi may modulate BMP signaling in the cap

cells to silencdamtranscription in the GSCs.



Intrinsic factors for GSC maintenance Extrinsic signals actin a coincident manner with
intrinsic factorsto maintain GSC selfenewal. Lisl, a WD40 repeatontaining protein,
maintains the GSCs by regulating BMP signaling transducimh Ecadherin accumulation.
Lis1 physically interacts with Mad tstabilizz Mad protein and prometMad phosphorylation

[18]. The translation initiation factor elF4A maintains GSC -seffewal and proliferation by
directly inactivating Bam function and promotingcBdhenm expressiori44]. Mutations ofthe
chromatinremodeling factor ISWélsoimpair GSC selrenewalby increasindgamtranscription

in the GSCs[45. Numerous studies have shown that GSCs diflerentiate in a Bam
independent marer and GSCs assign large sums of intrinsic factors to repress the Bam
independent differentiation pathwayyumand Nos two translational repressors, were the first
identified intrinsic factors to maintain GSC sedhewal by repressing the translation of
differentiation factors as a PuMosmRNA complex[46-51]. Mutations ofthese twogeres
cause premature GSC loss viB8amindependent pathway becaus&m transcription remains
silenced inpummutants anghum bandouble mutant ovarioles contain germ cells differentiating
as nurse cell§41]. Bratis another differentiation factor in tH@rosophilaovary. Similar to
Bam, overexpression of Brat causes GSC differentiationbmatimutant ovary accumulates
more undifferentiated CB§52]. Interestingly, Pum and Nos together down regulates Brat
protein | evel i n the GSO0rat [58,yprovideng anl adterniative t h e
mechanism for GSC differentiation regulatioh.h e homol og of the transl &
in Drosophilg Pelota, whemmutated, also causes GSC loss very raprdbpout upregulating

bam transcription in the mutant GSJ#®3]. Interestingly, microRNAs(miRNAs), which
regulate gene expression by affecting mRNA stability or translation, areegjswed forGSC

selfrenewal by repressing a Bandependent differentiation pathway@s-1 mutant GSCs are

10



still lost from the niche even imammutant backgroungb4]. Different from ISWI,some other
epigenetic regulatsr including Stonewal] Scrawny and Egglesare required forGSC self
renewal but not for bam transcription repressiof7, 55-58]. All together, intrinsic factors
repress both Bardependent and Baimdependent differentiation pathways the GSCs to
prevent differentiation and thus maintain seliwal. The requirement of various intrinsic
factors with diverse biological functions in the GSCs shthasvital roles of both transcriptional
and postranscriptional regulations maintaning GSC selrenewal. In the future, it will help
further understand GSC se#newal byidentifying the mRNA targetef Pum and Nos in the
germline. The discovery of functionaliRNAs and their targetin(mRNAs in GSC maintenance
will also be insightfulin stem cellbiology. Lastly, unveiling theepigenetic regulation in the
GSGs should help us understand how GS@schestrate transcriptional regulation with post

transcriptionategulation to maintaither selfrenewal capacity.

Extrinsic signals for germ cell differentiationin parallel with GSC maintenance mechanisms,
germline differentiation is also governed Bxtrinsic moleculesand germline intrinsic
differentiation factors. Type IV collagen encoded bykg in Drosophilalocalizes to the GSC
membrane and binds to Dpp to prevent Dpp diffustooutside the GSCs niche and ensure germ

cell differentiation[59]. It has been shown that BMP activation is restricted to the adherens
junctions at the GSd@iche interface inthe Drosophila tests, raising thepossibility that E
cadherin based adherens junctianight facilitate direct targeting of BMP to the receptor
complex associated with the adherens junctions and prevent BMP diffusion to outside the niche

[17]. dppis also transcriptionbl repressed in the ECs bystone lysinespecific demethylase 1

11



(Lsdl) to provide differentiation environment for germ cel80]. EGFRMAPK signaling
activated by ligands produced in the germline functions in the ECs to ensure germ cell
differentiation by repressing the transcription ddlly, encoding a glypicarfamily protein
important for Dppstabilization and diffusior{61, 62]. Two piRNA biogenesis regulators
Eggless and Vreten&ret), and the ldterochromatin protein (HP1), Su(var)205also function

in the ECs to promote germ cell differentiation via undefined mechaf&smess3, 64]. Type IV
collagers and adherens junctionspatially restrictDpp molecules within a sherange to
maintain active BMP signaling in the GSCs and also provide a low Dpp differentiation
environment for later germ csll ECs actively repress the transcription of gpanddally to

stop the production and diffusion of Dpdn addition, piRNAs may also regulate germ cell
differentiation in the ECs by direct or indirect modulation of BMP signalifige enforcement

of multiple layers of controbver BMP signalingensures proper germ cell differentiation.

Intrinsic factors for germ cell differentiation Localized BMP signaling activation imposed by
type IV collagensandadherens junctionsnsure low level BMP outsidee niche and create CB
differentiation environmentl7, 59]. EGFR signaling and Lsd1 function in the ECs to inhibit
dally anddpp transcription respectively60, 62]. ThepiRNA pathwaycomponerg Eggless and
Vret act in the ECs to control germ cell differentiation via undefined mechafismé4]. In
contrast to the limited knowledge about the extrirfsictors for germ cell differentiation,
relatively more moleculefave been identifiedo play roles intrinsically in the germline to
regulate germcell differentiation. Intrinsic factoranduce germ cell differentiation by

diminishing BMP response in the GBor inhibiting intrinsic selrenewal factors. BMP
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signaling receptoréPunt, Tkvand Sa andtranscription factors (Mad and Medeakrequired

in the GSCsto maintain selrenewal [28]. In the differentiating CB, however, multiple
mechanisms are iplace to destroy #se BMP pathway componenis order to initiate
differentiation in full swing. The differentiation factor Bam may act redundantly wiitle
Fused/Smurf complex to down regulate BMP signaling in the CB because Bam overexpression is
sufficient but not neceasy to diminish BMP response in the CB and remownwrfexpands
BMP gradient in damnull mutant[37]. MechanisticallyFused, a serine/threonine kinase and
an essential component tife Hhsignaling pathway physically interactswith the E3 ligase
Smurf to regulatehe BMP type | receptofkv turnover by ubiquitination and proteoly$65].
miR-184 might tagett h e 3 0 3didRransldtionallyrepressSaxto reduce BMP response in
the CB[66]. Thedifferentiation factor Brat interacts with Pum in the CB to repress Mad protein
l evel v i a[52i tMsltipl@ idttin§idkfactors target BMP signalireg the receptor or
signalingtransduction level to diminish BMP response in the CBs to stopesedfval and get

the CBs ready for differentiation.

Bam, Bgcn and Sxl are required in the germ cell for differentiation by inhibiting the
expression of théntrinsic self-renewal factomos Mutation of eitherbam or bgcn causesan
accumulation of GSdke cells while ectopic expression of Bam but not Bgcn causes premature
differentiation of GSC$38, 44, 67-70]. bamandbgcngenetically and physically interact with
each other to drive germ cell differentiation by repressing the expression of thenssifl
factors includingnos and shg (encodng E-cadherin)[44, 68, 70, 71]. Sxl, a RNA binding
protein which controlgeneexpression via alternative splicing and/or translational repregsion,
required for germ cell differentiatio by bi ndi ng nbsandtpdstFans8riptionalR o f

downregulation ofnos expression72-74]. Mei-P26, a TrimNHL containing protein, is also
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essential for germ cell differentiation possibly fyysical interaction with the core component

of the RISC compleXAgol andinhibiting the mRNA selfrenewal pathwayecausenerp26
mutations cause bo#xcessGSGClike cells and mRNA upregulation[75, 76]. Bgcn, SxI and
Mei-P26 are required for the differentiation function of Bam as ectopic Bam expression in any of

these mutatiosifails todrive germ cell diffeentiation[71, 73, 76].

Cap cell

Figure 1.4 Extrinsic signals and intrinsic factors controlling Drosophila ovarian GSC

maintenance and differentiation.
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1.3 piRNA Biogenesisn Drosophila

PIWI-interacting RNAs §iRNAs) are a group ddinglestrandedhon-coding RNAs with
24-30 nucleotidesn lengththa associate with the PIWI clad&gonaute proteis In general,
ArgonauteRNA complexes use their RNA paérs to recognize target RNAs by base pairing
and destroy target RNAs by endonucleassliated cleavage by the Argonaute protein or inhibit
MRNA translation by recruiting translation represgaig82]. ArgonauteRNA complexescan
also recruit chromatin remodeling factors to modify transcription activity of their binding targets
in nuclei[83-87]. The most abundant piRNAs are antisense to adtivérasncrips, and these
antisense piRNAs preferentially associate with Piwi and Aub, two PIWI clade Argonautes.
Sensestrand piRNASs, in contrast, prefer bindingAogonaute3 (Ago3), the third PIWI clade
Argonaute[88-90]. The major function of PIWpiIRNA complexeshas beemroposedo target
selfish genomic elements which would otherwise move or multiply themselves within the
genome and pose a threat to the genome integfitge biogenesis of piRNAs different from
othernon-coding small RNAs like niRNAs in several ways First, mMRNAs are derived from
doublestranded precursors and depend on Dicer, which cleaves esitdiided RNAs, for
processing. piRNAs, in contrast, are derived from longlsisiganded RNA precursors of 20 to
90 kb and thus Dicer independditl, 92]. SecondpiRNAs can be gruped into two subclasses
from theperspective of genomics. A subgroup of piRNApeatassocated small interfering
RNAs (rasiRNAs) are derived from repetitive regions of the genome such as transposons and
heterochromatin and cannot map to specific chromosomal loci. The remaining piRNAs map to
uniquegenomicloci called piRNA clustes in large pericentromeric or subtelomeric domains of
up to 240kb that are rich ITE fragmentg88-90]. miRNAs, instead, are transcribed from their

own genes or introns of their host genes. Third, piRNA® Im@ clear secondary structwviile
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primary miRNAs have hairpin loogecondary structures that can be recognized byntR&A
processing machinerylnstead piRNA precursorsretransported to the nuage to be processed

into mature piRNAs.

Differentiating piRNA precursors from mRNAsOnecritical question to be answerés how
pPiRNA precursors can bdifferentiated from mRNAs and delivered to the piRNA processing
instead of the mMRNA splicing machineryevidence exists that both eiand trangegulatory
elements are utilized to distinghi piRNAs from mRNAs.In C. elegansmost piRNA species

are encoded by individual genes and specified by a consensus~Atip upstream of the
piRNA coding sequence. This motif is an octamer sequence that can be recognized by the
forkhead family (FKH transcription factors, which are required for the transcription of piRNAs
in C. elegang93-95]. In Drosophila Rhino(Rhi), a fast evolving homologue &fP1, bindsto

and is required fothe production of pimary piRNAs from the germlingpecific dualstrand
clusters[96]. Rhino has been shown to colocalize with a DEAD box proteirP®fAand the
RhinoUAP56 foci o the nuclear side of nuclear pores are often flanked on the cytoplasmic side
by the nuage marker Vasa, which is another DEAD box prd@th Importantly, Rhino
functions with UAP56 and the Rai 1/DXf@lated protein Cutof{Cuff) to suppress piRNA
precusor splicing. Rhino bindinguppresses reporter gene splicing anduigicient to dive
pPiIRNA biogenesis fromreporters that express complementary traptcrfrom opposite
orientations[98]. Thus, it has been proposed that cotranscriptionalingaof Cuf through

Rhino orio capped piRNA precursors competes with-bagling complers which would

otherwise promotg@remRNA splicing. Cuff loading thuspreventspiRNA precursos from
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being splicedand differentiates piRNA precursor traripts from premRNAs. These (-
bound piRNA precursors will eventually be recognized by UAP56, transported through nuclear

pores and delivered to theRNA processing machinef@g].

Primary piRNA biogenesis in the somaGeneticanalysisand deep sequencirsuggest two
distinct piRNA processing pathways BDrosophila[99]. The primary piRNA pathway is the
only pathway that functions imoth thesomaand the germlinéo produce piRNAs.The primary
pathway in the somais Piwi-dependet and AullAgo3-independent, consistenwith the
expression obnly one Argonaute protein Piwi in the somia. the germline, however, primary
PiIRNA processing is followed by the secondary piRNA pathway: @fled the pingpong cycle

to amplify the piRNA pool as well a@s destroyTE transcriptsoy Aub and Ago3J100-102. In

the pimary piRNA biogenesis pathway, long piRNA precursors are transcribed from piRNA
clusters includinglamenco piRNAs generated from tHf&amencocluster target transposons of
the gypsyfamily of long terminal repeat transposons, includgypsy ZAM and idefix [10Q.

Long piRNA precursors then are exported from the nucleus into the cytoplasm whevdllthe
be chopped into smaller fragments via undefined mechanisms. It has been speculated that
Zucchini (Zuc), an outer mitochondrial membrane protein with sirggtandspecific
endonuclease activitin vitro [103, could cleave long piRNA precursors and produce smaller
pPiIRNA fragments basednahe observations that Zis expressed in the cytoplasm of a somatic
cell line derived fromDrosophilaovary and is required for piRNA production in the sdm@o,

101, 104106]. The piRNA precursofragments then enter the paiclear Ybbody, an ovarian

somaspecific cytoplasmic structuméch in piRNA components YbArmitage (Armi) and Vret
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These components are critical for piRNA maturation and/or subsequent Piwi nuclear localization
although the exact functions of Yb bodies are yet to be unraj#led07-110. Without Armi,

Yb or Zug Piwi is loaded with fewematurepiRNAs and excluded from the nucleus. Thus, it
has been proposed that nratuand functional PiwpiRNA complexes form and are then
inspected in Ylbodies before its nuclear entiy exert its regulatory functiorjd0§. Antisense
piRNAs from both soma and germline carit n a ¢ h a rrainet @) vis unknown 5 0
mechanisms. It is possible that PIWI proteins Piwi and Aubepeatially bind to RNAs with

5 @ and differentiate piRNAs from mRNAs and also stabilize piRNA intermediates for further
processing. An undefined pnteonediates and HenIns  t
conserved methyltransferase,at al yOzmees hyd at i on of mat endse pi
possibly to increase piRNA stabilift11]. henlmutants inDrosophila however, are viabland

fertil e, s agd@e-a&dhylatgn istndt assenti@dlddre functions of piRNA$117].

Primary piRNA biogenesis in the germlineBasedon thelimited experimental data on the
primary piRNA pathway, redundant mechanisms might function in the germline to initiate
piRNA production. According tothe expression of Piwi in the germline and its requirement for
primary piRNA biogenesis in th@ma, Piwi haslsobeen proposed to function in the germline
primary pathway. Howevepiwi mutations reduce but do not completely eliminate piRNAs
mapping to the germline specific clusters including 47ZABQ, suggeshg that Piwi might not

be the major player in the germdiprimary pathway. In addition, long piRNA precursors could
be simply cut bysequencéndependent endonucleaseto long RNA fragments, which will then

be loaded onto Aub and trimmed to shorter and mature piRNAs, initiating the secondary
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amplification cycle. Two candidate endonucleases Zamd SquasliSqu)have been shown to
express in the germline perinuclear nuage. Silimamiwa, mutations ireucor squreduce but do
not eliminate piRNA productiofit00, 117. Thereforea similar mechanism may be utilized by
both somat and germline primary piRNA pathwato generatéragmented piRNA precursors.
The fact that piRNA and PIWI proteinsare maternally deposited into the germ plasm and
incorporated intd®GCsraises the possibility that these maternally deposited piRNAs saye

as the primary piRNAs for the next generation in the germline, which obviatee¢ldefor the

primary piRNA pathway in the germlij88, 100, 113-115.

Germline-specific €condary piRNA biogenesiThe three PIWHamily Argonaute proteins,
Piwi, Aub and Ago3 areexpresed in the Drosophilaovary with Aub and Ago3 only in the
germline[31, 89, 114. Thus, the secondary piRNpathwayinvolving the Piwi/Aub-antisense
piRNA and Ago3sense piRNA complexes is specific to the germlii@wi and Aub prefer
antisense piIRNAs with a bias farUa t  tehdevhilé&tbe Ago3associated piRNAs have the
bias towards sense strands, and show preferencelémine (A) at the fdnucleotide(nt) from

t h eendB8 89, 116 117]. In addition, Ago3bound piRNAs have complementary partners in
Piwi- or Aub-bound piRNAswith 10-ntove | a p adnds[i38)89]i Theréfdare, a pingong
model has been proposed f@RNA amplification in the germline in whicltantisense piRNAs
derived from piRNA clusters guide the cleavage of sense transcripts fromBesivgenerating
sense RRNA fragments with an A at the T(osition and 1@t complementatiorio antisense

piRNAsf r o m termieus.5 6
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According to this modeRiwi and Aub loaded witlhintisens@iRNAs generated from the
primary pathway act as the initiattor the secondary pathwayAntisense piRNAs associated
with Piwi or Aub bind to sense piRNA precursors ®E transcripts via sequence
complementatioro initiate the processing of sense piRNASor unknown reason, PIWI clade
Argonauteproteins cleave target piRNA diE transcrips between positions 10 and 11tbé
guide piRNAs, generatingad40t 5060end overl ap between [BhHe anti
114, 116. As noted above, antisense piRNAs from both soma and germline contain a
characteri sti c frdsbhs. \As aconsaykence, wanse pmiBNAR generated from
the secondaryaihway tend to have an & the 18 position. Sense piRNAs then are loaded
onto Ago3, trimmed to the | ength ofmodfiedbyur e pi
2 ®©-methylationa t t h e Ma&udeesende. piRNAgo3 complexesan then bind to and
cleave antisense piRNA precursors to produce antisense piRly/ents associated with Piwi
and Aub. Trimming generates mature antisense piRNAs, fulfithegpingpong amplification

cycle[11812Q.

1.4. The Functions of PIWI Proteins and piRNAs in the Germline, Somaand Cancers

Germline functions of PIWI proteinsand piRNAs Mutationsin piRNA pathwaycomponents

were first identified in genetic screens for genes required for oogenesis or embryonic axis
specificationin Drosophila[121, 127]. Accumulatingevidence showshat disruption of the
piRNA pathwayincluding mutations oaub, ago3 spnE, armi, zug squ maelstrom ifhad) and
krimper correlates withtGSC Iss,axis specification defect of the egg and loss of fertilithese

phenotypes arkater found to besecondary consequences of increased TE acGtivkyA damage
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checkpoint kinase activatioand thus localization defects of dorsal and posterior RiNAke
piRNA pathwaymutants[30, 92, 102 112 121-12§. Three PIWIfamily proteins have been
identified in mice, Miwi2, Mili and Miwi. They are hidy expressed in the testis aretjuired
for male fertility[129-135. All three PIWI proteins, Miwi2, Mili and Miwi bind to piRNAand
mutations ofthesegenes reduce piRNA production aadtivate TEJ129131, 133 136-13§.
Increased DNA damage has also been observemiwi2 mutants[137]. Similar mutant
phenotypesf PIWI family genes inDrosophilaand mice suggest that piRNAsay have an

evolutionarilyconserved role in repressing TEs and protecting genome integrity in the germline.

The functions of PIWI proteins outside the gonadin Drosophilg the three PIWI proteins are
expressed as early as the embryonic stage and required for eadficsdevelopment of the
embryo[139. One ofthe possiblemolecular functions of PIWI proteins and piRNAs during
embryonic development is to regulate maternal mMRNA decay to ensure proper body patterning
[14Q. In the adultsPWI proteinsunctionoutside the gonada epigenetic regulatioand/or TE
silencing. Piwi has bothmegativeand positiveregulations on position effect variegati(fPEV)

in the expression of the eye color gembite depending on the insertion loci of thvehite
reporer gene [90, 141-143. Piwi associates with chromatin anihteracts with the
Heterochromatin protein 1&P13, a key player in heterochromatic generssiag[141]. The
HP1la interaction motif of Piwis required for the silcencing @fhite reporter genegl41]. On
the contrary, ima subtelomeric heterochromatiegion on the right arm of chromosomgpwi
mutations lose euchromatic histone modificatjoascumulateneterochromatin histone marks

including HP1a and thus represanscriptions of piRNAs and white reporter genan this
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region [90]. Piwi might recruit HPla in some genomic regions to establish or maintain
heterochromatin status and exclude heterochromatin initiation factors in other genomic regions
by interacting with different proteins idifferent chromatic context, and thus achieve both
negative and positive regulat&n Mutations ofother piRNA pathway componestincluding
aubandspnE have also been shown to disrupt heterochromatin status and thus demyess
reporter genefl43. Although multipe components of the PIWIRNA pathway are required

for heterochromatin establishment and/or maintenance to regulate PEV, no clear evidence shows
that piRNAs or TE activity are involved in this proces§E activities, howeverseemto be
responsible for ter phenotypes of PIWI depletiosutside the gonad.A protein complex
comprised of Hsp90, Piwi and Hop has been proposed to suppress phenotypic variation to ensure
developmental robustness (also called canalizafip#4]. Hsp90 mutations result in defective
PIWI-piRNA mediated TE silencing and the resultant TEivdgt may be responsible for
producing new phenotypes randonmiy9, supporting the role ahe PIWI-piIRNA pathway in
canalizaton. PIWI proteins Aub and Ago3 have been shown to express in the brain of
Drosophilaand mutations ofub, ago3 or armi leadto TE upregulatiorf14§. Interestingly,

during replicative cellular senescenoe normal agingthe chromatin of TEdecomes relatively

more open and botmRNA levels and trasposition events are increasgit7, 148. The
functionsof PIWI proteins or piRNAsif any, in repressing TEs duringellular senescence or
normal aging, however, have not beéentified. Instead,redogenous SNAs corresponding to
transposons and heterochromatic seqasmgenerated via the Die2tAgo2 RNAI pathway have

been proposed to target transposons in the sdiaosophila[142 1491527 . This proposal is
supported by the observation that siRNAs esponding to the L1 retrotransposon have been

detected in cultured human Hela cgll$3. Despite the facthat PIWI proteins are expressed
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and functionin normal or diseased somatic tissues outside the gamhd Es are derepressed in
piRNA pathway mutant&n these tissueghe existence of piRNAs outside the gonad is still a
mystery. Further molecular and sequencing analysis is needed to solve this important biological

guestion.

The functions of PIWI proténs and piRNAs in cancersMany studies have demonstratiat
malignant tissues from invertebrates to vertebratelsiding human canceggain the expression
of PIWI proteins[15416(. In Drosophilg mutations in thdethal (3) malignant brain tumor
(I(3)mb) gene caus formation ofa brain tumor during laval development. Maresightfully,
PIWI proteins including?iwi and Aubareectopically expressed in these tumansl inactvation

of these genes suppresd€Pmbt mutant malignant tumor growt{154], demonstrating the
functional importance of ectopic PIWI protein expression in tumor growthwi, the human
homolog of the PIWI proteinhas been associated with gastric cancer, adenocarcinoma, Soft
tissue sarcoma, seminomas and hepatocellular carcindtnackdown ofhiwi by antisense
RNA or RNAiI induces cell cycle arrest amthibits proliferation of cultured gastric cancer cells
[159. Similarly, Knockdown ofhiwi by RNAIi also reduces proliferation and invasion of
different hepatocellular carcinoma cell lingb7]. High Hiwi expression also correlates with
low survival rates in hepatocellular carcinonfd57, softtissue sarcoma[l15§ and
adenocarcinom@l6( patients. Another human PIWI protein Hilhas been found in prostate,
breast, gastrointestinal, ovarian and endometrial carjé&®. Overexpression of Mili im
mouse fibroblast cell line increasesll proliferation[156. Despite the int@sting correlation

between PIWI protein overexpression and low cancer survivaltnatéack offunctional studies
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in mouse cancer models or human cancers leaves the functions of Pihgro cancer
biology elusiveand the question remains if PIWI peon overexpression is causative or

secondary to tumor growth.

Biochemical functions of PIWI proteins and piRNASIWI proteins regulatéhe expressionf
target genes by heterochromatin formation, transcriptioegkression, posttranscriptional
transcript destructiorand translatioal inhibition. In Drosophila Piwi is predominantly
localized to the nucldi31] and celocalizes with epigenetic regulators including Polycomb group
proteinsand physically interacts with HP1441, 161]. In general, Piwi acts as a transcripabn
silencer by establishingnd maintainingirepressive chromatin state. Loss of Piwi de@sdise
repressive methylation mark on histone 3 lysin@8K9) [143 162-165 and HPla enrichment
[1664, and increaseRNA Polymerase Il occupan¢$62-164] and transcriptiofil42 162 165.
Ectopicinsertiors of piRNA complementary sequencesoirthe genome argufficient to recruit
Piwi, HPla and histone metlnansferaseSulvar)3-9 to theectopic sites and thus increase
repressive l&tone mark H3K9me2/3 and reduR®&A Polymerase Il occupandyt63. These
findings together demomstratethat PiwipiRNA complexes are necessary to maintain and
sufficient to establish a repressive chromatin stateérémscriptional repressionln contrast to
the general repressive function of Piwi, it can also act apmgenetic activator as exemplified
by the euchromatin and transcription promoting function of Piwi on chromosome 3R telomere
associated sequence (3RS) [90]. HPla enrichment decreases on piRNA clusters pnnva
mutant in general (80 out of 96 pIRNA clusters investigatexiexpected16€. However,

consistent with an active rolef Piwi on transcriptions ofome piRNA clusters, HP1la shew
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increased enrichment @omepiRNA clusters including 42AB and 3RAS [90, 1664 andthus a
white reportergeneis derepressedn these regions ipiwi mutants[90, 167]. HPlaalso
enrictesin the subtelomeric regions of 2L, 2R, 3L and 3Rpiwi mutants further supporting an
active role of Piwi in the sutelomeric regiong166]. The mechanisms to distinguish the
repressive and active roles of Piwi in epigenetic regulation might rely on the differential
interacting partners of Piwi and/or different chromatic mecivironment that Piwi interacts with

in different cell types and different developmental esgagvhich await more investigations to
further delineate.In addition to the role of PispiRNA complexes in histone modification and
heterochromatin formatiorRiwi-piRNA complexes have also been suggeste@stablishthe

DNA methylation and transcriptional silencing status diEs by recruiting DNA
methyltransferasesn male fetal germ cells in micgl29 130 136, 137]. Piwi-piRNA
complexes may direct heterochromatin formation and also establish DNA methylation status to

represgranscription in a sequence complementarity manner.

Escapers of TEs from transcriptional repression will be destroyguRiYA mediated
homologydependent target cleavage or translational inhibitigkll three PIWI proteins in
Drosophila Piwi, Aub and Ago3 have been shown to associatith piRNAs and exhibislicer
activity in vitro [89, 114, 116. The majority of piRNAsare mapedto TES and mutation®f
PIWI proteinslead toTE activation andhus increase®NA damage. The 10-n t en8 dverlap
between sense and antisense piRMAd the ability ofPIWI proteinsto cleave target RNAs
between nucleotide$ 0 and 11 me a ®ndrofetlte gdide BMA8SY id @nsiStént
with previousobservations with other Argonaute proteit68. Thesefindingsstrongly support
the functions of PIWApiRNA complexesn transposon destructiorSome poteincoding genes

might also besubjectedto piRNA-mediated degradation.A subset of maternal mRNAs
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including nosaretargeted by the RNA binding protein Smaug and the deadenylase C®R4 to
degradted during maternato-zygotic transition. piRNA mutants includimmwi, aub ago3and
spnE delay the deadenylation process wbs mMRNAs. Aub-associated412 piRNA is
complenent ary t o noemneRNAS.O ld Bdlition, fPIWI proteind\ub and Ago3 are
found to complex with Smaug, CCR4 amds mRNAs in the Drosophila embryo [14(Q,
demonstrating the roles of PIVBIRNASs in maternal mRNA decayThe slicer activity of PIWI
proteins can cleave protecoding gene transcripts in a similar manner to TE transcript
destruction. Te Stellategene in the fly testiss targeted by the AupiRNA complexes by
sequence complementarity betwetipllateand the piRNA component in the compl®©2, 114,
169. vasamRNAs caralso be cleaved b&ub associatd with two piRNAs AT-chX-1 andAT-
chX-2 with strongcomplementarity torasamRNAs [114]. In mice, PIWI proteirs Mili and
Miwi co-fractionate with polysomes andassociatewith translation initiation factorsn the
testicular extractgl34, 170 andpiRNAs have beeriound in polysome fractionsom the same

tissue[134, 171], raising the possibilitpf translational control b2IWI proteins and piRNAs.
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Figure 1.5 piRNA biogenesis andTE silencing mechanisms (A) Rhi functions with UAP56
and Cuff to suppresspiRNA splicing and directpiRNA precursortranscripts to piRNA
processing machineryB) In the primary piRNA pathway ahe soma, long piRNA precursors
arechopped into smaller fragments possiblyyc and then transported the perinuclear Yb
body. (C) In the germlinethere night beredundanprimary piRNApathwayg in addition toZuc.
The secondary piRNA pathwagmplifies piRNAs via a Pingpong mechanism(D) Multiple

levels of control over TEs are in place to protect genome integrity
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1.5. Purposes and Central Hypothesis of Dissertation

TEs comprise at least5% of the human genomeyhich poses a potential threat to the
genome stbility on individuals and over generations if diRduced mutationgre carried on to
the next generatiofil72174]. The observations th&IWI family proteins are expressed in a
wide range of human cancdesl to the realization that TE activation might be responsible for
various diseasegl55159 175 176. The importantcorrelationof TE activity with cellular
senescenceand tissue agingunderlines the value of PNHIRNA reseach in agerelated
pathophysiology147, 14§. Interestalso remains if and how PINHIRNA complexes regulate
stem cell selrenewal and differentiation pathway#bout 15-22% of theDrosophilagenome
consists of TE sequencgk74, which makes it a favor for studying the functions of piRNAs
considering the wéety of available genetic toalsThe purpose of this project wde investigate
the roles of piRNA pathway components Drosophila ovarian germline development,
especially in GSC maintenance and germ cell differentiatlotegrating piRNA regulation with
stem cell selfrenewal and differentiation prograns shows important implications in

tumorigenesis, tissue degeneration and aging.

The central hypotheds is that piRNA pathway components are required
intrinsically and extrinsically for controlling GSC maintenance and differentiation. This
study has shown thalhe piRNA pathwaycomponent Piwi functions in tHeCsto restrict BMP
signaling in the niche and promote germ cell differentiatioAnother PIWI protein Aub
functions in the germline to regulate germ cell differentiation by interacting with the master
differentiation factor Bam. Bam shovesnovel regulatoy role in repressingEs Pwi also

functions with Aubin the GSCs to maintain GSCs intrinsically.
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Chapter 2: Piwi Is Required in Multiple Cell Types to Control Germline Stem

Cell Lineage Development in theDrosophilaOvary

2.1 Abstract

The piRNA pathwaylays an important role in maintaining genome stabilitthengerm
line by silencing TEgrom fly to mammalsAs a highly conserved piRNA pathway component,
Piwi is widely expressed in both germ cells and somatic celtearosophilaovary and is
requred for piRNA production in both cell types. In addition to its known role in somatic cap
cells to maintain GSCs, this study has demonstrtatdPiwi has novel functions in somatic
cells and germ cells of th®rosophila ovary to promote germ cell diffentiation piwi
knockdown inECscausesa reduction inEC numberandaccumulation ofuindifferentiated germ
cells, some of which show active BMP signaling, indicating that Piwi is required to maintain
ECs and promote germ cell differentiation. Simultaneous knockdowlpmfencoding a BMP,
in ECs can partially rescue the germ cell differentiation defactsed bypiwi knockdown
indicating that Piwi is required in ECs to reprelgp. Consistent with its key role in piRNA
production TE transcripts increase significantly and DNA damagalso elevatedni the piwi
knockdownsomatic ceB. Germ celtspecificknockdownof piwi surprisingly causes depletion of
germ cells before adulthopduggestingthat Piwi might control PGC maintenance or GSC
establishmentFinally, Piwi inactivation in the germ line of the adult ovary leads to gradual GSC
loss and germ cell differemtion defects, indicating the intrinsic role of Piwi in adult GSC
maintenance and differentiation. This study has revealed new germline requirement of Piwi in

controlling GSC maintenance and lineage differentiation as well as its new somatic function in
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promoting germ cell differentiation. Therefore, Piwirequired inmultiple cell types to control

GSC lineage development in tbeosophilaovary.

2.2 Introduction

Small RNAs have received much attention in recent years because of their important and
diverse roles in the regulation of various biological procefsl77-180. In contrast to other
small RNAs, piRNAs are abundantly expressed in germ cells of organisms ranging from
elegansto human, and have emerged as an important class of small RNAs for maintaining
genome stability in germ cel[99, 120 181, 187. Recent studies have shown that piRNAs also
function in somatic cells to regulate gene expression and repregiGH91, 108 144, 163

183. However, biological functions of piRNAs still remain poorly defined.

TheDrosophilaovary is an attractive system for studying stem cell lineage development
[184]. Two types of stem cells, GSCsdh follicular stem cells (FSCSre responsible for
continuously producing differentiated germ cell cysts and follicle cells, respectively, which are
assembled into egg chambers that eventually develop into mature oocytesr three GSCs
are situated in the tip of each ovariole, known as the germarium, and can be easily identified by
their direct contact with cap cells and presence of an anteriorly localized spectrosorBd &ig.
Immediade GSC daughters, also known as CB®ve away from cap cells and undergo four
rounds of synchronized cell division to forrrcéll, 4-cell, 8cell and 16cell cysts. CBs and cysts
are tightly encased by cellular processes of escort cells (ECs), also known as inner germarial

sheath cells (f§. 2.1A). Genetic and cell biological studies kashown that Ti€ap cells and
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anterior ECs form the sefenewing niche for GSCs, which provides the essential BMP signal

for repressing GSC differentiation and thereby maintaining theiresetfwal[ 184).

Based on recent studies from us and otlié2s 185, we have recently proposed that
posterior ECs function as the microenvironment or niche for promoting germ cell differentiation
[185. One of the key functions of ECs is to prevent BMP signaling via two distinct strategies.
First, EGFRMAPK signaling has been proposed to directly repress expressiatallyf
encoding a proteoglycan facilitag BMP signal transduction and diffusipd?]. Rho signaling
and Eggless have been shown to repodly expression in ECs, thus promoting germ cell
differentiation, but it remains unclear how they might regulizilty expressiorj185 18¢. The
second strategy is direct repression of transcriptiodpy which encodes a BMP ligand
essential for GSC sefenewalin Drosophila Histone lysinespecific demethylase (Lsdl, a
chromatin regulatorand Rho signaling have been shown toespdpptranscription in EC$60,

185. dpp knockdown can partially rescue the germ cell differentiation defects caused by
inactivation of Lsd1l and Rho signaling in ECs, indicating that upregulation ontributes to
the germ cell differentiation defects. Therefore, ECs have so far been demonstrated to promote

germ cell differentiation by preventing the spreading of BMP signaling.

It is theDrosophilaovary in which the first piRNA regulatopiwi, was identified for its
critical role in maintaining GSCE30, 187]. Although it is expressed in all germ cells and
somatic cells of thérosophila ovary, it has been suggested to function in TF/cap cells for
maintaining GSC430, 18§. In adlition, Piwi is also required intrinsically to promote GSC
division andPGC formation [189, 19(. In Drosophila ovarian somatic cells, Yb works with

Piwi to control primary piRNA biogenesigl0, 108 109, and is also suggested to work in
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TF/cap cells to maintain GSC sefinewal[33]. In addition, recent studidgve shown that Armi

Vret and Tdrd12 are also required in somatic cells to control primary piRNA biog¢64si®?7,

11Q. Inactivation of histone H3K9 trimethylase Eggless function in ECs leads to defective
pPiIRNA biogenesis, upregulation of transposons and germ cell differentiation defects, indicating
that piRNAs are important for maintaining EC function by repressing transpdé@n4.8q.
Consistentlyyvret mutants also have a germ cell differentiation defect, which can be rescued by
somatic cellspecific expression ofret[64, 110. In this study, we show thatwi is required in

ECs and germline to control germ cell differentiation

2.3 Experimental Procedures
Drosophila strains and culture

The Drosophilastocks used in this study includeb87gal4 [29], PZ1444[19]], UAS
dcr2, UASdppRNAI lines (TR00047P.1;HMS00011)JASpiwiRNAI lines (VDRC101658,
HMS00606 and THU00412))ASarmiRNAilines (GL00254; HMS00098)JASaubRNAIlines
(GLO0O076; HMS00611) andJASYDbRNAI (GL0O0053; GL00204).Drosophila strains were
maintained androssed at room temperature on standard cornmeal/molasses/agar media unless
specified. To maximize the RNAnediated knockdown effect, newly eclosed flies were cultured

at 29C for a week before the analysis of ovarian phenotypes.

Construction ofUAS-RNAI and nos>mCherry SV40 polyA>gal4VP16 Strains
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The newTHU UASRNAI line targetingpiwi was constructed using the pVALIUM20
vector according to the published procediyi®?. The targeting sequence fq@iwi is

CCCGGTCATGCTGCAGACGAA, which was designed based on the algorithm of DSIR.

To construct pnosFRT-mCherrySV40 polyA-RT-gal4VP16n o s 3 odlifaremrt
components were assembled together by five steps. First, the coding regi@hefrywas
amplified fom aan mCherryc ont ai ni ng -a@gctagdtatggtgagcaaggygogag§dgo a n d
5 -@actcgadtacttgtacagctcgtcc&# 6 pr i mer s ( Nhe | and Xhol site
into NhekXhol sites of thegFRT-SV40 polyAFRT vector (a gift from Elizabeth R. @&). Then,
the FRT-mCherry f r agment a mp |-atchtat@ggdgatctigaagticoga® 65 6 a n d 506
gactcgadtacttgtacagectcgtccd8 6 pr i mer s  ( Nde | and XpRRTF sites
mMCheerySV40 polyA-RT was cloned into the pGEN vector (Promega) toemeratepFRT-

mCherry Second, thesV40 polyA-RT fragment amplified from th@FRT-SV40 polyART

vector u s i -gagtcgaggtacctstégaggatctttgteia 6 and - 56
atgcggccqgccatattpaaagegctctgaagttectat®&® pr i mer s ( Xh o |l and Not | |

was clored into the XholNotl sites ofpFRT-mCherryto generatpFRT-mCheerySV40 polyA
FRT. Third, the EGFP coding region amplified frompEGFRN3 ( Cl ont e c h-) usi n
tcgaattcatcgccaccatggtgagec®ad — a tiadagatbt@igtacagctcgtccatgeccggd6  pr i mer s ( Ec
and Blll sites underlined) was cloned into the BgltoRI sites ofpUASTattB [193 to
generatepEGFRattB. Fourth, the Notl flanked 3.13 Kb fragment frgge SpnosFGVHRa gift
from Elizabeth R. Gavis) containingos promotetATG (Ndeistart codon) gal4VPLéos
3 BTRwas subcloned into two Nhel sites pE GFRattB to generatgpnosNdelgal4VP16nos
3 6 U-atB. Finally, the Ndel flankegpgFRT-mCherrySV40 polyAFRT fragment frompFRT-

mCheerySV40 polyA-RTwas subcloned into the Ndel sitemfosNdelgaldvVP16nos $ U T R
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attB to generate pnosFRT-mCherrySV40 polyAFRT-gal4VP16n o s 3 owdidghRwas
introduced into arattP site-containing fly strain (BL#24482) using PhiC31 integrasediated

transgenesis by BestGene, Inc.

Immunohistochemistry

Immunohistochemistry was performed according to our previously published procedures

[194, 195. The followng antibodies were used in this study: rabbit polyclonal-@nti
galactosidase antibody (1:100, Cappel), Guinea pig polyclonalPamiti antibodies (1:100;
produced by H. Lin), chicken polyclonal a«@FP antibody (1:200, Jax), mouse monoclonal
anti-Hts antbody (1:50, DSHB), mouse monoclonal avith antibody (1:200; kindly provided by

Dr. H. Siomi), rabbit polyclonal anpS137 H2Av antibody (1:100, Rockland), rabbit
monoclonal antpS423/425 Smad3 antibody (1:100, Epitomics), rabbit polyclonalp&RK
artibodies (1:25, Cell Signaling) and rat monoclonal -&fa@sa antibody (1:50, DSHB). All

images were taken with a logi TCS SP5 confocal microscope.

Cell sorting and RNA sequencing

Drosophilaovari es were dissected and -Aldrldcaced
G9771) and then washed twice by adding 1X BPahd centrifuged at 700xg for onmenute.
The ovaries were incubated with prewarmed Collagenase (Worthington, Collagenase Type I,
Lot# 50D1B833) in 15ml conia | tube at 37 e Oninmtestwehrgendeashakingf o r
Enzyme reaction was stopped after thneénutes by adding cold 1X DPBS + 2% FBS.

34

t



Dissociated sample was washed by adding 1X DPBScaecht r i f uged at 700xg,
minutes. The cell pellet was resuspended in 1X DPBS and filtered with 70um Filcon (BD;
340605) in to 5ml flow tubes. Cells were centrifuged and then resuspended in 200ul of 1X DPBS

for sorting at 45psi with 70um tip (BD; InFlux) immediately in to TRIzol (li&zhnologies;
15596018). Total RNAs were extracted with Trizol and purified by organic extraction followed

by isopropanol precipitation.

Foll owing manufacturerdés directions and us
kits (lllumina, Cat. No. R9222001/2), mRNA was isolated from 150ng of total RNA per
sample and short fragment libraries were constructée:. resulting libraries were purified using
Agencourt AMPure XP system (Backman Coulter, Cat. A&G8880), and were thequantified
using a Boanalyzer (Agilent Technologies) and a Qubit Fluorometer (Life Technologidk).
libraries were pooled, rguantified and run as 50 bp singlad lanes on an Illlumina HiSeq 2000
instrument, usingdiSeq Control Software 1.5.15.1 and R&ahe Analysis (RR) version
1.13.48.0. Secondary Analysis version CASAYMA.2 was run to demultiplex reads and

generate FASTQ files.

For gRTFPCR, total RNAs were first treated by DNase |, and were then used for
synthesis of cDNAs using mixed oligo dT and random primers SuperScript Il Reverse
Transcriptase (Life Technologies)luorescencéased quantitative retime PCR (QPCRyvas
performed to quantify\gypsy zam TART, gbb dpp and dally with tbp, gapdh and rpl32 as
internal controls using primers shown in Table S1. A@BNAs were diluted at 1:100,n2
aliquots of each cDNA sample were addedid of 2x power SYBR Green PCR Master Mix

(Applied Biosysterms part No.:367659, Lot No. :1305403) , Gvbeach of 10m Forward &

35



Reverse primer and 2ul of water in a 38dll plate. The resulting reactions were run on an ABI
7900HT according to the instruments standard protéewlysis of the fluorescence curves was
us i

done A Bl 0 9he &DvalZes wer anadytetl useng the. Biogazelle gBase

ng
Plus version 2.4 softwate generate normalized relative quantities using assays for endogenous

controls.

Table 2.1. Primers for gRT-PCR

Gene

Name Fwd Primer Reverse Primer
dpp TCGGCCAACACAGTGCGAAGTTT TTCACGTCGAAGTGCAGCCGAAA
gbb AATGGTTCTGCTCATGTTCGTGGC TCAGCACTCTGTGCATGATCGTCT
dally GAGCAACAGCAGATGCACACGAAT | GTGCACTTCAAGGGTTTCACGGTT
gypsy ATTATCAACGAAGCCGCAGCTCAC AATTCAGAGCCGTTGATGGTTGCC
ZAM AACGCTCGACCTAACTAGCGGTTT AGATCGCCAAGAACGCTGTCCATA
tart AGAGAGGGAAAGAAGGGAAAGGGA | ATTTCCTGCCTGGTTAGATCGCCA
gapdh AGGGAGCCACCTATGACGAAATCA | AGACGAATGGGTGTCGCTGAAGAA
tbp TCCAGACTGGCAGCGAGAAAGTAT | AACTTGACATCGCAGGAGCCG
Rpl32 AGCGCACCAAGCACTTCATC GACGCACTCTGTTGTCGATACC

2.4 Results and Figures

Piwi is required in ECsto control germ cell dfferentiation and EC survival

To identify the genes that are required in ECs for controlling germ cell differentiation, we
carried out a genetic screen using and@ressingc587gal4 driver and transgenidAS RNAI
lines from the Vienn®rosophilaRNAIi Center (VDRC). These VDRC RNAI transgenic lines
were designed based on the production of a long dattdaded RNA structure that can be
further processed into small dogganded RNAs degrading target mRNAs, andehbeen

used to carry out genetic screens in varibugsophilatissue type419619§. c587-gald is
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expressed specifically in ECs ararlg follicle cell progenitors based on the expressiob A&

GFP [29)(Fig. 2.1A). In our screenpiwi was identified for its requirement in ECs to control
germ cell dfferentiation asc587gal4 mediated knockdown gsiwi causes the accumulation of
spectrosomeontaining ilkdifferentiated single germ cells (SGCs) located distantly from cap
cells in the knockdown germaria, which is in great contrast with the control germaria.{By.
Although GSCs an€Bs contain a sperical spectrosome, only GSCs directly contact cap cells.
Differentiated 2cell, 4-cell, 8cell and 1écell cysts contain a branched fusome, and can be
easily distinguished from GSCs and CBs. The spectrosome and fusome are the same-germ cell
specific intacellular organelle with different morphologies, which can be reliably labeled with
antibodies against their components such as Hai Bhao (Hts)199 (Fig 1A and 1B). To

verify the RNArmediated Piwi knockdown efficiency, we used polyclonal-Bii antibodies

to examine Piwi protein expraisn in the control an@iwi knockdowngermaria, in which cap

cells and ECs are marked by thg1444enhancer trap lingl91]. Two additional miRNA-based
UASRNAItransgenic strains were also used in this study: one RNAI strain was generated by the
Perrimon Laboratory at Harvard Medical School, HI2B0 201], and the other RNAI line,
THU, was generated to target a differgtvi sequence by the Ni laboratory at Tsinghua
University. The PZ1444 enhancer trap line expresses nuigalactosidase protein in cap cells
and ECs, which can be reliably distinguished by their location and morphid8dy202 (Fig.

2.1C). As previously reportefl41, 188, Piwi is generally expressed in batbmatic cells and

germ cells of the control germaria, but ECs express higher levels of Piwi than cap cells (Fig.
2.1C). Indeed, all the RNAI lines can efficiently eliminate Piwi expression in PZfpd4ddive

ECs and cap cells, while Piwi expression inngeells including GSCs remains unchanged in the

piwi knockdowngermaria (Fig2.1D-F). c587gal4 mediated expression of the HMS and THU
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RNAI lines can also cause the accumulation ediferentiated SGCs outside the GSC niche,
similar to the VDRC line (Fig2.1G and2.1H). Because a wilthpe germarium normally
contains one or two CBs, a germarium containing three or more SGCs iseceddiol exhibit

the germ cell differentiation defedt44]. To determine the severity of the germ cell
differentiation defects, we classified thavi knockdown germaria into three categories: normal
(SGC<x2), moderate differentiation defect <8GC<10) and severe differentiation defect
(SGCe211). Among the germaria in whighiwi is knocked down in ECs by three independent
RNAI lines, 4660% of them have threw more SGCs, and approximately 20% of them have 11
or more SGCs (Fig2.1l). In addition, gg chambers are also often filled with undifferentiated
spectrosomeontaining SGCs (Fig2.1B and 2.1H). Quantitatively, the three RNAI lines
produce similar degrees of germ cell differentiation defects @id). As shown in Fig2.1l,

there are someaviations on SGC numbers in the knockdown germaria by different RNAI strains,
and Fig.2.1B, 2.1G and2.1H reflect the variations among the three RNAI strains. In addition,
we have observed that -B0% of thepiwi knockdowngermaria by the three independent RNAI
lines completely lose GSCs and become agametic, suggesting that Piwi is required in somatic
cells for maintaining GSCs (Fi@.11-L). These results indicate that Piwi is indeed required in

ECs to promote germ cell égrentiation and in ECs, cap cells or both to maintain GSCs.

The germarial region of thpiwi knockdownovaries appears to be reduced in size,
suggesting that the EC number may also be reduced as wel2 (H8gand2.1H). Our previous
studies have suggted that the severity of EC loss is positively correlated with the severity of the
germ cell differentiation defecfd85, 186. We then quantified EC numbers in the control and
piwi knockdowngermaria. In contrast with the control germarium containing an average of 35

ECs (Fig.2.1M and2.1N), thepiwi knockdowngermarium contains significantly fewer ECs (Fig.
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2.1N-P). Because ECs rarely proliferate, the reduction in EC number could be due to apoptosis.

To directly test this idea, we used TUNEL labeling to detect dying ECs identified by PZ1444

expression. Indeed, there is a consistent increase in apqptatiknockdownECs by the three

independent RNAI lines (Fi2.S1). These results demonstrate that Piwi is also required for

maintaining EC survival.
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Figure 2.1. Piwi is required in ECs to promote germ cell differentiation and maintain EC

survival. Ovals indcate cap cells, whereas brackets denote the germarial region covered by ECs.

(A) c58*gal4 drives GFP expression specifically in ECs (arrom). €58 7gal4 mediatedpiwi
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knockdownleads to an accumulatiaf many SGCgarrying a spectrosome (arrowhead) mixed
with differentiated cysts containing a branched fusome (arrow) in the germarium and its
associated egg chambe€)(Piwi protein is expressed iRZ1444positive cap cells and ECs
(arrow) as well as in follicle caland germ cellsD-F) c587-gal4 mediatedpiwi knockdownby
three independent RNAI lines efficiently eliminates Piwi protein expressi®Zi44positive

cap cells and ECs (arrows), whereas Piwi protein expression in germ cells remains @al. (
c587gal4 mediatedpiwi knockdownby THU and HMS lines leads to the accumulation of SGCs
(arrowhead) mixed with differentiated cysts (arrowl).shows the quantitative results on the
numbers of SGCs and agametic germaria (n indicates total germaria exa(@iied)587gals
mediatedpiwi knockdowncauses the formation of the germaria (arrows) containing no germ
cells. (M-P) c587gal4 mediatedpiwi knockdown(O, P) results in a significant reduction in EC
numbers in comparison with the contrm ). N shows the quantitative results on EC numbers (n

indicates total germaria examined). Scale barsn25

Piwi functions in adult ECsto promote germ cell differentiation

Sincec587gal4 is known tobe expressed byost, if not all, somatic precursor cells in
the female gonafR03, the differentiation defects and the GSC loss phenotype cauggidiby
knockdown could be due to its early requirement in smnggnadal precursors. To definitively
determine if Piwi is required in adult ECs to control germ cell differentiation, we carried out
temperature shift experiments to inactivate Piwi function specifically in adult ECs. When the
genetic crosses were cadi out at 18, which lowerspiwi RNAi expression and thus its
knockdown effect, the germaria show almost normal germ cell differentiation and GSC
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maintenance because all fievi knockdowngermaria have normal SGC numbers and still retain
two or three GSCs (Fi@.2A-D). After the adult females emerged af@8they were cultured at

29°C for a week to increase RNAI expression aiwli knockdown efficiency and thus inactivate

Piwi function n adult ECs. Interestingly, the number of the germaria carrying three or more
SGCs drastically increases, indicating that Piwi is indeed required in adult ECs to promote germ
cell differentiation (Fig.2.2E-H). Similarly, the numbers of the germaria camtay no GSCs

also increase following Piwi knockdown by the three RNAI lines (ERH-K). In addition, Piwi
expression is still reduced in cap cells, suggestingctéitgald is likely expressed at low levels

in cap cells. Since the previous findingsvéashown that ECs also contribute to GSC
maintenanc¢185 186, 204, the GSC loss phenotype could come either from Piwi knockdown

in cap céls, ECs or both. Taken together, these results indicate that Piwi is required in adult ECs
to promote germ cell differentiation as well as in adult ECs, adult cap cells or both for GSC

maintenance.
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Figure 2.2. Piwi is required in adult ECs to maintain GSCs and promote germ cell
differentiation. Ovals, arrows and arrowheads indicate cap cells, branched fusomes and
spherical spectrosomes, respectively. Germara-@, E-G andl-K are labeled for Hts (green,
spedrosome/fusome), Vasa (red, germ cells) and DNA (bluel-D) At 18°C, c587%gal4
mediatedpiwi knockdowndoes not affect GSC and SGC numbers due to low RNAI expression.

D represents quantitative results on the numbers of SGCs and germless gedyiaw(after

shifting to 29C, c587%gal4 mediatedpiwi knockdownleads to an accumulation of excess SGCs

in the germariaH represents quantitative results on the numbers of SGCs and germless germaria.
(I-K) 1w after shifting to 2%C, c587%gal4 mediatedpiwi knockdowncauses some germaria to

completely lose germ cells including GSCs. Scale baran25
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Piwi is required in ECsto prevent BMP signaling in differentiated germ cells

Previous studies have shown that the germ cell differentiation defects caused by defective
EC function result from elevated BMP signalifg®, 185 186. To determine if BMP signaling
activity is augmented in the germ cells of tpievi knockdowngermaria, we examined the
expression of pMadpad-lacZ and bamGFP, three BMP signaling activity reporters in
Drosophila in the control angiwi knockdowngermaria. Activation of BMP receptors (Tkv and
Sax) upon BMP ligand binding leads to production of phosphorylated Mad (pMad), which
translocates into the nucleus with Medea, a SMAD4 homolog, to achatexpression and
represshamexpression in GSCR9, 37, 205. In contrast with the control germarium in which
pMad accumulates primarily in GSCs (FR&3A), pMad is also expressed in sorbeat not all,
SGCs outside the GSC niche of thievi knockdowngermaria, indicating that BMP signaling
activity indeed spreads outside the GSC niche ERB, 2.3C and2.S3A). bamGFP andDad-
lacZ can recapitulate the expression patterndarh and Dad in the control germariumbanm
GFPis normally expressed in differentiated germ cells but is absent from [39|Cs#hile Dad-
lacZ is normally expressed in GSCs but is absent in differentiated gernj2®I1&7, 205 (Fig.
2.3D and Fig.2.S3C). Although it is still expressed in GSCs of thei knockdowngermaria
(Fig. 2.3E, 2.3F and 2.S3B), Dad-lacZ reduces its expression by about 25% based on
guantification results (Fig2.3G). AlthoughbamGFP remains repressed in the GSCs of ftivei
knockdowngermariajt fails to be upregulated in some SGCs outside the GSC niche pimthe
knockdown germaria as in control CBs (Fi@.S3GF). These results indicate that Piwi is

requiredin ECs to prevent BMP signaling activity in differentiated germ cells.
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Previous studies have revealed that the elevated transcriptdppofvhich encodes a
BMP ligand, in ECs can contribute to increased BMP signaling in differentiated gerne€ells
185, 1864]. In Drosophilg another BMPencoding genggbb, is also expressed in the germarium
and is required for maiaining GSC429]. In addition,dally upregulation in ECs has also been
shown to be responsible for BMP signaling activity eleval@) 206 207]. To determine if the
elevated BMP signaling activity in SGCs is due to upregulatiafppf gbb or dally in ECs, we
sequenced the mRNAs isolated from the purified &ffeled control an@iwi knockdownECs.
Based on RNA sequencing and gRTR resultsdpp is significantly upregulated in thgiwi
knockdownECs compared to the control ECs (RgBH and2.3l). Although RNA sequencing
results show thagbbanddally are slightly upregulated in th@wi knockdownECs (Fig.2.3H),
gRT-PCR results fail to confirm the finding (Fig.3l). These results suggest thdpp
upregulation in thepiwi knockdownECs might be responsible for germ cell differentiation

defects.

To determine ifdpp upregulation in thegiwi knockdownECs contributes to germ cell
differentiation defects, we quantified SGCs outside the GSC niche in the germaria irphich
anddpp are simultaneously knocked down in ECs. Here we used two diffeirenfVDRC and
HMS) anddpp RNAI (TRP and HMS) lines to knockdowpiwi and dpp expression in ECs,
respectively. Based on the mbers of the germaria carrying three more SGCs¢587gald
mediateddpp knockdown (TRP) can partially rescue the germ cell differentiation defects caused
by piwi knockdown (VDRC) (Fig2.3JL). c587gal4 mediatedpiwi knockdown by the HMS
line yields stronger germ cell differentiation defects, which can be slightly and moderately
repressed bg587gal4 driven expression of TRP and HMipp RNAI lines, respectively (Fig.

2.3L and Fig.2.54). c587gal4 driven expression of thépp HMS line causes partial GSC loss,
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but the expression of tldpp TRP line does not, suggesting that the HMS line might be stronger
than the TRP line in knocking dewdpp expression (Fig2.S4). Based on the finding that the
germ cell differentiation defects caused fawi knockdown can only be partially repressed by
c587gal4d mediateddpp knockdown, the germ cell differentiation defects cannot be solely
attributed to upregulatedppexpression in ECs (Fi@.S4). Taken together, we propose ttiap
upregulation irpiwi knockdownECs contributes to, but is not one of the major causingr&ct

for germ cell differentiation defects.

Defective EGFRVIAPK signaling in ECs causes germ cell differentiation defects by
upregulating dally expression and thus increasing BMP signaling, and also prevents the
formation of long cellular processgg2, 20g. Although our results show that Piwi knockdown
does not lead tdally upregulation (Fig2.3H and2.31), we wanted to confirm if Piwi is required
to maintain EGFRMAPK signaling in ECs by examining the expression of pERK, a
phosphorylated and active forof MAPK, in the piwi knockdownECSs. In the control, pERK is
strongly and specifically expressed in all ECs, but not in cap cells and follicle cell2.&5¢\).

PERK is expressed at low levels in the remainmigyi knockdown ECs (Fig. 2.S5AE).
AlthoughpERK immunofluorescence intensity in thisvi knockdownECs decreases by 5%

in comparison with the control ECs (Fig.S5E), overall pERK levels might increase instead
because th@iwi knockdownECs are often larger (Fi@.S5A-D). To determine if increasing
MAPK activity affects GSC maintenance and differentiation, we w&&¥gal4 to drive the
expression of a kinasgctiverolled (rl, encoding MAPK inDrosophilg mutant,rl>®" in ECs

[209. Increasing MAPK activity does not have any obvious effect on GSC maintenance and CB
differentiation (Fig.2.S5). Interestingly, following587-gal4 mediatedpiwi knodkdown by the

three RNAI lines ECs lose their long cellular processes (Fg6). These results align well

45



with our earlier finding of no expression changesdalty in the piwi knockdownECs, and also

suggest that EGFR signaling is not the only pathfeaynaintaining EC cellular processes.
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Figure 2.3. Piwi knockdown in ECs results in an elevation of BMP signaling in SGCs
outside the GSC nicheAsterisks indicate the GSC niché&-C) Some SGCs (arrows) outside
the GSC niche are positive for pMad in thei knockdowngermaria B, C) in addition to GSCs
(arrowhead) in contrast with the control germarium in which only GSCs (arrowhead) are positive
(A). (D-G) Some SGCs (arrows) outside the GSC niche are positiveddidacZ in the piwi
knockdown germaria E, F) in contrast with the control germarium in which only GSCs
(arrowhead) are positivD]. G shows quantification results dbad-lacZ expression in GSCs
(H, I) RNA sequencingH) and gRFPCR () results show that mRNA expression levelsdpp

but not forgbbanddally, are significantly upregulated in tipgwvi knockdown ECs compared to
the control ECs (FKPM stands for fragments per kilobase of exon per millions of re&ds)). (
c587gal4 mediateddpp knockdown can partially rescue the germ cell differentiation defects

caused byiwi knockdown.L shows quantifiation results on percentages of germaria carrying
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three or more SGCs among thievi knockdownand piwi dpp knockdowngermaria, which still

contain at least one GSC. Scale barsm25

Piwi is required in ECs for repressing TE activity and preventing DNA &mage

piRNAs have been shown to be required for silencing TE activity in both germ cells and

somatic cells[120, 181, 182 210. One of the outcomes for elevated TE activity is DNA
damage. Thus, we examined the expression of phosphorylated Ig22Ay), a Drosophila
equivalent of mammalian H2AX211], in the control angbiwi knockdownECs, and quantified
g-H2Av-positive ECs. -B12Av has been shown to be associated with DNA destrend breaks

in Drosophilacells[21]]. In the control germaria, less than 5% of the ECs are positivg for
H2Av (Fig. 24A and2.4C). In contrast, 8925% of thepiwi knockdownECs are positive fog-

H2Av depending on the RNAI lines (Fig.4B and2.4C). These results indicateat Piwi is

required in ECs to prevent DNA damage.

To further determine if Piwi is required in ECs for silencing TE activity, we sequenced
the RNAs from the purified GFRbeled control angbiwi knockdownECs by fluorescenee
activated cell sorting (FACS) In this study, we chose to examine two common somatie cell
specific TEs,gypsyand zam and a germlinspecific TE,tart [100. Both gypsyand zam
transcripts are drastically and significantly upregulated in givg knockdown germaria in
comparison with the control (Fi4D and24E). As expected, the germluspecific tart
transcripts are not changed dramatically inghve knockdowngermariain comparison with the

control (Fig.2.4F). In addition, we also used tlygpsylacZ reporter to verify the gR'PCR
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results. In the control germarigypsylacZ is not expressed (Fi2.4G). In contrast, it is
dramatically upregulated in tha@wi knockdavn ECs by the three RNAI lines (Fi@.4H-J).
These results further support the idea that Piwi is required in ECs to repress TE activity and

prevent DNA damage.

Yb has been shown to regulate Piwi expression in TF and cad 3@lisindeed, in the
c587-gald mediatedYbknockdowngermaria, Piwi protein expression in ECs and follicle cells is
consistently downregulated (Fig.S7TAC06 ) . However, Yb protein ex
including cap cells, ECs and early follicle cells, remains unclthirgéhe c587-gal4 mediated
piwi knockdowngermaria (Fig2.S7D-G). To further determine if Yb is also required in ECs to
repress TE activity, we examined the expressiogypkylacZin theYbknockdowngermarium.

As previously reported, Yb is also expressed in all ovarian somatic cells, including ECs (Fig.
24K). c58%gal4 driven expression of two independefti RNAI lines can efficiently eliminate

Yb expression in cap cells, ECs and early follicle céiig. 2.4L and 2.4M). Interestingly,
gypsylacZ expression is upregulated in thié knockdowncap cells and ECs, indicating that Yb

is also required in somatic cells to silence TEs (BigN and2.40). However,gypsylacZ
expression appears to be lovieithe Yb knockdownECs than in theiwi knockdownECs (Fig.
24H-J,2 4N and2.40). Although most of th¥bknockdowngermaria contain normal numbers

of GSCs and SGCs (Fi@.4N and2.40), approximately 25% of th€b knockdowngermaria

carry threeor more SGCs (Fie.S7HK). These results suggest that Yb is also required in ECs

to repress TEs and promote germ cell differentiation.
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Figure 2.4. Piwi is required in ECs to repress transposon activity and thus prevent DNA
damage.Ovals highlight ep cells. A-C) Somaticpiwi knockdown(B) causes an increasegn
H2Av-positive andPZ1444positive ECs in comparison with the contrél) (in which PZ1444
positive ECs are negative fgrH2Av. A éand B Ghighlight PZ1444positive ECs inA and B,
respectively.C represents quantitative results gh2Av-positive ECs. D-F) Quantitative RT

PCR results show that the transcripts fpyrspy (D) and zam (E), but nottart, increase

significantly in the piwi knockdown ECs in comparison with the controlG{J) The piwi

49



knockdownECs (arrowsH-J) elevategypsylacZ expression in comparison with the control
ECs (arrowG). (K-M) The YbknockdownECs (arrowsL. andM) lose Yb protein expression
in comparison with the comd ECs (arrowK). (N, O) TheYbknockdownECs (arrows) elevate

gypsylacZ expression. Scale bars: 8.

Piwi is required intrinsically to maintain germ cells before adulthood

Since Piwi is expressed in all the germ cells, including GSCs, we thennased
gal4dVP16(nosgald) to specifically knock dowmpiwi in germ cells to determine if Piwi is also
required intrinsically for GSC maintenance. Thesgal4 driver is expressed specifically in
germ cdls from PGCsto adult germ cells, including GS{86]. In contrast with the control
third-instar female gonad (Fi@.5A), nosgal4 driven expression of the two independeiwi
RNAI strains, HMS and THU, leads to a redoatiin PGC numbers in the female gonads,
indicating that Piwi is required for PGC proliferation, maintenance or both g&@R-D).
Furthermore, germ cefipecific piwi knockdown germaria in newly emerged adults show a
complete loss of all germ cells, inding GSCs (Fig2.5E and25F). The GSC establishment
takes place at the transitional period from the third idsr@al stage to the pupal stage. These
results indicate that Piwi is required intrinsically to control PGC maintenance and/or GSC

establisment.

To further explore whether other piRNA components are also required for GSC
maintenance before adulthood, we usedgal4 driven expression of RNAI againatrmi and

aub to inactivate their function throughout germ cell development. Gerrrspedific armi or
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aub knockdown by two independent RNAI lines for each gene leads to a dramatic reduction in
nuclear Piwi protein expression in germ cells, but does not affect nlRilwaexpression in
somatic cells (Fig2.5G-I). In addition, germlinespecificarmi or aub knockdown also causes

the full penetrance of female sterility. These results suggest that both of them are efficiently
knocked down in the germline because theyrarpiired for Piwi nuclear localization and to
prevent the activation of meiotic cell cycle checkpoints caused by transpokmed DNA
damagd123. However, thearmi or aub knockdown germaria from newly eclosed females still
contain two or three GSCs in their germaria, indicating that they are not required intrinsically for
early germ cell development and GSC formation (Ri§G-1). Consistently, newly eclosed
armi’*Yarmi* and aud™¥aub®*? mutant females also maintain two or three GSCs in their
germaria, and dramatically decrease nuclear Piwi expression in GSCs and their progeny (Fig.
25FL). Since these mutants carry strong fo§$unction mutations irarmi or aub[115 123,

these results further support that Armi and Aub are dispensable for germ cell development before
adulthood. Taken together, our results sadie that Piwi controls early germ cell development,

GSC formation or both independently of Armi and Aub.
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Figure 2.5. Piwi is required intrinsically to maintain PGCs or control GSC formation.(A-

D) nosgal4 driven piwi knockdown(B, C) leads to areduction in PGC number in the third
instar larval gonads in comparison with the cont). (PGCs (arrowsA-C) are positive for

Vasa (red) and also carry a spectrosoeguantifies normal4), moderate©) and severeR)
phenotypes based on PGC numbéEs F) nosgal4 driven piwi knockdownleads to complete

germ cell loss in the germaria of the newly eclosed females, leaving empty germaria (arrows).
(G-I) nosgal4 drivenarmi (H) or aub(l) knockdown decreases nuclear Piwi expression in germ
cells, butdoes not affect GSCs because the germaria still contain two or three GSCs (broken

lines) as the control germariur@). Nuclear Piwi expression remains in ECs (arrowheads) of the
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knockdown germariaH, I). (J-L) armi (K) or aub (L) mutant germaria decreasaclear Piwi
expressionn germ cells, but still have two or thr&SCs as the control germariud).(Nuclear
Piwi expression remains in mutant ECs (arrowheKds;). Scale bars: #n (E andF); 25mm

(A-C andG-L).

Piwi is required intrinsically to control GSC maintenance and germ cell differentiation in

the adult ovary

To determine if Piwi is required in the adult germline to maintain GSCs, we used the flip
out system, in which a transcriptional stop sequence flanked by two FRT sites is inserted
betveen thenospromoter andjal4VP16 to activate the expression of RNAI lines along with the
GFP reporter specifically in germ cells after heatshock treatments of adult femaleagR)g.

In the control ovaries, GFpositive GSCs detected 1 day after bhatk (1d AHS) remain in the
niche for additional three weeks (FB)6B and2.6C). The GFHnarkedpiwi knockdownGSCs
can be readily detected in the germaria 1d AHS (ERD and2.6E). In contrast, most of the
GFP-markedpiwi knockdownGSCs are lostntee weeks AHS, and consequently over 30% of
the piwi knockdowngermaria have completely lost GSCs (FapFH). In addition, more
undifferentiated SGCs also accumulate in thei knockdowngermaria three weeks AHS,
indicative of germ cell differentiain defects (Fig2.61 and 2.6J). Interestingly, some SGCs
outside the GSC niche are GRPgative and also Piwiegative, which is caused by the failure
in nosgal4 driven GFP expression due to an unknown reason 2band2.6J). These results
demonstrate that Piwi is required in adult germline for GSC maintenance and germ cell
differentiation.
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Figure 2.6. Piwi is required intrinsically to maintain GSCs and promote germ cell
differentiation. (A) A flip-out strategy fonosgal4 drivenpiwi knockdown specifically in adult
GSCs and their progeny, which are also labeled by GFP expredsi@). GFRmarked control
GSCs (circles) detected 1d AHB)(are still maintained 3 w AHSC)). (D-H) GFRmarkedpiwi
knockdownGSCs (circles) detected 1d AHB,(E) are lost 3 w AHSK, G). Consequently, the

piwi knockdown germaria (arrowheads) completely lose their germ cells, and some marked
GSCs have developed into GPBBsitive egg chambers (arrows). represents the quantiizs
results on the germaria containing no germ cellsJ) piwi knockdowngermaria accumulate
excess SGCs (arrow), which are negative for Piwi protein thoughn@g&tive, outside the GSC
niche 3w AHS. As expected, all somatic cells are still positivePfai. (K) A working model

for the roles of Piwi in TF/cap cells, ECs and germ cells. Scale bams1.25
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Figure 2.S1. Piwi knockdown increases apoptosis in EC§A) PZ1444positive control ECs

are negative for TUNEL labeling.B( C) ApoptoticPZ1444positive ECs (arrows) are weted
in the piwi knockdowngermaria by VDRCH) and HMS C) RNAI lines. The dying ECs appear
to show low PZ1444 expressionD)(Quantification results of TUNEbpositive ECs in control

andpiwi knockdowngermaria. Scalbars: 25m.
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) R is
expressed in cap cells (broken lines) at low levelB-D§ c587gal4 driven expression of
VDRC B, )BMS (C, )@ma THU D, )Ppiwi RNAI lines reduces Piwi protein expression

in adult cap cells as well as in ECScale bars: 28m.
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Figure 2.S3. Piwi is required in ECs to prevent BMP signaling in differentiated germ cells.
Cap cells are highlighted by asterisk&, B) c587gal4 mediatedpiwi knockdownby the THU

line results in upregulated pMad ) and DadacZ B) expression in SGCs a few cells away
from cap cells. €©) bamGFP is repressed in GSCs and upregulated in differentiated germ cell
cysts (arrow) of the control germariu®-F) c587%gal4 mediatedbiwi knockdownby threepiwi

RNAI lines causes repression bamGFP expression in some SGCs (arrowheads) outside the
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GSC niche. Differentiated cysts (arrows) still maintain himGFP expression.G shows

guantification results dlamGFP-negative CBs. Scale bars:riiB.
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Figure 2.S4. dpp upregulation in piwi knockdown ECs might not be the major factor
causing germ cell differentiation defectsAsterisks indicate the GSC nicheA-C) c587gal4
mediateddpp knockdown by TRPA) and HMS B, C) lines does not affect GSC maintenance
and differentiation because the knockdown germaria still maintain two GSCs (arrows). However,

somedpp knockdowngermaria C) by the HMS line, but not by the TRP linegrapletely lose
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their germ cells including GSCsD{H) c587gal4 mediateddpp knockdown suppresses the
germ cell differentiation defects in somevi knockdowngermaria E, G) but not in the other
germaria E, H) in comparison with the germ cell differentiation defects ingiweé knockdown
germaria D). Arrows inD, F andH point to spectrosomes, whereas thosg iand G indicate

branched fusomes. Scale barsm?b
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Figure 2.S5. pERK activity in piwi knockdown ECs. (A) pERK is specifically expressed in
ECs (one by arrowhead) of the control germariuBiEj c587gal4 mediatedpiwi knockdown
ECs (arrowheads) are often larger and show lower pERK fluorescence intéhsstyows
quantification results opERK intensity. F-G) c587%gal4 mediatedrl ¥ expression does not
affect GSC and CB numbers (arrows indicate GS8sshows that there are no significant

differences in GSCs and CBs between controlr&iid -expressing germaria. Scale barsm®5
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Figure 2.S6. Piwi knockdown in ECs disrupts the formation of their long cellular processes.
(A) c587gald mediatedCD8GFP expression highlights long EC cellular processes (arrows)
wrapping CBs, mitotic cysts and -b@ll cysts in the control germariunB-D) In thec58%gal4
mediatedpiwi knockdowngermaria by three RNAI line$iMS (B), THU (C) andVDRC (D),

there are no longFPpositive cellular processes wrapping differentiated germ cells. Scale bars:

25mm.
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Figure 2.S7.Yb is required in ECs to promote germ cell differentiation.The GSC niche is
highlighted by broken linesAC § or the asteriskH-J). (A-C ® c587gal4 mediatedYb
knockdownby two RNAI lines,GL1 (B, B pandGL2 (C, C § leads to a Piwi protein expression

reduction in cap cells (broken lines), ECs (arrowheads) and early follicle cells in comparison
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with the control A, A (D-G) c58%gal4 mediatedpiwi knockdownby three RNAI lines,
VDRC(E), HMS (F) andTHU (G), hasno effect on YB protein expression in cap cells, ECs and
early follicle cells in comparison with the contr@)( (H) The control germarium contains three
GSCs and differentiated cysts (arrow)-K() c587gal4 mediatedYb knockdown causes an
accumulation bexcess SGCs (arrowheads) in the germarifmrepresents the quantitative

results on the germaria carrying three or more SGCs. Scale bans: 25

2.5Discussion

Although the primary piRNA pathway is known to operat®msophilaovarian somatic
cells to repress TE activity, its biological importance Dnosophila oogenesis is not well
understood. Piwi, one of the key components in the primary piRNA pathway, has been shown to
function in TF/cap cells to control GSC maintenafd®, 188 189. In this study, we have
revealed a novel role of Piwi in ECs to control GSC lineage differentiation and additional roles
in the germline for GSC formation and maintenance (E@K). piwi knockdown in somatic
cells results in defective GSC maintenance, defectiven geell differentiation as well as
increased TE activity and DNA damagé&.he dpp upregulation contributes to the germ cell
differentiation defects caused by somattiewi knockdown. In addition, we have also shown that
Piwi is required in PGCs to controlGZ maintenance, GSC formation or both, and is also
required in adult germline to maintain GSCs and promote germ cell differentiatior? GHg.
Therefore, our genetic results argue strongly that Piwi functions in germline to maintain PGCs

and GSCs as wehs to promote germ cell differentiation. Therefore, we have revealed new
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functions of Piwi in multiple cell types to maintain GSCs and promote germ cell differentiation

(Fig. 2.6K).

Piwi is required in ECs and germ cells to promote germ cellitferentiation

Recent studies have shown that ECs play an important role in promoting germ cell
differentiation by repressing BMP signalifig84]. Thus far, genes idefied to be important in
ECs for germ cell differentiation repress the expression of aitiror dpp, thereby preventing
BMP signaling in ECs. EGFR signaling has been proposed to be responsible for directly
repressingdally expression in ECs, but is gesnsable for EC survivgb2]. In addtion, recent
studies havehown that Rb signaling and Eggless arquired in ECs fotherepression otlally
expression, and are also required for EC survival and the maintenance of long EC cellular
processeg185 186. Lsdl, Rho signaling and Eggless have been shown to be required to
represdpp transcription[60, 185 18€. In this study, we havehown that Piwi is required in
ECs fordpprepression but is dispensable tally repression. In addition, it isequired in ECs
for maintaining their survival and long cellular processes. Our genetic results sunggegipt
upregulation contributes to the germ cell differentiation defects caused by Piwi knockdown in
ECs, but does not play a major role. In addition, Piwi is required in somatic ovarian cells to
repress TE activity and prevent transpesaiuced DNA darage. However, it remains unclear
if dpp upregulation and the loss of ECs and their long cellular processes are caused by DNA
damage, and how Piwi is involved in repressing BMP signaling activity in differentiated germ

cells via repression afppexpression in ECs.
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Piwi has previously been demonstrated to be required intrinsically for promoting GSC
division [33]. Piwi is expressed in GSCs and their differentiated pro¢@8ly This study has
shown that germlingpecific knockdown of Piwi foction in the adult ovary leads to the
accumulation of undifferentiated single germ cells, revealing a new intrinsic role of Piwi in
controlling germ cell differentiation (Fig2.6K). Piwi has been shown to be involved in the
piRNA pathway and epigenetiegulation. In the future, it will be important to determine if the

piRNA pathway, epigenetics or both play a role in the regulation of germ cell differentiation.

Piwi is required in both somatic cells and germ cells to maintain GSGnleage

Although Piw is generally expressed in almost all somatic cells and germ cells of the
Drosophilaovary, the previous studies proposed that Piwi acts in TF/cap cells to control GSC
selfrenewal[30, 188 189. In this study, we have confirmed the somatic role of Piwi in GSC
maintenance, and have also revealed n@des of Piwi to maintain PGCs before adulthood and
GSCs after adulthood. In addition, our temperature shift experiments have shown that Piwi is
also required in adult somatic cells, TF/cap cells, ECs or both, to maintain GSCs. Interestingly,
RNAi-mediaed knockdown of ®vi function in adult somatic cells only produces a moderate
GSC loss phenotype in comparison with the severe GSC loss phenotypei ahutants,
suggesting that Piwi might also function in other cell types to maintain GSCs. In the future
will be important to determine how Piwi functions in TF/cap cells and ECs to maintain GSC self
renewal. Therefore, our study has not only confirmed the somatic role of Piwi in controlling
GSC seHlrenewal but also has suggested its function in additioell types to maintain GSCs
(Fig. 2.6K).
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Although Piwi has been shown to be required to control PGC formation and GSC
division[33, 190, it remains unclear if Piwi is required intrinsically to maintain R&ad GSCs.
In this study, we have revealed critical roles of Piwi in different developmental stages of germ
cells. First, Piwi is required in the developing female gonad to control PGC proliferation,
survival or both because germlispecific Piwi knockdwn leads to a reduction in PGC number
in third-instar female larval gonads. Second, Piwi is required in PGCs to control their survival or
GSC formation because germlspecific piwi knockdown leads to a complete elimination of
germ cells including GSCs newly eclosed adult females. Interestingly, germspecific
knockdown of eithearmi or aub, two of which work withpiwi to control piRNA biogenesis,
fails to produce any GSC loss phenotype in newly eclosed adult females, suggesting that Piwi
controls PGC proliferation and survival or GSC formation possibly independently of Armi and
Aub, possibly piRNAs. Piwi has been shotenphysically interact with HP1a to epigenetically
control gene expression in somatic tissdetl]. In addition,piwi genetically interacts witherto,
encoding a chromodomagontaining protein, to control GSC maintenaf2&?). Our findings
are consistent with the notion that Piwi controls early germ cell developmerdppetiia
epigenetics. Third, Piwi is required in adult GSCs for their maintenance because germline
specific knockdown in the adult ovary also causes a moderate GSC loss phenotype. Therefore,
we propose that Piwi functions in multiple stages of germline ldpreent to control PGC

proliferation and survival, and GSC maintena(ieg. 2.6K).
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Chapter 3: Aubergine and Bam Cooperatively ControlGermline Stem Cell

Lineage Differentiation and Germline Genome Stability

3.1 Abstract

piRNAs are known to be important in germ cells for maintaining genome integrity by
repressing TEs. In therosophilaovary, GSCs continuously divide to generate CBs, which then
form mitotic cysts and eventuall{6-cell cysts. However, it remains unclear if piRNA
components have additional functions in the regulation of GSC lineage development. In this
study, we show thahe piRNA pathway component Aukorks cooperatively with the master
GSC differentiation factoBam to promote GSC progeny differentiation and that Bam has a new
role in repressing TEs. Our genetic results have demonstrated that Aub is required intrinsically to
control GSC selfenewal by preventing DNA damageduced checkpoint activation. In atidn,
our genetic results have also revealed a novel role of Aub in promoting Bam function and thus
GSC differentiation. Moreover, Aub is required to maintaam transcription and thus Bam
protein expression in mitotic cysts. Bam and Aub physically astewith each other in yeast
and Drosophila S2 cells, and they are 4ocalized in the nuage of mitotic germ cells, where
piRNA biogenesis and TE repression take place. Finally, Bam is required for repressing the
activities of TEs, but is dispensable foreoall piRNA production. Therefore, this study has
revealed a new role of Aub in promoting early germ cell differentiation and a novel role of Bam

in repressing TEs in early mitotic germ cells.
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3.2 Introduction

Germ cells are responsible for transmittiggnomes from generation to generation in
high fidelty. TEs which are abundant in eukaryotic genomes, can generate ¢babte DNA
breaks and mutations during transposition, and thus it is important to silence TE activities in
germ cells[118 177, 213 214]. The adultDrosophilaovary has been demonstrated to contain
GSCs for continuous production of eggs throughout its lifetime as in other invertebrate and low
vertebrate ovarie215, 216]. PIWI-associated small RNAs or piRNAs are abundantly produced
from the transcripts of TEs dnrepetitive elementso silence TEY88, 99, 113 217, 21§.
Inactivation of the piRNA pathway leads to meiotic arrest and disruption of late germ cell
development fromDrosophilato mammals. However, the biological roles of piRNAs in the
regulation of GSC maintenance and early GSC lineage differentiation rpowiy understood.

In this study, we show that the piRNA thavay component Aubis essential for GSC
maintenance by preventing DNA daméagduced checkpoint activation, and that it has a new

role in GSC lineage differentiation.

TheDrosophilapiRNA pathway has recently been subjected to intense studies, and many
piRNA pathway components have been identified from studieBrosophila oogenesis and
genomewide RNAi-mediated screer{99, 118 120, 219 22(Q. piwi was identified for its role in
somatic niche cells to maintain GSCs in wsophilaovary[30, 188 218. Similarly, many
other piRNA pathway components were identified by their essential roles in the regulation of
Drosophilaoogenesis, includingub, vasg armi, spnE, zug squandcuff [112 115 121, 124,

125 221-225. Tudor and tudedomain containingproteins are also important for piRNA

biogenesig64, 110 220, 226-229. Recent genomeide RNAI screens identified additional
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piRNA components, including RNA splicing, mRNA transport and nuclear pore compd@énts
230-237. piRNA production in germ cells requires the Argonaute family me¥mhbPiwi, Aub

and Ago3[88-90, 116. piRNAs in germ cells are mostly processed from the transcripts
transcribed from both DNA strands of the piRNA clus{&& 100. Piwi and Aub mainly bind
antisense piRNAs, while Ago3 binds sense piRNAs, leading to afdeedrd piRNA
amplification | o®pnghk n8saBd.elitesestingly®rosoghiaovgrian
somatic cells also produce piRNAs from only one DNA strand of other piRNA clusters, which
requiresPiwi, Yb, Mael, Vretand Egglessyut not Aub, Ago3 and Vaq40, 63, 64, 88, 100-102

107, 10§. In this study, we have revealed a novel function of the master GSC differentiation

factor Bam in repressing TEs in early germ cells.

The adultDrosophila ovary is composed of 126 ovarioles, which each contains32
GSCs at the tip, also known as the germarj@88. GSCs continuously generaBBs, which
divide synchronously without cytokinesis to form mitotic cystscéfl, 4-cell and 8cell cysts)
and eventuallyl@ell cysts.Each ovariole contains only two or three CBs and mitotic cysts,
which represent a minor population of cellbam is transcriptionally repressed by niehe
activated BMP signaling in GSCs, but is then upregulauted in CBs and mitotic 29s8,

195. Bam protein can be readily detected in mitotic germ ¢2Bg]. A mutation inbamcan
completely block CB differentiation, while forcdzhm expression in GSCs causes their rapid
differentiation, indicatig that Bam is necessary and sufficient for GSC lineage differentiation
[235 236. Bam works with Bgcn an8xl to repressiosexpression in mitotic cys{§0, 74]. In
addition, Bam also interacts with elF4A, regulating the balance between GS€nsesifal and
differentiation[44]. Here, this study has also identified a novel function of Bam in TE repression

in mitotic cysts.
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3.3Experimental Procedures
Drosophila strains and culture

The Drosophila stocks used in this study includeub?“*’ aut™? Df(2L)BSC145(a
deficiency for aub), hsFlp, FRT40A armacz, banf’®°lok”®, bamHA-b a m3 & (kihdR/
provided by Dr. X. Chen)UASaubRNAi (HMS00611), UASaubRNAIi (JF01390), UAS
aubRNAi (GL00076),armi', armi’** (kindly provided by Dr. W. Theurkaufpiwi® and piwi?

(kindly provided by Dr. H. Lij The new EMSinducedbanf> mutant was generateddakindly
provided by J. Beeler, S. Hughes and S. Hawley. Flies were maintained and crossed at room
temperature on standard cornmeal/molasses/agar media unless specified. To induce mitotic
recombination, flies were heat shockeB7C twice for 1 hour dayl for 3 consecutive days and

then maintaing at 25°C for 10 days, 21 days a@faldays befordissection and immunostaining.

Immunohistochemistry

Immunohistochemistry was performed according to our previously published procedures
[16, 28]. The following antibodies were used in this study: mouse monoclongHengéntibody
(1:50, DSHB), rabbit polyclonal anb-galactosidase antibody (1:100, Cappel), mouse
monoclonal antBam antibody (1:50, DSHB), rabbit polyclonal ap$137 H2AvD antibody
(1:100, Rockland)rabbit polyclonal antHA antibody (1:100, Sigma), rabbit polyclonal anti
Myc antibody (1:300, sigma), rat polyclonal awtsa antibody (1:50, DSHB)mouse
monoclonal antiAub antibody (1:300, kindly provided by Dr. H. Siomi), mouse monoclonal

antrMael antibody (1:100, kindly provided by Dr. H. Siomi), rabbit &illin (kindly
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provided by Dr. C. Field) and chicken polyclonal &@&P antibody (1:20, Invitrogen,

#A10262. All images were taken with a LeidCS SP5 confocal microscope.

S2 cell transfection and immunoprecipitation

S2 cells were cultured in Hyclone SFX medium (Thermo Scientific) to %edl@/ml in
6-well plates, ad were thernransfected with &g DNA per well using cellfectin |l reagent (Life
Technologies). The cells were collected 2 days after transfection, and were then washed with
cold PBS buffer before their lysis. Affllag M2-agrrose affinity gel (Sigma) was added to the
lysate, and was further incubated overnight & 4vith rotation. After antflag M2-agrrose
affinity gel was pelleted down, the pulldown proteins were eluted with 3xFlag peptides (Sigma).
Total lysate and elute were denatured with in 2xSDS witli23%ercaptoethanoat 95°C for 10

minutes and loded for western blotting assay.

Small RNA Sequencing and piRNA Analysis

Total RNAs from the wiletype andbammutant ovaries were extracted with Trizol and
further purified by organic extraction followed by isopropanol precipitat®mall RNAs were
sequenced by Illumina Hiseq. After trimming adapters frorrb&de singleend small RNA
illumina reads and removingRNA reads, the remaining reads longer than 15nt were aligned to
the dm3 UCSC genome using tophat (2.0.9). Genomic locations of piRNA clusters were taken
from the piRNABank (http://pirnabank.ibab.ac.in) and converted to the current genome

assembl ydtes usn@tberUCSC liftOver tool. The counts of aligned reads corresponding
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to putative piRNA (reads with lengths between 25 and 36 nt) overlapping individual piRNA
clusters were computed in R using the BioConductor GenomicFeatures and GenomicRanges
packages. Given the potential for dramatic and widespread effects on piRNA production due to
the mutant phenotype, it was crucial to use the miRNA counts per library as normalization
factors. Normalization and changes in gene expression were computed udgigGbaductor

edgeR package and significance was computing using the general linear model (glm) approach.

False discovery rates (FDR) were calculated ugiegBenjamiriiHochberg method.

RNA Isolation and RFgPCR Assays

Total RNAs from the cultured GSCsixad with somatic cells were extracted with Trizol
and purified by organic extraction followed by isopropanol precipitation. After DNase |
treatment, complementary DNA (cDNA) was synthesized from 400 ng of RNAs with oligo dT
primers and random hexamersngsiSuperScript 11l Reverse Transcriptase (Life Technologies).

gPCR was performed to assay level3ART, HetA, gypsy, bam, tbp, gamditdrpl32.

Primers for SYBR qPCRs

Name Sequence

tbp-F TCCAGACTGGCAGCGAGAAAGTAT
tbp-R AACTTGACATCGCAGGAGCCG
gapdhF AGGGAGCCACCTATGACGAAATCA
gapdhR AGACGAATGGGTGTCGCTGAAGAA
Rpl32F AGCGCACCAAGCACTTCATC
Rpl23R GACGCACTCTGTTGTCGATACC

72



bamF TTGCTAATTGGTCTGCGCGATTGG
bamR AGTAGCGGTGCTCCAGATCCATTT
TARTFF AGAGAGGGAAAGAAGGGAAAGGGA
TARTR ATTTCCTGCCTGGTTAGATCGCCA
HetAF GGCCTTGCACAACTATCAACGCTT
HetAR TAAATCATCCTGAGCGGAAGGGCA
gypsyF ATTATCAACGAAGCCGCAGCTCAC
gypsyR AATTCAGAGCCGTTGATGGTTGCC

3.4 Results and Figures
Aub Maintains GSCs and Promotes Early Germ Cell Differentiation

Although Aub is known to be important in late oogenesis to control the dasthl
polarity establishment of egg chambéid5 123 124, it remains unclear whether it is also
required for GSC selfenewal and differentiation in the adult ovary. To investigate the role of
aubin the regulation of early GSC lineage development, we labeled the ovaries -typeldnd
aub mutant ovaries for Hii tai-shao (Hts) and Vasa, and quantified the numbers of GSCs and
CBs in the ovaries. Hts protein labels both spherical spectrosom&S@s and CBs and
branched fusomes in mitotic cysts andcHll cysts, whereas Vasa protein specifically identifies
germ cells, including GSCs and their differentiated prodé89, 224, 225. Two strong los®f-
function aub mutations,aub®“*? and aud™? (abbreviated asub*® and auld™), were used to
delineate its function in GSC lineage developnjdis 237. As the control, the-8ay and 20

day old wildtype germaria contaitwo or threeGSCs (Fig3.1A, 3.1B and3.1F). Interestingly,
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most of the 3day old aub mutant germaria still contaitwo GSCs (Fig.3.1C and3.1F). In
contrast, most of the i@ay old aub germaria contairone GSC and accumulate spectrosome
containing CBs (Fig. 3.1D and 3.1F). Surprisingly, almost all the zZfay old aub mutant
germaria completely lose their GSCs (RdLE and 3.1F). Our quantification results indicate
that aub ovaries gradually losehéir GSCs within 2@lays in contrast with the control oies
where GSCs are reliably maintained during the same period3&ig. These results indicate

that Aub is required for GSC maintenance

Wild-type germaria normally contaione CB on average. In contrasaub mutant
germaria accumulatg-4 CBs on average during ti820 day period (Fig3.1C, Fig. 3.1Dand
Fig. 3.1G). To further define the germ cell differentiation defect of dub mutants, we also
quantified the percentages of the germaria contairiimge or more CBs in theaubd™/
Df(2L)BSC145 and aub®“/ Df(2L)BSC145mutant ovaries, in whichDf(2L)BSC145is a
deficiency deleting the entiraub region and nearby genes. The germaria contaithireg or
more CBs are considered to have a germ cell differentiation defect because-tgpevild
germarium rarely contains three or more C&d]. Consistent with the idea thaub™ and
aub®® are strong lossf-function mutations, theuld™/Df and aul®“/Df mutant ovaries show
similar percentages of the germ cell differentiatifective germaria to that of taeid™/aub®®
mutant ovaries (Fig3.1H and3.1l). These results indicate that Aub is also required for germ

cell differentiation.
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Figure 3.1.Aub is required for GSC maintenance and germ cell differentiationGSCs inA-

D are highlighted by ovals, whereas spectrosaom@aining CBs are indicated by arrowsAifD
andH. (A, B) 3-day (A) and 26day @) old wild-type ovaries contain three and t&5Cs,
respectively. C-E) 3-day (C), 10day O) and 206day E) old aub mutant ovaries carrywo
GSCs,0neGSC andzeroGSC, respectively. Thaubmutant germariegn C andD showexcess
spectrosomeontaining CBs, and that i& completely loses all the germ cells including GSCs.
(F) Quantification results show that GSCsaub mutant ovaries are lost significantly faster with
age than wiledype GSCs. @) Quantification results show CB accumulation in g mutant
germaria withagametic germaria excluded(H) The aub®“/Df mutant germarium contas
excessCBs. () Quantification results show thaub?“/Df, aud™/Df and aud™/aub?® mutant

ovaries contain similar percentages of differentiatiefective germaria.
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Aub Is Required Intrinsically to Control GSC Self-Renewal by Preventing DNA Damage

Induced Checkpoint Activation

To further determine if Aub is required intrinsically to maintain GSCs and promote
differentiation, we used Fl-Phediated FRT recombination to generate markadZnegative
control andaub mutant GSCs and then study their maintenance and differentiation as reported
previously[195. Most of the marked control GSC clones detected 10 days after clone induction
(ACI) can be maintained for up to 30 days ACI (F8RA, 3.2B and3.2E). In contrast, the
markedaub GSCs are lost faster from the niche than the mackedrol GSCs, and most of the
markedaub mutant GSCs detected 10 days ACI are lost from the niche 30 days ACI, indicating
that Aub is required intrinsically for GSC maintenance (B@C-E). Also, some germaria
containing marke@ub mutant GSCs harbor mg undifferentiated spectrosorgentaining CBs,
indicating that Aub is also required intrinsically for germ cell differentiation &&f and3.2G).
These results indicate that Aub is indeed required intrinsically to control GSC maintenance and

differertiation.

Because the piRNA pathway is important to repress TE activities and prevent DNA
damage in germ cells, one of the possibilities for the lossaulif mutant GSCs is that
accumulated DNA damage leads to their loss via activation of apoptosis.tThiseislea, we
used TUNELbased ApopTag labeling to determine if tweek old aub mutant GSCs are
apoptotic. Like wildtype GSCs, thaub mutant GSCs are also negative for ApopTag labeling
(Fig. 3.2H). It is worth noting that apoptotic germ cells areeed detected in thaub mutant

germaria (Fig.3.21). These results suggest thaib mutant GSCs are lost unlikely due to
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apoptosis. However, we could not completely rule out the possibilityathiatutant GSCs die

via other death mechanisms.

DNA damage in piRNA pathway mutants also leads to DNA darrateced cell cycle
checkpoint activation, which is often mediated through CHKZD, 178 214]. In Drosophilg
Chk2 is encoded bioki (lok), and thelok™® used in this study is a null mutant deleting the
translation start codof238. To determine if the selfenewal defect ohub mutant GSCs are
caused by checkpoint activation, we examined the number of GSCs and @BB nmutant
germaria, which are aldok mutant. =-H2AvD is a phosphorylated form of the H2A variant,
and is commonly sed as a DNA damage markerDnosophila[239. In the wildtype andok
mutant germaria, GSCs are negative foiH2AvD expression, but meiotic germ cells are
positive, indicating that those GSCs do not accumulate DNA damage 3(Ely.and3.2K).
Similarly, wild-type andok mutant germaria have similar numbers of GSCs and CBs, indicating
that Chk2 itself does not play an important role in the regulation of GSC maintenance and
differentiation (Fig.3.23L). As expected, the remainirapb mutant GGCs are positive for -
H2AvD, indicating thataub mutant GSCs accumulate DNA damage (Big@M). Surprisingly,
the lok homozygous mutation can significantly and almost fully suppress the GSC loss
phenotype of theaub mutants (Fig.3.2L-N). Although thelok mutation rescues the GSC loss
phenotype of theaub mutant ovaries, DNA damage is still persistent in dub lok double
mutant GSCs based onH2AvD expression, indicating that inactivation of checkpoint helps
relieve checkpoint activatiemduced GSQoss inaub mutants not via DNA damage repair (Fig.
3.2N). These results suggest that Clidependent checkpoint activation is largely responsible for

the GSC loss phenotype afib mutants.
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Figure 3.2. Aub is required for GSC maintenance by preventing trasposonrinduced DNA
damage. In A-D, LacZnegative marked GSCs and marked cysts are indicated by broken circles
and arrows, respectively; Lagbsitive unmarked GSCs are highlighted by circlés.K) The
marked control GSCs remain 10 days @nd 21 day¢B) ACI. (C) The markedaub mutant

GSC remains 10 days ACIDY The markedaub mutant cyst (arrow) indicates the loss of a

markedaub mutant GSC 21 days ACIEJ Quantification results show that markadb mutant
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GSCs are lost faster with time than markedtrol GSCs.K, G) Germaria are filled with LacZ
negative marked spectrosoimentaining single germ cells 21 days ACI. Arrowheads indicate
spectrosomesH( |) GSCs are negative for TUNEL labeling in @ngb mutant germariuml§ as

in the control germawmm (H). TUNEL-positive germ cells (arrows) away from the germarial tip
are observed in both control aadb mutant germaria.J( K) lok mutant K) and control J)
germaria contain two GSCs (ovals), which are negative fBI2AvD. (L) Quantification resust
show that a mutation itok can drastically and significantly rescue the GSC loss phenotype of
the aub mutant ovaries.NM) The aub mutant germarium contains one GSC at the tip, which is
positive for=-H2AvD. (N) The lok aub double mutant germarium coma two =-H2AvD-

positive GSCs (ovals).

Aub Works with Bam to Promote CB Differentiation

Recent studies have shown that ECs are important for promoting germ cell differentiation
[62, 185 186. To determine if Aub is also required in ECs to promote germ cell differentiation,
we usedc587gal4 to knock down the expression afibin ECs, ad examine the accumulation
of GSClike single germ cells. The587gal4 line is expressed in ECs and early follicle cells,
and has been widely used to drive gene expression ifZ8C$85. As in the control ovaries,
aubknockdown ovaries have the normal number of GSCs and CBs, indicatiragithiatindeed
dispensable in ECs for maintaining GSCs and promoting germ cell differentiatior8&ig.

This is also consistent with its expression in germ ¢89s124].

Next, we then investigated if Aub and Bam function together to regulate germ cell

differentiation. We used the twaub mutants to test if inactivating one copy afib could
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enhance the germ cell differentiation defect of Iaen heterozygous mutartanf®®, in which

most of the coding region dfamis deleted235. Thebanf®® heterozygousnutant germaria
contain two CBs on average in comparison with the control germaria with one CB on average,
which is consistent with our previous published resp4#§ (Fig. 3.3A-C). The heterozygous
mutant germaria for the twaub mutations also carry one CB on average, behaving similarly to
the control (Fig.3.3B and 3.3D). Interestingly, the two ub heterozygous mutations can
significantly enhance the germ cell differentiation defect of lbhen heterozygous mutant,
causng the acumulation of excess GSlike cells (Fig.3.3B and3.3E). Since Aub works with

Piwi and Armi in the piRNA pathway to repress TE®, 120, 178 182 219 24(Q, we then
tested if heterozygous mutations srmi and piwi could also enhance the germ cell
differentiation defect of thdam heterozygous mutant. In coast, heterozygous mutations in
eitherarmi or piwi do not enhance the differentiation defect of blaef’® hieterozygous mutant,
suggesting that Aub promotes germ cell differentiation by enhancing Bam function likely in a
piRNA-independent manner (Fi§.S2). These results show that Aub enhances Bam function,

thereby promoting CB differentiation.

To further investigate the epistatic relationship betwssemnandaubin the regulation of
germ cell differentiation, we examinedib bamdouble mutant ovariesyhich are labeled for Hts
and Vasa, for the germ cell differentiation defect. Here, an-Ed@cedbam mutantbant,
which behaves like a null mutant, was used in combination with the deletionbealiéf.® The
aub bamdouble mutant germaria containibgo GSCs are filld with spectrosomeontaining
GSClike single germ cells, which are reminiscentbam mutant germarig235 (Fig. 3.3F).

The aub bamdouble mutant germaria containing one GSC Haweer spectrosomeontaining

GSClike single germ cells thabam mutant germaria (Fig3.3G and3.3 G6 ) . Some dou
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mutant germaria completely lose their GSCs (B@H). These results suggest tham is

epistatic taaubin the regulation of germ cell differentiation.

Bam was previously shown to work with Bgand Sxl to repress N@sotein expression
in mitotic cyds at the postranscriptional leve[70, 74]. Here, the Mydaggednos genomic
transgenenosmyg carries all the regulatory elemerand is sufficient to rescue variones
mutants[241]. In thewild-type ovaries, No$lyc protein is indeed repressed in mitoticéll,
4-cell and 8cell cysts, but is expressed in GSCs angtdlé cysts, indicating that this transgene
can recapitulate the endogenous Nos expression in germ cell8@Hd. 6 ) . ntrasfh Nos o
Myc expression is upregulated in the mitaid mutant 2cell, 4-cell and 8cell cysts, indicating
that Bammediated repression of Nos in mitotic cysts requires Aub function &3K-L 6 ) .
These results further support the notion that Auteeces Bam function in promoting germ cell

differentiation.
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Figure 3.3. Aub enhances Bam function in promoting germ cell differentiation and is also

required for Nos repression in mitotic cysts.(A) Wild-type germarium carries two GSCs
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(ovals) and on€B (arrowhead). ) Quantification results show that heterozygous mutations in
aubenhance the germ cell differentiation defect ofibenheterozygous mutant, resulting in the
accumulation of significantly more CB<L) The bam heterozygous mutant german carries

two GSCs (ovals) and two CBs (arrowhead§)) The aub heterozygous mutant germarium
contains two GSCs (ovals) and one CB (arrowhedf)).The bam and aub transheterozygous
germarium contains two GSCs (ovals) and excess CBs (two by arrowh@gdEhe aub bam
double mutant germarium contains two GSCs (ovals) and many CBs (two by arrowh@ads). (
G 9 Theaub bamdouble mutant germaria contain one GSC (oval) and fewer CBs (arrowheads)
than the one irF. (H) The aub bamdouble mutant germarium etains no GSCs at the tip
(indicated by *) with the remaining germ cells (arrow) in the middle. JdNosMyc expression

is repressed in -2ell (arrowhead) and-8ell (arrow) cysts in the willype germarium in
comparison with that in GSCs and-d€ll cysts. (, J ’NosMyc expression is repressed in the
4-cell cyst (arrow) in the wildype germarium. K, K § NosMyc expression is upregulated in
the aub mutant 2cell (arrowhead) and-8ell (arrow) cysts. L(, L § NosMyc expression is

upregulated in thaubmutant 2cell (arrowhead) and-dell (arrow) cysts.

Aub Is Required in Mitotic Cysts to Sustain High Bam Expression

To further understand how Aub might regulate Bam function in mitotic cysts, we
examined Banprotein expression in the mitotic cysts of the control and mutant ovaries,
which are labeled for Anillin and Bam proteins. Anillin protein accumulates in the nuclei of
somatic and germ cells in the ovary, and is also localized to ring canals irc roystis[242
(Fig. 34A and3.4B). Here, Anillin protein expression was used to identify mitotic cysts based
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on ring canal and cell numbers. In the control germaria, Bam proteins can be deteetadl in 2

and 4cell mitotic cysts (Fig34 A6 3ABd ) . | n-celt and 4cell ansotic ,cyst? in the

aub mutant germaria show much lower levels of Bam protein expression3#gDo6) . These
results suggest that Aub is required for germ cell differentiation by promoting Bam protein

accumulation in mitotic cysts.

To understand how Aubregulates Bam accumulation in mitotic cysts, we used
guantitative RTPCR to determinbam mRNA expression levels in the control aadb mutant
ovaries. In comparison with the witgipe control ovariesaub mutant ovaries show a significant
reduction inbam mRNA levels, indicating that Aub is required to maintaam mRNA levels
(Fig. 34E). To determine if Aub regulatdsmm transcription, we examined the expression of
bamGFP, in which GFP expression is under the control ofithmpromoter in control andub
mutant mitotic cysts. ThéoamGFP transgene has been extensively used to exaivame
transcription in germ cellg39, 184. In the control germaridjamGFP increases its expression
levels in 2cell, 4-cell and 8cell cysts (Fig3.4FI). Surprisingly,bamGFP expression levels are
significantly lower inaub mutant 2cell, 4cell and 8cell cysts than those in the control
counterparts (Fig3.41-L). Taken togethr, these results suggest that Aub is required to sustain
bam mRNAs in mitotic cysts at least at the transcriptional level, thereby maintaining Bam

protein expression and promoting germ cell diffiticgion.
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aubmutant germaria exhibit reducedmGFP expression in ell (), 4-cell (K) and 8cell (L)
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Aub and Bam Form a Protein Complex and Are Enriched in the Nuage of Mitotic Germ

Cells

In the yeast twdhybrid screen as previously descriljdd], we identified the @erminal
75aa residue of Aub for its interaction with Bam (RBgpA and3.5B). To verify if Aub and
Bam are indeed capable of forming a protein compleé@rosophilaS2 cells, we generated and
expressed Nerminal Flagtagged fulllength Bam (FlagBam) and Gterminal HAtagged fult
length Aub (AubHA) proteins in S2cells, and performed elnmunoprecipitation (coP)
experiments (Fig3.5B). The Flagtagged Bam can pull down the HAgged Aub, indicating
that Bam and Aub are capable of forming a protein complex @&§). Aub contains two
functional domains, PAZ anBiwi domains[115(Fig. 3.5B). Consistent with the yeast two
hybrid screen result, the-&rminal Piwi domain is indeed capable of interacting with Bam (Fig.
3.5C). Surprisingly, the PALontaining Nterminal half is also capable of interacting with Bam
(Fig. 35C). Thus, Bam can interact independently with at least two regions of Aub to form a

protein complex.

Next we examined if Bam and Aub arellocalized in mitotic germ cells. A-@&rminal
HA-taggedbamt r ansgene under i ts e nd dogneHA) which pr o mo
recapitulates its endogenous Bam expression and is fully functional, was used to examine the co
localization with Aub in mitotic cystR243. As expected, HAam protein is also detected in 2
cell, 4cell and 8cell cysts[234 (Fig. 3.5D-F). Aub is generally and specifically expressed in
germ cells, including GSCs, CBs, mitotic cysts anecdlb cysts[115 (Fig. 3.5D-F). In mitotic
cysts, both Bam and Aub proteins are distributed throughout the cytoplasm3@&igF).

Interestingly, they are also d¢ocalized in the perinuclear nuage (F&p DB 0 0 ) . These r
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support the idea that Bam and Acén function together to promote germ cell differentiation

Vivo.
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Figure 3.5. Bam and Aub physically interact with each other, and are enriched in the peri

nuclear foci in mitotic cysts.(A) The BamGDB (GAL4 DNA-binding domain) fusion protein
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interacts with the @erminal Aub fused with GAD (GAL4 activation domain) to activate the
expression of the reporter gehes3 (B) Aub protein contains two domains, PAZ and Piwi.
Aub* is the fragmentdentified to interact with Bam in yeast cells:Alb and CAub represent
N-terminal and @erminal halves, which are truncated between PAZ and Piwi dom&n<of

IP experimental results in S2 cells show that f&gged Bam pulls down fulength Aub
protein as well as both-@rminal and Nerminal halves. §-F) HA-Bam is expressed incl|
(D), 4-cell (E) and 8cell (F) cysts, in wildtype germaria where Auprotein is enriched in the
perinuclear structurethe nuageD éD 0, & €éE 0 &ndF & O r@present the areas highlighted in
broken squares iD, E andF, respectively. Arrowheads indicate the Apdsitive foci, where

HA-Bam is also enriched.

Bam Is Required in Germ Cells to Repress Transposon Expression

In the bam heterozygous control germaria, -téll cysts in the meiotic prophase are
positive for=-H2AvD, but GSCs, CBs and mitotic cysts are negative~féi2AvD (Fig. 3.6A).
Surprisingly, thebanf®® homozygous germaria contain mamyH2AvD-positive CBs, but not
~-H2AvD-positive GSCs, indicating that Bam is required for preventing DNA damage in the
accumulated CBs (Fig8.6B). To further determine if TE transcriptional activities increase in
bammutant ovaries as iaub mutant ovaries, we used gRPICR to quantifylie mRNA levels
for germlinespecific transposon§,ART and HetA and a somapecific transposorgypsy As
expected,TARTandHetA transcripts, but nagyspytranscripts, are significantly upregulated in
aub homozygous ovaries in comparison with wijghe ovaries (Fig.3.6C-E). Consistent with
the idea thabammutant germ cells are positive ferH2AvD, TARTandHetAare significantly
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upregulated in comparison with the control (B&C and3.6D). Surprisingly gyspytranscripts

are also significantly upgulated irbammutant ovaries, suggesting that Bam might have a non

cell autonomous role in repressing TEs thee ovarian soma (Fig3.6E). These results
demonstrate that Bam is indeed required for repressing TEs in germ cells and somatic cells of the

Drosophilaovary.

To further determine how extensive TE upregulationbam mutant ovaries is, we
performed deep sequencing of polgdntaining TE transcripts ibam mutant and wiletype
ovaries. Based on total TE transcripts detected by sequebeimgnutant ovaries exhibit a-7
fold increase in TE transcripts over wilghbe ovaries (Fig3.6F). Among the TEs detectedyer
half of them are upregulateay more than four fold¢Fig. 3.6G). These results have further

confirmed that many TEs are upregathinbammutant ovaries.
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Figure 3.6. Bam is required in germ cells to repress TE activities and prevent DNA damage.
(A) A bamheterozygous germarium laekH2AvD-positive foci in GSCs (circles) and mitotic
cysts (arrowheads), but are presenineiotic germ cells (arrows)BJ The bam homozygous
mutant germarium contairrs-H2AvD-positive foci in CBs (arrowheads), but not in GS@SKH)
Quantitative RTPCR results show that germlispecific transposonSART(C) andHet-A (D)
significantly upregulate their expression levels in bathb andbamhomozygous mutant ovaries
in comparison with wildype and heterozygous ovaries. Sespacific transposorgypsy
significantlyupregulates its expression leveldsoeimhomozygous mutant ovaries, but noaurb
mutant ovaries, in comparison with wilgpe and heterozygous ovarieg).( (F) RNA

sequencing results show thladam mutant ovaries drastically increase the expression of TE
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transcripts in comparison with wiiype ovaries. G) A dot plot shows that ost TEs drastically

upregulate their expression.

Bam Is Dispensable for General piRNA Production

Because Bam and Aub physically interact and arocalized in the nuage of mitotic
cysts, we then examined if Aub expression or localizatidsammutant germ cells are changed.
Here, thebam mutant ovaries used for examining Aub localization in germ cells carry
transhomozygoubant-/banf’® fnutations. Normally, Aub and Vasa proteins are present in the
cytoplasm and enriched as granules in the no&d@GSCs, CBs and mitotic cysts (FR)7A-A 6 0 ) .
Aub-positive and Vaspositive granules in the nuage remain similabam mutant GSCs and
CBs (Fig.3.7B-B6 0 ) . I n addition, Aub exlammuasticlanes and |
are also comparable witneighboring germ cells (Fi.7C-C0 ) . Ma e | i's require
mediated TE silencing in the nuage of germ ddl&3 229 244, 245. Mael localization in the
nuage remains normal mammutant GSCs an@Bs (Fig.3.7D-E 0 ) . These results
Bam is dispensable for the nuage localization and expression of piRNA pathway components

Aub, Vasa and Mael.

To investigate if Bam is required for piRNA production, we sequenced small RNAs in
the wild-type andbammutant ovaries. piRNAs are identified based on the length and mapping
to the known piRNA clusters. Based on the total count of piRNAs, general piRNA production
remains unchanged in the wilgpe andbam mutant ovaries (Fig3.7F). In addition, he
expression levels for the majority of known piRNA clusters remain unchanged in thtypald

and bam mutant ovaries (Fig3.7G). Only 7 clusters and 12 clusters are downregulated and
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upregulated in théam mutant ovaries in comparison with the wilgbe ovaries, respectively,
which might reflect different genetic backgrounds or different cell compositions of thayywéd
andbammutant ovaries (Fig3.7G). For example, the most abundantly expressed piRNA cluster
42AB show similar expression levels doth strands between the wilgbe andbam mutant
ovaries (Fig.3.7H). These results indicate that Bam is dispenséiMegeneral piRNA

production.
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Figure 3.7. Bam is dispensable for nuage localization of Aub and Vasa proteins and for
overall piRNA production. (A-A § Vasa and Aub proteins are-taxralized in the perinuclear
foci (arrows) of control early differentiating germ cellsA 6and A O represent threémes
magnification of the area highlighted by the broken rectangla.in(B-B 9 Vasa and Aub
positive foci (arrowheads) ibam mutant germ cells remain unchangefl.éand B orepresent

threetimes magnification of the area highlighted twe broken rectangle iB. (C-C § LacZ
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negativebammutant (highlighted by broken lines @&ndC § and LacZpositive control germ
cells contain similar perinuclear Aub foci (arrows and arrowheads point to Aub fd@nm
mutant and control germ cellsespectively). D-E ¢ Mael and Vasgositive foci in bam
mutant germ cells remain similar to those (arrows) in comparison with control early
differentiating germ cells. ) Total piRNAs mapped to known piRNA clusters remain
unchanged irbamand wildtype ovaries. G) Most of individual piRNA clusters do not show
expression changes bmmmutant ovaries in comparison with witgpe ovaries, but only a few
are upregulated or downregulatedbiam mutant ovaries in comparison withild-type ovaries
(P<0.05).(H) piRNA expression in the 42AB cluster remains unchangelam mutant and
wild-type ovaries. 1) A working model showing that Aub is required to maintain GSCs by
preventing DNA damageduced checkpoint activation and to promote germ cell differemtiatio

In addition, Bam is involved in repressing TES.

94



c587>>aub-RNAi"™S

c587>>aub-RNA/T

c587>>aub-RNAi"

Figure 3.S1. Knockdown ofaubin ECs does not affect early germ cell differentiation(A-C)
Germaria, in whichaub is knocked down in ECs by three RNAI lines, still retain two GSCs

(arrowheads) close to cap cells (oval) and differentiated germ cell cysts containing a branched

fusome (arrow).
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Figure 3.S2.Quantitative results on CB numbersshow that heterozygous mations in either
armi (A) or piwi (B) do not enhance the germ cell differentiation defect obmheterozygous

mutant.

3.5Discussion

During Drosophilaovary development, Bam is a master regulator for driving germ cell
differentiation[235 236, where Aub is an essential piRNA pathway component for silencing
TEs in germ cell§123 124]. Because almost all the piRNA studies are focused on mature 16
cell cysts, which are much more abundant than GSCs, CBs and mitotic cysts in thELOVary
237, it remains unclear whether piRNAediated repression of TEs in those early germ cells are
regulated differently from late germ cells. In this studye demonstrate that Aub is required
intrinsically to maintain GSCs and promote germ cell differentiation inDitesophila ovary,
and that Bam is required for TE repression in mitotic germ cells 8Ht). aubis required in
GSCs to maintain selenewal by preventing DNA damage®oked checkpoint activation
because dismantling checkpoint by inactivating Chk2 function can effectively rescue the GSC

loss phenotype ohub mutant ovaries. Aub promotes CB differiatibn by maintaining Bam
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expression partly at the transcriptional level. Bam is also required for repressing TEs in early
germ cells becausbam mutant germ cells increase TE transcripts and consequently DNA
damage. Mechanistically, Bam is also localizedAub-positive foci in the nuage possibly via
proteinprotein interaction. However, Bam is dispensable for overall piRNA production.
Therefore, this study has revealed a new role of Aub in promoting germ cell differentiation by
regulatingbamtranscripton and a novel role of Bam in repressing Titgarly germ cells (Fig.

3.71).

Aub is required intrinsically to maintain GSCs by preventing DNA damageevoked

checkpoint activation

Although the piRNA pathway has been well studied for its role in prev@miNA
damage in meiotic germ cells, its role in GSC regulation hasbeeh well studied. Gt
transcriptionally controls the expression of piRNA clusters and thus piRNA biogenesis, and it is
required for maintaining GSJ424, 221]. Similarly, Eggless, a H3K9 trimethyltransferase, is
required for GSC maintenance and differentiation as well as for piRNA biogd68sit384 .
Because other key piRNA components have not logectly linked to GSC mintenance, the
findings on Cif and Eggless can also be interpreted as their additional role besides a role in the
piRNA pathway. This study shows that Aub is intrinsically required to maintairteong GSC
seltrenewal. We firsused two strong lossf-functionauballeles to demonstrate thaSGs are
gradually lost within 20days after eclosion. Interestingly, the ovaries of newly ecl@sdd
mutant females still contain the average of two GSCs, which are close to those-tgpeild

females. We then used FrRediated mitotic recombination to demonstrate that the mankied
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mutant GSCs are lost faster from the niche than the marked control GSCs. Interestihgly,
mutant GSCs are not lost due to apoptosis despite of the elevidi@di@mage shown by -
H2AvD staining. These results are consistent with an important role of Aub in piRdthated

TE repression. Dorsalentral polarity defects of theub mutant egg chambers can be drastically
rescued by inactivation of checkpoint regioks Chk2 and ATR123. Consistently, the GSC
loss phenotype ohub mutants can also be rescued almost fully by Chk2 inactivation. These
results demonstrate that the GSC loss phenotymilmmutants is caused primarily by DNA
damageinduced checkpoint activation. Therefore, Aub is indeed required in GSCs for their long

term maintenance by preventing DNA damagduced checkpoint activation.

Aub Is Required Intrinsically to Promote GSC Lineage Differentiation At Least In Part By

Maintaining Bam Expression

Aub was initially identified to enhanceskar translation in theDrosophila ovary, and
was later shown to be a polar granule component in the odcye223. Subsequently, Aub is
shown to be required for TE repression and piRNA produc{i®® 112 123 124.
Mechanistically, Aub is localized in the perinuclear nuage, where it bindditsearse piRNAs
and regul aPesgd hpi RNA nag m[B8 89 ilncadditionoAub i< pyesente
in the protein complex regulatingos MRNA localization in the oocytg244. Finally, Aub also
forms a protein complex with Smaug and CCR4, which controls the deadenylation and decay of
maternal mMRNAs irthe earlyDrosophilaembryo, includingnos in cooperation with piRNAs

[14Q. In this study, we show that Aub is required in early germ cells of the Rchstphila

98



ovary to controlbamtranscription and thus maintain Bam expression and promote early germ

cell differentiation.

In this study, we show thaub mutant ovaries accumulatedifferentiated CBs during
the 3day to 20day age period before GSCs arengptetely lost. In contrast with control
germaria containing one CBaub mutant germaria can accumulate43CBs on average,
indicating that Aub indeed promotes early germ cell differentiation. Although ECs are known to
control germ cell differentiatiofi62, 185, we have also ruled out the possibility tlzatb is
required in ECs to control early germ cell differentiation becaus&knockdown in ECs fails to
interfere with early germ cell differentiation in the adDiosophilaovary. Consistent with its
germlire requirement, we show that the germaria carrying marked matdrESCs can also
accumulate excess undifferentiatmeb mutant CBs. Bam is a master regulator for driving CB
differentiation [235 23€]. Interestingly,aub heterozygous mutations genetically enhance the
germ cell differentiation defect of tHem heterozygous mutant, suggesting tAab and Bam
function in the same pathway or parallel pathways to control germ cell differentiation. At the
molecular level, we show that Bam protein is loweraub mutant mitotic cysts than in the
control ones. AdditionallyhpammRNA levels are signifiantly lower inaub mutant ovaries than
the control one. Finally, we used thamtranscriptional reportdnpamGFP to demonstrate that
bamtranscription is significantly lower in theub mutant mitotic cysts than in the control mitotic
cysts, indicating thaAub is required to maintaibamtranscription in mitotic cysts. This is in
contrast with the previous finding on the requirement of piRNA component Mael for promoting
germ cell differentiation by alleviating miRNAediatedbamrepressiorf245]. Although how
Aub controlsbamtranscription at the molecular level remains unknown, it likely contrata

transcription indirectly because Aub is a cytoplasmic protein shown to bind to piRNAs and
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MRNAs[89]. So far, ndbamtranscriptional activators have been identified, making it difficult

to test this possibility directly. Anbér possible way for Aub to regulate Balependent germ

cell differentiation is through the formation of Addam protein complexes. In this study, we
show that Bam and Aub can physically interact in yeast and S2 cells. More importantly, they are
both alsoco-localized to the cytoplasm of mitotic cysts. Therefore, Bam is localized to the

nuage possibly via its interaction with Aub.

Bam Is Required to Repress TEs in Early Germ Cells

The Drosophilaovary has been one of the premier systems for genetically identifying
new regulators and studying biological functions of the piRNA patfj@@y120, 182, 219, 230.
The studies are almost exclusively focused owdlbeysts in the germarium and egg chambers,
but it remains unclear how piRNAs repress TEs in early germ cells, including GSCs, CBs and
mitotic cysts. Bam has recently been shown to be a translategahtor by interacting with
other RNA binding proteins, including Bgcn, SxI and elF@, 70, 74]. In addition, it has
recently been shown t of m&R26[847.dn thisestdy,lwg havepfort h e
the first time, shown that Bam functions as an effector of the piRNA pathway to repress TEs in
early germ cells. As in theub mutant ovaries, germ cedlpecific transposonsjetA andTART,
are significantly upregulated imam mutant ovaries in comparison with witgpe control ones.
In addition, we used RNA sequencing to show theahmutant ovaries significantly upregulate
morethan half ofthe transposons by more than fdolds. Consistent with the idea that Bam is

required to repress TEs in germ cells, there is an incred38Andamagein bam mutantgerm
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cells Taken together, this study provides the first experimental evidence that Bam is required

for repressing TEs in germ cells.

In this study, we show that Bam is localized to the nuage of mitotic cystll(2-cell
and 8cell cysts). In addition, Bam dnAub interact with each other. Interestingly, Bam is
dispensable for the nuage localization of Aub and other piRNA pathway components, including
Mael and Vasa. Furthermore, our small RNA sequencing results indicate that piRNA production
in wild-type andbam mutant ovaries is comparable. Therefore, we propose that Bam might
function as an effector for piRNAediated TE repression in early germ cells, but is dispensable
for piRNA production. This study also rassan interesting possibility that distinceltular

factors work with piRNAs to repress transposons in different germ cell developmental stages.
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Chapter 4: Dissertation Conclusionsand Discussion

4.1 TheFunctions of Piwi, Auband Bam in GSC Maintenance and Differentiation

Although it has been 16 years siru&i was identified as an important factor for stem
cell seltrenewal[30], the biological consequences i depletionat different developmental
stages andn specific cell types are still not well defined. In this study, we take aagamf the
newly developed nitNA based RNAI lines by the TRIP project combineith tissue specific
promoters to performiwi knockdown at specific developmental stages and in specific cell types
to pinpoint tke biological functions of Piwi. Usingosgal4 drivenpiwi RNAI specifically in the
germline, we show that Piwi functioms the germlineduring early development to maintdire
PGCs probably thé& survival and/or GSC establishment (Fig. &2B). Previous studies
concluded that Piwi functions in the TF/cap cells to control GSCreefiwal[30, 31]. Our
study, however, reveals a previously unidentified role of Piwi inatthdt GSCs to control the
same process (§i 26A-G), in addition to confirming the requiremeott Piwi in the somatic
cells. By inducingpiwi knockdown only at the adult stage, weere also able t@how the
intrinsic requirement of Piwi in germ cell differentiatiorMore importantly, withc587gal4
driven piwi knockdown in ECs, weefine a new role of Piwi in ECs extrinsically for germ cell
differentiation partially by repressing the transcript level of thersgiéwal signaling molecule
dpp, consistent with the general repressive rol®i@fi in transcription regulationMaking our
discovery more interesting is the observation #traickdown ofeggless encoding a histone
H3K9 trimethylase[27], Su(var)205 encoding theHP1 [27], or histone lysinespecific

demethylase 1LsdJ), required for heterochromatin formati¢@0], in ECs leads to the same
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germ cell differentiation defect gswi knockdown[27]. These datguggest thaa repressive
heterochromatin status in ECs established mathtained by Piwi, Eggles$]P1 and Lsdlis
important for the survival and proper functiooSECs, which in turn is critical for germ cell
differentiation.

Thefunctiors of Aub and other piRNA pathwagomponergin later oogenesis havwxen
shown to repress TE activity, maintain genome stability, andehsigre proper localization and
translaion of axis specification factofd23 124. However, the role of Auln early germ cell
development ialuding GSC maintenance and germ cell difféigion has not beedefined
Our study clearly shows that Aub is required intrinsically in the GSCs foresedival(Fig. 3.1
and Fig. 3.2) DNA damage is increased aub mutant GSCs and inactivation ofk2/Iok is
sufficient to rescue the GSC loss causedbly mutations (Fig. 3.2).Importantly, thechk2lok
mutation does not suppress either Tleactivationor increased DNA damage theaub mutant
ovary[123 or the increased DNA damage in b mutant GSCgFig. 3.2N) suggestinghat
TE silencing orDNA damage repressn is not directly required for GSC seéinewal and Chk2
activity and downstream evesdrethe direct causr GSC loss imubmutans.

From the similar germ cell differentiation defect of bahb and bam mutants, we
reasoned that functional interamti may exist between these two proteins. The data we
presented in this study support both physical interaction and fuatéohancemeraf Aub and
Bam. More surprisinglypammutant ovaries significantly upregulate over half of TE transcripts
(Fig. 3.6) without affecting the piRNA production profile (Fig. 3.7), indicating that Bam
functions downstream of piRNA prodiion to regulate TEilencing possibly at the stage of TE
transcript slicing by recruiting AupiRNA complexes A question of interest remains if Bam

binds to TE transcriptdirectly or indirectly by interacting with RNA binding partners such as
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Bgcn. Bgcen protein contains a DExH domain and is related to the DO&xily of RNA
helicasg[68] while no conserved functional domain has been identifidgiaim. An alternative
scenario ighat theBam-Bgcn complex binds to TE transcripts via the Bgcn subunit and Bam
recruits AubpiRNA complexes by proteiprotein interaction. Strongeimteraction between
Bam, Bgcn and Aub in the complex might result from ¢omplementarity of the piRNA subunit
and the TE transcript followed by slicing of the TE transcript by.Allihe transient interaction
between Bam and Aumay not lead to slicing if it does not get reinforced by piRNA
transcript complementarity This model is only highly speculative without support from
experimental data.One of our ongoing experimenis to identify Bam and Bgcn binding TE

transcripts tdurther search for the molecular mechanisms.
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Figure 4.1. The functions of Piwi, Aub and Bam in GSC maintenance and germ cell
differentiation. GSC maintenance requires concewetions of Piwi in the cap celend/or TE
GSGcontacting ECaindPiwi and Aubin the GSCs.Piwi functions in the cap cells and ECs to
maintain GSCs posdipby repressinghe E3 ligase Smwudependent Tkv degradation pathway.
Aub maintainsGSCs probably by repressing iitluced DNA damage checkpoint activation
while the molealar functionof Piwi in GSCsis unclear. Piwi functions in the ECs for germ cell
differentiation partially by repressirgdpp. Aub switches its function from GSC maintenance to
germ cell differentiation by physically interacting with and functionally enhancing the

differentiation factor Bam.

4.2 Potential Impact on the Field

Piwi is the founthg member of the PIWI cladargonautesand has been shown be
involved in various biological process¢248. Prior to this study, Piwi has been shoterbe
required for heterochromatin formation and transcriptional repression of TABs162-164.
Biologically, Pwi has been related to tumor growth in fl[@&4 and mammal§l5516Q.
Piwi hasalsobeen proposed to function in the soma to maintain G8@sin the germline to
controlGSC division[30, 31]. Thedevelopmentastage andcell type-specific functios of Piwi,
however,arenot clear. In addition to confirming the requirement of Piwithe soma for GSCs
maintenance, this study unveils an intrinsic requirement of Piwi diBg development and
GSC maintenance. More strikinglgiwi depletion in either ECs or germ cells is sufficient to
block germ cell differentiationin ECs,piwi knockdownleads to elevation afpptranscriptsas
presented by both RNA sequencing andd®PICRresults (Fig. 2.3H). To our knowledge, this

is the first experimental evidence showing the repressive role ofiRripirrified ECson dpp
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transcriptioml or posttranscriptioral regulation regardless of the direct or indirect involvement.
However, dpp upregulation only partially contributes to the germ cell differentiation defects
caused byiwi knockdownin the ECs In addition,dally transcript level is not aftéed These
data stronglysuggest thabther factors besidesDpp signaling pathwayave to be actively
regulatedn the ECs for poper germ cell differentiation.

Although several studies have shown the requirement of Alateanoogenesis to repress
TEs andmaintain genome stability to protect normal oogengst§ 124, little is known about
its functionsin the GSCs Our studyshowsa very similar role of Aulin the GSCsof the
Drosophilaovary as in later oogenesis to protgehome stability and thus repsabe DNA
damage response pathwalylore importantly, achk2lok mutation rescues the GSC loss caused
by aub mutations, émonstrating that activation of DNA damage response leadshionutant
GSC loss. Previous study has shown that AMR/nei-41 mutation resuces the later oogenesis
defect ofaub mutants[123. Our experimerdl results @atanot includedin the dissertation
however,show that arATR'mer41 mutation doesiot rescueaub mutant GSCs as thehk2lok
mutation These results suggesite differences of DNA damage response between later
oogenesiand GSCsand place Chk2/Lokn the most important position ithe DNA damage
responsegathwayof the GSCs Surprisindy, aub mutant GSCs do not undergo apoptosis (Fig.
3.2 HI). Instead, abou?2% ofaub mutantGSCsare negative for the BMP signadj reporter
and the GSC marker dotlacZ and about 16% o&ub mutant GSCs are positive for the
differentiation markr BamGFP(data not included in the dissertation). Thdata together lead
to a very important implication thaub mutant GSCs activate Chk2/Lakependent DNA
damage response, which results in GSC premature difitgiien instead of DNA damage

inducedcell death Agerelated DNA damage accumulation has been linked to adult somatic
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stem cell depletion and agessociated pathophysiologypepletion of the ATR DNA damage
checkpointkinase in adult mice lead® premature appearance of agéated phenotes
including hair graying and these phenotyjpes associated with dramatic reductions of tissue
specific stem cells and progenitor cdl19. Also in mice, DNA damage&aused by ionizing
radiation abrogates melanocyte stem cell renelalinducing premature differentiation into
mature melanocytes rather than apoptosis or senescence, thus leading to hair[88&d)ing
More importantly, loss of Batf, an APL superfamily transcription factor thahduces
differentiation in cells of lymphoid and myeloid lineag@81], confers a selective advantage to
hematopoietic sta cells HSC9 in response tdelomere dysfunction o -irradiation [252].
Interestingly, Batfdepletel HSCskeep renewing witlkevident DNA damage@ccumulated from
telomere shortening or-irradiation [252]. There are similarities between the DNA damage
response in th®rosophilaovarianGSCs and theosnatic stem cell models in mice frotinree
different aspects. First, thdyoth undergo premature differentiatiaather thanapoptosis or
cellular senescence, which leadsatdepletion of adult stem cells and consequetité/loss of
tissue homeostasisSecond, mutationsf a DNA damage response gestik2/ok in the ovarian
GSC model ana differentiation gen®atfin HSCs in mice, dramatically rescue DNA damage
induced prerature stem cell differentiation. Thirthe rescued stem celidill carry persstent
DNA damage indicating that interfering the downstream egeoft DNA damagemay have
beneficial effect on agerelated disease treatment and cancer therapijth the successfully
culturedDrosophilaovarianGSClines[104], theidentfication of Chk2/Loktargetsin these cell
linesin response to DNA damage will tremendous impact on the stem cell field.

In addition to the role in GSC renewal, this study alsmashthe requirement of Auin

germ cell differentiation by enhancing the differentiation factor B@&uab and Bam show dth
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physical and genetic interians, and additionallyaub mutations also affect the transcription
and protein level of Bam. This is the first evidence showing the crosstalk between the piRNA
pathway andhe germline differentiation pathway. Even more intriguing is the observaaon th
TEs are derepressed lIoam mutants, similar to many piRNA pathway mutants. In contrast to
most pIRNA pathway mutantfjam mutations do not affect piRNA production in general,
raising the possibility that Bam functions downstream i&NA production to silence TEs.
Considering the distinct expression pattern of Bam in only thell2 4-cell and 8cell mitotic

cysts during germ cell differentiation, thistudy has identified a novel role of Bam in TE
silencing which may differentiat& E regulation in the early differentiating germ cells from later

germ cells.

4.3 Caveats and Discrepancies

As with any large body of research, the experiments and methods of this project present
several potential caveats that need to be consideredinteepreting the presented data.

c587-gal4 driven CD8GFP expression we used to purify E@s Chapter 2is not
exclusively expressed in the ECs. Tg#4 line also drives expression @arly follicle cells[64]
(reference 66Fig. 2.1A and Fig. S2A, although the GFP level is lower than that in ECs in
general. The GFP expression level within the EQoptation can also be divided into two groups
with lower GFP expression ime ECs in the anterior of the germariamd higher in those in the
posterior region.Although we tried to avoid contamination from follicle cells by setting the gate
for fluorescee sorting to eliminate cells with lower GFP expressiorthatthe number of ECs
from cell sortingmatcheghatfrom in vivo quantificationwith other EC markers such as P44,

the mehod is rather arbitrary and does not completely separate ECs with GiviRe expression
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from early follicle cells. When taking into consideration the observationcB@&tgal4 driven
piwi knockdown reduces EC number (Fig.M-P) and maybe alschangeGFP expression level
(Fig. 2.S6), thesetting based on the miwol c587-gal4 driven CD8GFP expression might not be
perfectly applied tgiwi knockdown groups to separate the ECs freamly follicle cells. In
consequence, the purified ECs using this method may contain a small portion of early follicle
cells and the RNA sequeng and RTqPCR results of these cells might reflect changebe
early follicle cells

Our genetic results show thdpp knockdown only partially rescues the differentiation
defects caused bpiwi knockdown in ECs (Fig. 2.3-l)), suggesting that BMP sigiing
elevation is nota major cause othe piwi knockdown phenotypeln contrast, one recent study
shows thatdpp knockdown during adult stage substantially rescues the germ cell differentiation
defect inthe piwi'/piwi®? transheterozygoté253. However although twodpp RNAI lines
(BSC #31172 andt33767 were listed in the section of perimental procedures, only one
guantification figure was shown in the supplemant data (Fig. S3I[253). To nmake a
convincing case thadpp upregulation is responsible for the tumor phenotyppiwi mutants,
the rescue effect of multipldpp RNAI lines are needed to test on different heteroallelic
combinations ofpiwi mutants. In addition, further experiments need to determine the
knockdown efficiency of differerdpp RNAI lines used in both studies to exclude the possibility
that differentdpp RNAi knockdown efficiency causes the discrepancy.

In the same studj253, the authors also claimed that aespecific knockdown opiwi
does not significantly induce GSC tum(@tig. 3E,[253) by using the temperature sensitive
Gal80 to control Gal4 activity. This statement is also comttaiy to our observation thahe

temperature shift experiment to specifically knockdgwmi with three independent RNAI lines
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in the adult produes consistent tumor phenotypes. In that sti#&bg, tub-Gal80][ts];c587
gal4>UASpiwi-RNAi flies were used in the temperature shift experinmemd c587gal4>UAS
piwi-RNAi flies wereanalyzedin our study. Although Gal80is a temperature sensitive allele,
the authors did not rule out the possibility that it iB partially functonal at 29°C The partially
functional Gal80 at 29°C may leaal better suppression of Gal4, lower knockdown efficiency of
Piwi and thus weaker tumor phenotypken flies were shifted to 29°C at adult stagenpared

to our experimental setuwhich compl¢ely lacks Gal80 Piwi immunostaining is needed to
further confirm the repressive effect of Gal8A Gal4 and the knockdowetfficiency of piwi
RNA. lines.

Comparing Fig. 3.1&nd Fig. 3.2E, one can easily see that GSCs are lost more rapidly in
aub mutarts than mitotic recombination induceaub mutant GSC clones. These two
experiments are different in two aspects. First, mitotic recombination was induced atlthe adu
stage, meaning that Aulas fully functional during early germline developmentaub mutant
GSCclones while Aubwas completelgliminated througlilevelopmento the adult stage iaub
mutants. Secondubwasfully functional in the soma in the mitotrecombinatiorinducedaub
mutantGSC clones. One possibility isthat Aubis requiredfor the PGC development and/or
GSC establishmentvhich is supported by ¢hobservation that-8ay oldaub mutant germaria
contain lower number of GSCs thdimat of thewild type on average (Fig. 3.LF Second
possibility isAub protein perdurance ithe mutantGSCclonesanda longer period of time ACI
may be needed to revaabre severaubmutant GSC clone logshenotype.Alternatively, Aub
might also function in the soma to maintain the GSCs, which is highly unlikely be&abse

exclusively expresed in the germline of thBrosophilaovary and testi$114 and c587gal4
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mediatedaub knockdown in the somdoes not produce any detectable effect on the sorteeor
germlinein the ovary(Fig. 3.S1)

The diffuse~-H2AvD staining in theaub mutant GSCsis different from the punta
staining in the 2a/2b region where DNlaublestrandbreals initiatemeiotic recombinatiorfFig.
3.2IN). This expression pattern of-H2AvD might be specific to the germ csliwith
exogenous insuihduced DNA breaks in contrast to the highly regulated endogenous DNA
breaks required for meiatrecombination. Similar diffuse -H2AvD staining has also been
observed irdacapomutant nurse cells in tHerosophilaovary[254], supporting the notion that
this pattern might be specific to the germlinkn addition, diffuse~-H2AX, the homolog of
H2AvD in mammals,has been shown in different mammalian cell lines after different DNA
damage reagent treatmenb5257]. Thus,=~-H2AX as a DNA damage marker, might not
specifically label DNA doublstrand breaks. Insteadt might label different types of DNA
damage with distinct localization patternis.is possible thaAub mutations induce various types
of DNA damage with DNA doublstrand breaks being the majority, which results in diffrise
H2AvD staining inaub mutant GSCs Alternatively, pannuclear -H2AX has been attributed to
the overactivation and diffusion of the ATR kinase in response to replication stalbniguman
cell line[257]. Because AR/Mei-41 is themajor checkpoint kinase in response DNA damage
in Drosophila [258263, aub mutation induced DNA damage may lead to attora and

diffusion of the ATR/Mei41 kinase and thus pannucleaH2AvD in the germ cells.

4.4 Future Directions
Severalimportant conclusions have been made fromdata preseed in this studyand

many interestinguestionsstill remain to be explored
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As presented in chapter giwi knockdown in the ECs leads to germ cell differentiation
defect, which coincides with the EC knockdown phenotypegglesg27], Su(var)20927] and
Lsdl [60]. These proteins have been associated with heterochromatin formation and
transcriptional repressignstrongly suggesting the importance of maintaining a repressive
heterochromatin state in ECs for their proper functions and/or sunfualire experiments need
to differentiate the chromatin status of the ECs and other ovarian somatiypesfuch aghe
follicle cellsand determine if this is functionally related to the ECs. It is also equally important
to determine the developmental stage at which the repressive chromatin stamg, is
established in the ECand if this developmental stageasrrelated withthe repression ofipp
transcription in the somatic cells of the germarium other than the cap cells and THuodher
investigation is also needed to establish the molecular mechanism bydppichrepressed in
normal ECs and derepiesi inpiwi knockdownECSs. In principledpprepression in ECs might
be regulated by a PiwdiRNA mediated heteréromatin formation and/or piRNAnediated
transcript destructionTherepressive role of Piwi ovelppin the ECs appears to be opposite to
its positive regulation of Dppgignlaingin the cap cells for GSC renewgll, 264. Future
experiments need to delineate the molecular functions of Piwiferelit cell populations in the
ovary.

As it isshown n Fig. 2.4, TE activity and DNA damage are increasqavun knockdown
ECs consistent witlthe general view of piRNAs in TE repression and genome protecfidn.
silencing is disrupted in mutations ofost piRNA pathwaycomponents including Armi, Aub
and SprE [92, 169 and transcriptiorof LINE retrotransposons in mammalian cells induces
DNA damage and DNA damage signaling respdi2&s, 266. Loss of TE silencing impiwi

knockdown ECs could therefore cause DNA damage. DNA damage, howanes/so cause
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TE derepressionn267-269. piwi knockdown in the ECs therefore could compromise DNA
repair and thus increase DNA damage, which, in tugads to TE derepressionFuture
experiments need tetermine which event comes first, TE activation or DNA damageiwn
knockdownandmutations of other piRNA pathway componenks addition, it remainsinclear
if TE activation and DNA damage have any causative roldpp derepression in theiwi
knockdown ECs. Future experiments also need to explore these possibilities.

This study confirmed TE activatidn the ECs by knockdowningb, apartner of Piwin
the somatic piRNA pathway (Fig. 2.4G). Yb knockdown in the ECs with two independent
RNAI lines shows similar but much weaker germ cell differentiation defect pinan EC
knockdown (Fig. 2.S7), although the TE repogdgpsylacZ is increased to aomparable level
in both Yb andpiwi knockdown. This observation suggests that TE activation in the E@$ is
sufficient to inducethe dramaticgerm cell differentiation defecive observed inpiwi EC
knockdowngermaria Since TE activation almost alwagssociates with DNA damage, it
remains of interest if inducing DNA damage specifically in the ECs could cause germ cell
differentiation defect and how it would regulate germ cell differentiation in a celt non
autonomous manner.

Presented in Fig. 3.2 is thlirastic rescue chub mutant GSCs by a&hk2/lok mutant.
Considering the intrinsic requirement of both? proteins, Piwi and Aupin GSC seHrenewal,
it would be of great interest to test the effectcbk2lok mutations onpiwi germlinespecific
knockdown. The major function of PiwpiRNA complexes have been assigned to
heterochromatin formation and maintenantehe nucleug143 162-16€, while AubpiRNA
complexes faction in the cytoplasm to amplifihe piRNA pool and destroy TE transcripts.

Both Piwi and Aubhave been shown to predominantly bind to antisense piRB&S0], but it
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is not clear how many overlapping TE targets they share and if their mutatiGnsakdown
initiate similar downstream DNA damage responileither isit clear if DNA damage response
is the most significant consequence Wi depletionin the ovarian GSCs The universal
expression of Piwi in both somatic and germline tissues adde layers of complexity to this
issue. Germlinespecific knockdown opiwi and chk2lok will answer the questions if DNA
damage checkpoint activation is responsible forpimg knockdown GSC loss and if Piwi and
Aub share the same mechamism in maintaining the ovarian GSCs.

Aub binds tonos mMRNAs in bothDrosophilaembryos[14( and ovarie§246 possibly
t hrough t Imas TBeBahiBBcn complex has also been shown to negatively regulate
the GSC renewal factatost o pr omote germ cel |l dinbsf[@)r ent i at
Supportng the idea that Aubnd Bam form a complex to promote germ cell differeiaig we
showed thahosMyc genomic reporter is increasedanb mutant differentiating germ cell cysts
(Fig. 3.3lL 0 ) . Fut ur e eneedezito teshié AublEndswianbsimRNAEg in the
cultured GSCs with and without heat shock induced Bam expression to deterrAurernbs
MRNA interactions BamdependentBecauseub mutations dramatically induce DNA damage
in the germ cells, future experiments need to ansivllosMyc downregulation is théirect
consequence of Autbepletion or the general effect of DNAmage response by comparing Nos
Myc levels in different piRNA pathway mutants atige ionizing radiation induced DNA
damage background.

Both bamGFP transcriptional reporteand Bam proteinare dowmegulatedin aub
mutans (Fig. 3.4). Thus, bam can be egulated indirectly by Aulthrough transcripon.
Alternatively, Aubcan stabilizdbammRNAs or enhanceam mRNA translation througtam

B30UTR or stabilize Bam protein via physical [
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