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ABSTRACT

TheDrosophila somatic follicle cells are excellent for the stuafycell-cycle regulation and cell
differentiation. During oogenesis, the follicle lsajjo through three variations of cell cycle
programs, the mitotic cycle, the endocycle and gamglification. Notch signaling activation is
required for the switch from the mitotic cycle teetendocycle (the M/E switch) and its
downregulation is necessary for the switch fromeahdocycle to gene amplification (the E/A
switch) in these cells. Recently, we have found Braad, a zinc-finger transcription factor, is
directly up-regulated by Notch signaling during M& switch in the follicle cells (Jia and
Deng, unpublished data). During late oogenesisa®is also regulated by EGFR and Dpp
pathways for chorionic appendage formation. To @ehow these different signaling pathways
regulate follicle cell differentiation and cell dgcswitches, we performed amvivo RNAI

screen to examine the effect of induced knockdofageae expression on Br expression during
oogenesis. So far, 350 different RNAI lines haverbscreened and about 20 of them showed
defects in either early or late Br expression ifidie cells. Knockdown of Me31B, a putative
RNA helicase belonging to the DEAD-box family arairgponent of ribonucleoprotein complex
(RNP), resulted in disruption of the Br early exgmien pattern during the endocycle stages. In
our studies witlDrosophila have revealed that Hindsight and Cut, in follioédls, Cut and Wg,

in wing disc, are also regulated tng31B, suggesting a potential role wE31B in Notch
signaling. In addition, here we report thad31B shows genetic interaction with Notch and acts
upstream of the Notch signaling. Besides, expertaieasults also show that knockdown of
me31B causes upregulation of Dl in follicle cells and-gihibition accordingly. Therefore, based
on these findings | hypothesized tha31B potentially regulates Notch signaling by targeting
Dl in follicle cells through miRNA pathway.
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CHAPTER ONE

BACKGROUND

1.1 Oogenesis

1.1.1 Overview

Drosophila oogenesis was previously studied for its roleattgrning the embryo, however it
has since become a powerful model system for irgagtg many aspects of cell and
developmental biology. Its usefulness can be atidglartly to the genetic tractability of
Drosophila as a model system; however, it is also one ob#st intensively and successfully
studied stages in the development of this modedrosgn. A femalérosophila has two ovaries
made up of approximately 16 ovarioles, each of wigign be effectively considered as an
independent egg assembly line. Each ovariole getpvith somatic and germ line stem cells in
the anterior region called the germarium, whosg@@ny are later on organized into egg
chambers. Egg chambers bud off and mature agtissydown the ovariole, reaching the
posterior as mature eggs competent for fertilizat@varioles usually contain six or seven
contiguously more mature egg chambers (follicleag:h separated by short chains of inter
follicular stalk cells. Oogenesis generally takeseek and has been divided into 14 stages
based on morphological criteria (Figure 1A-B).llwéfer to stages 1-6 as early, stages 7-10 as
mid, and stages 11-14 as late oogenesis. Stage budding of the egg chamber from the
germarium, and stage 14 is the mature egg.

The germline stem cells exist at the far anterfdhe germarium, a structure that harbors the
germline and somatic stem cells (Figure 1B). Ttesadivided asymmetrically to produce
another stem cell and a daughter cell, which betgimsfferentiate. To form a cyst of 16 cells
interconnected by cytoplasmic bridges known as ciapls, the daughter cell undergoes four
mitotic divisions with incomplete cytokinesis. Ordpe of these 16 germ cells develops as an
oocyte, whereas the rest of them become nurse sglithesizing nutrients and cytoplasmic
components to be transported into the oocyte. obugte is the only cell within the cyst that
will progress through meiosis. In fact, all cysttesyenter prophase of meiosis |, but a
synaptonemal complex forms only in both cells vidthr ring canals and to a lesser degree in the

two cells with three ring canals (Carpenter, A.973). Nevertheless, only the future oocyte will



complete meiosis, whereas the other cystocyteg l@/meiotic program and finally start the
endocycles characteristic for the nurse cells.

While the cysts are moving forward through the post region of the germarium, they interact
with follicle cells. Cysts in the region 2a in geanum have not been fully enclosed by the
follicle cells and still directly contact neighbog cysts [Horne-Badovinac and Bilder, 2005]
When the cyst enter to region 2b, it turns to a@alklayer disc and encompasses the whole
width of the germarium, with oocyte-specific fag@oncentrated in the oocyte and a detectable
microtubule-organizing center, which forms a paed microtubule network that is polarized
toward the oocyte and extends into all 16 cellsugh the ring canals.(Xu et al., 2012 )

Drosophila Ovary

A . Germarium  st2 st4  sté

Germling  stem cell
stem cell i

ovariole

ey Commion oviduct 2a ‘ 2

Figure 1. Drosophila ovary and oogenesis. (A) shbwssophila ovary which generally
consists of 16 ovarioles. (B) shows germarium amgkaesis. (A) was adapted from Miller,
1950 (B) Adapted From Roth and Lynch, 2009.

The somatic or follicle stem cells in the regioh2aand 2b give rise to precursor follicle cells.
Sixteen of the precursor follicle cells invade begw the cysts and develop into polar cells and
stalk cells, which play crucial role in folliclerdimation. The other precursor cells form an
epithelial layer around the cyst, producing an elggmber (Xu et al., 2012 ). The recently
formed stalk cells separate the egg chamber frengénmarium.

New egg chambers enter the larger, more postexgiom of the ovariole, consisting of six to
seven progressively older follicles when it budsrirthe germarium. Different kinds of cell-cell
signaling events between the somatic and germefie and between different populations of

somatic cells control the formation, polarizatiordgatterning of the egg chamber during the



course of 14 developmental stages (Poulton e2@08). During the early stage of oogenesis
follicle cells proliferate and then the egg chamdtarts to enlarge between stages 7-9. After that
the oocyte in the follicle grows significantly, ekup yolk protein synthesized in the follicle

cells, and occupies almost half the egg chambeatdye 10A. Finally during stages 10B to 14,
nurse cells contribute maternal mMRNAs and prottriie oocyte by a cytoskeleton-based
mechanism and transfer their cytoplasm into the/eoi help it reach its large size. The follicle
cells synthesize the vitelline membrane and theretigshell over the oocyte. After the
completion of the eggshell and the dumping of thisa cell cytoplasm, the follicle cells and

nurse cells undergo apoptosis, leaving behind thieia egg.(Xu et al., 2012).

1.2 Notch Signaling Pathway

The Notch pathway is one of the best-studied pagewaDrosophila oogenesis. Notch

signaling is an evolutionarily conserved signalnegwork that is required for embryonic
development, cell fate specification, and stem maintenanceArtavanis-Tsakonas et al., 1999;
Ranganathan et al., 2011). Notch signaling playsomant role in deciding cells fate and their
activities through either activating or suppressngie important things like differentiation,
proliferation, survival, and apoptosis (Bray, 2006; Fiuza and Arias. 2007). Notch itself is a
transmembrane receptor protein that activate diggnaly interacting another transmembrane
ligand proteins such Delta (termed Delta-like imauns) and Serrate (termed Jagged in humans)
on neighboring cells. Even though the fly genonadudes only one Notch receptor, mammals
have four Notch paralogs that show both redundaaituamique functions. The extracellular
domain has 29-36 tandem epidermal-growth-factad&H#E like repeats, some of which are
required for ligand interaction (Figure 2). For ey#e, on the Notch receptor repeats 11-12 has
duties to mediate efficient interactions with ligaravailable on neighboring cells (trans-
interactions), while repeats 24—29 plays role neating inhibitory interactions with ligands co-
expressed in the same cell (cis-interactions) @e@nd Bray, 2000). It is known that many
times EGF repeats connect or link with calcium,chitias a key role in determining the
structure and affinity of Notch to its ligands (@t et al., 2008; Raya et al., 2004). In the Notch
structure, EGF repeats are followed by an imponmaggtive regulatory component (NRR)
consist of three cysteine-rich Lin12-Notch rep€htdR) and a heterodimerization domain (HD)

(Figure 2). We may also indicate that at the tiCeterminus Notch structure has conserved
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proline/glutamic acid/ serine/threonine-rich mo{f®EST), containing degrons that mediate the

stability of NICD. In addition, dNotch also contaithe glutamine-rich OPA repeat (Figure 2).

NOTCH RECEPTOR

NRR
EGF Repeats (1-36) | HD" IL
LNR ! '
YT il R Ty | [ iu= T I'I 1 AMNK I"L!LS i* PEST
dNotch | . | ‘ ‘ | , ] (] i o
LA - ARy { Ll !
ABC

Figure 2. Structure of Notch receptor. While gr&&F repeats make interaction with ligand in
the neighboring cells (trans interaction), orarg@eats make cis-interaction.

The canonical model requires the activation ofNleéch receptor through a series of proteolytic
events on binding to any of the Delta—Serrate—LABRL) ligands. One important cleavage
event to make signaling continue depends-sacretase-mediated cleavage of the Notch
intracellular domain (NICD) from the cell membraiéis event causes the translocation of
NICD into the nucleus, where it directly participatand works in association with an essential
transcriptional complex with the DNA-binding protésuppressor of Hairless (SU(H)) and the
nuclear effector Mastermind (MAM), thereby activatitranscription of target genes(Bray, S.J,
2006).

1.2.1 Notch Regulation in cisand in trans

The complexity of the network circuitry that modigis Notch signals has been well documented.
However, a few issues of the pathway still remaibé addressed. One of the notable issues of
the pathway is the recently recognized differers@vbencis andtrans interactions among the
ligands and receptors (D’souza et al., 20T@ns interactions happen between a receptor that is
expressed on one cell and the ligand on a neighdpaell, resulting in receptor activatians
interactions takes place between ligand and recaptbe same cell membrane. Although we
know much about the presencecifinteractions from genetic studies and experimeeis-d

onstrating co-localization of ligands and receptmrgshe same cell (Fehon et al., 1990 ), the



importance and function of these interactions kasained mysterious for some time. Recently,
elegant studies have shown that this interactiamhiitory, such thatis engagement of a
surface-expressed receptor renders it refractomats-activating interactions. This ‘simple’
cistransrelationship is necessary for the organism, as dwiilibrium provides the
directionality to the signal. However, the undemntyimechanism to this phenomenon remains to
be fully elucidated. Insight into the mechanism esrfrom imaging approaches combined with
mathematical models in mammalian cell culture systelhese studies suggest ttiat

interaction generates a sensitive switch betweetnaiy exclusive signaling states, a ‘sending’
state characterized by a high Delta/Notch ratioafréceiving’ state characterized by a low
Delta/Notch ratio. At the multicellular level, thésvitch can augment small differences between
neighboring cells in the absence of transcripticedrated feedback. This would in turn enable
the formation of sharp boundaries and lateral iibi patterns that are seen during
development (Sprinzak et al., 2010). Since alhefdells within an equivalence group originally
express both the receptor and the ligand, the ohtits—trans interactions can be presumed to be
an essential regulatory mechanism. Hence, theida@s to which of the two neighboring cells
becomes the signal-sending versus the signal-riegecell may be highly coordinated by the

dynamic competition betweans andtrans interactions

1.2.2 Notch Signaling During Oogenesis

Previous studies have shown that Delta-Notch siggas required for many important aspects
of oogenesis irosophila melanogaster. Some of these functions have beanrdgrated
genetically using mutant alleles D&lta, Serrate andNotch and by ectopic expression

of Delta or constitutive activation of thidotch receptor.

Notch signaling is indispensible fore@n line_$em Cell (GSC) niche maintenance and
formation.Serrate andDelta present on the surface of GSCs activatetsh in the somatic cells
to form and maintain the GSC niche. In return,ritehe induces and maintains stem cell fate
(Ward et al., 2006). Ectopic expression or exparadgidation of Notch signaling causes the

formation of more cap cells and larger niches,aghgiinducing ectopic or more GSCs. On the



other hand, decreased Notch signaling during rieimeation leads to reduced cap cell number,
niche size, and subsequently fewer GSCs (Song, &04l7).

Notch signaling also regulates multiple facetshef differentiation of somatic follicle cells in
theDrosophila ovary, including differentiation of the polar astlk cells (Vachias et al., 2010).
Loss of Notch in follicle cells or loss of Deltatime germ line results in fused egg chambers
without polar cells (Grammont et al., 2001). Redlierpression or deletion of Delta in the
follicle cells results in encapsulation of the sylsy the follicle cells, but not stalk formation.
Constitutive expression of Notch results in moriapoells and long stalks between the egg
chambers. It has been previously shown that foonaif polar and stalk cell fates depends on
different levels of Notch activation. On one hahd future polar cells have high-level Notch
activation, resulting from a germline Delta sigr@ah the other hand, stalk cells show low-level
Notch activation, which comes from a Delta sigmathie polar cells. A recent study has shown
that Delta-Notch signaling is required for lataragration of follicle stem cell daughters across
the ovariole as well as for follicle stem cell rapément (Nystul and Spradling, 2010).

During oogenesis, as an egg chamber develops ahthef stage 6, epithelial follicle cells
switch from the mitotic cell cycle to the endoreplion cycle, also called the endocycle
(duplication of DNA without cell division). Deltadm the germ line cells and Notch from the
somatic follicle cells are needed for this switBlefig et al., 2001). At stage 6 of oogenesis,
somatic Notch interacts with its ligand Delta (Dl}the neighboring germline cells (Fehon et al.,
1990). This interaction results in the detachménh® ectodomain and exposure of an
extracellular metalloprotease site (S2), which eguently becomes susceptible to cleavage by
transmembrane proteases of the ADAM/TACE (A DegniteAnd Metallopeptidase/ Tumour
necrosis factor A Converting Enzyme) family (Mumtrak, 2000; Nicholas et al., 2007). As a
result of this S2 cleavage, the remaining membtatiered Notch fragment further experiences
two intramembranous cleavages (S3/S4 cleavagegjgiinyna-secretase, a membrane protein
complex containing presenilin as the catalytic comgnt (Wolfe, M.S. 2006). The intracellular
domain of Notch is then released and translocatiedtihe nucleus where it acts as a co-activator
of the transcription factor, Suppressor of Hairlg&3s(H)) to regulate gene expression (Struhul
and Adachi, 1998).

Cut is a one of the downstream target genes regulgtétbtch signaling. Its expression and

function have been described in several developahstages ibrosophila. In wing imaginal



discs, it is induced by Notch signaling at the dbksentral (DV) boundary to maintain the DV
border (de Celis and Bray, 1997; de Celis et 8961). In additionCut is also present in follicle
cells during the early stages (i.e., the mitoticley. It is required for egg-chamber encapsulation
and coordination of the germline and follicle-adifferentiation (Jackson and Blochlinger,
1997). During the mitotic cycle/endocycle switchg(tM/E switch) Cut expression is
downregulated by the Notch pathway in follicle selhd this downregulation is necessary for
the proper entry of follicle cells into the endoleyand for their differentiation (Sun and Deng,
2005).

Hindsight (Hnt), aDrosophila homolog of mammaliaRas Responsive Element Binding protein
(RREB-1), is another target of Notch signaling (Yip et &4B97; Zhang et al., 1999). It has been
shown thatnt is upregulated by Notch signaling and facilitates Notch-dependent
downregulation oCut, Sring, andHedgehog signaling in follicle cells, thus promoting the M/E
switch and cell differentiation (Sun et al., 200Based on similar studies, it has been shown that

Hnt is also required for the proper switch from enadeyo gene amplification stages.

1.3 Maternal Expression at 31B (Me31B)

Maternal expression at 31B is a RNA helicase pnateat belongs to DEAD-box family. DEAD
box proteins were first identified in the late 198% a group of NTPases that are similar in
sequence to the elF4A RNA helicase (Gorbaleny&,e2389). In this study, these proteins (p68,
SrmB, MSS116, vasa, PL10, mammalian elF4A, ye&stA&) play a role in RNA metabolism

and share several common elements (Linder et39)1 Among these elements, nine common
sequences, Q-motif, motif 1, motif 1a, motif 1b,tihd, motif 11, motif IV, motif V, and motif

VI, found to be conserved among species, whiclm isrgportant criterion of the DEAD box

family (Linder et al., 1989). Motif Il is also knawas the Walker B motif and contains the amino
acid sequence D-E-A-D (asp-glu-ala-asp), which dhigefamily of proteins the name “DEAD
box”(Linder et al., 1989).

Helicases are enzymes that separate duplex olitgwtides in an energy-dependent manner and
are essential in all aspects of DNA and RNA metabul Analysis of their amino acid
sequences, whether DNA or RNA helicases, revdhakadhey have conserved sequences, and

allows them to classified five major super famil{&-1- SF5) (Koonin, E.V, 1993).
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As stated above, Me31B is an RNA helicase and eardated during a differential gene library
screen for expression Drosophila melanogaster during oogenesis but not embryogenesis. The
in situ studies showed a greater RNA expressighemurse cell cytoplasm than in the oocyte
and assumed that a transcription burst occurs drstage 6/7 oogenesis (DeValoir et al., 1991).
The name Me31B gene actually comes from its maltexmession (ME) and its localization to
the 31B region of the chromosome Il (31B). Nakanatii@., showed that Me31B protein forms
a cytoplasmic RNP complex with oocyte-localizing A&\and Exuperantia, a protein that is
known to be involved in RNA localization. Loss oEBIB in early oogenesis causes premature
translation of oocyte-localizing RNAs within nursells without affecting their transport to the
oocyte. In the earliprosophila egg chamber that lacks Me31B, at least two mRNDE and
Bicaudal-D mRNAs, are prematurely translated in nurse celtktaeir transport to the oocyte
occurs in an independent manner. These resultesutigat Me31B mediates translational
silencing of RNAs during their transport to the pigcand provides insights that RNA transport
and translational control are linked through theeasbly of RNP complexes (Nakamura et al.,
2001).

Even though now we know that me31b is found indtdicells, Nakamura et al., 2001 claimed
that when distribution of endogenous Me31B was erad) there was no detectable signal
observed in somatic follicle cells at any stageajenesis, whereas it is first seen as a low level
in region 2B of the germarium and remains concésdran the oocyte in mid-oogenesis. In the
nurse cell cytoplasm of the early egg chamber, Besfjnal is also detected at a low level and
becomes more evident from stage 5-6 when Me31Besgn is drastically increased. In
addition, Me31B is frequently enriched around nueskenuclei and later accumulates at the
posterior pole of stage 10 oocytes. However, th&tqrior accumulation is transient, as revealed
by uniform distribution of the signal in cleavagaleyos. By the cellular blastoderm stage,
Me31B becomes undetectable in the entire embryegion and no zygotic expression of
Me31B was detected during embryogenesis (Nakanua, 001).

Previously, studies showed that Me31B is associatdddFMR1/FMRP in neuronal mMRNPs
regulate dendritic morphogenesis in sensory neyant like its human homolog RCK, is
required for optimal miRNA function (Barbee et &006; Chu and Rana, 2006). In addition, the
Drosophila homolog Me31B is found in maternal sponge bodiksere it known to repress

translation of many granules associated mRNAs (Maka et al., 2001). Taken together, these



observations indicate to a role for Me31B in thagression of MRNAs localize in dendrites, their
aggregation into transport mRNA, and in controlazially translated synaptic mRNAs such as
CaMKIl, which regulate synaptic plasticity (Hilledord et al., 2010).

Recently miRNA based regulation has been showr tonportant for the control of spin growth
in hippocampal neurons (Schratt et al 2006) armettarget of protein-degradative pathways
involvement in long-term memory formation in Drosdp (Ashraf et al., 2006). Thus Me31B
will be important in modulating miRNA function parént to development of functional
neuronal plasticity (Barbee et al., 2006). Moreagally, because Me31B homologs in yeast and
mammals have been shown to function in P body fooman somatic cells (Andrei et al., 2005;
Coller, R. Parker, 2005) the requirement for Me31B1iRNA function provides evidence of
efficient miRNA-based repression in varied cellag@nd biological contexts (Barbee et al.,
2006).

1.4 miRNA Regulation

MicroRNAs (miRNAS) are short non-coding RNA sequenithat control gene expression
transcriptionally or post-transcriptionally by etirepressing or degrading target RNA (Ba&ttel
al., 2004). MiRNAs are now known to play a significaole in regulatory mechanisms in
various organisms, for instance development timiogt-pathogen interactions, as well as cell
differentiation, proliferation, apoptosis and tumgenesis. Likewise, as a regulatory element,
MiRNA itself is coordinately modulated by multifaus effectors when carrying out basic
functions, such as SNP, miRNA editing, methylatmal the circadian clock. It has been shown
that an individual miRNA is able to control the eagsion of more than one target mRNA and
that each mRNA may be regulated by multiple miRNRbBoades et al., 2002). The interaction
of miIRNAs with mRNAs is usually highly conserved @amg species and it will localize about
about 6 to 8-nt at the 5’ terminus of MRNAS. Even a dlighange in sequence may alter its
target. It has also been suggested that the locafithe central loop in the miIRNA:mRNA
duplexes may play a key role in affecting the éficy of gene regulation mediated by miRNAs
(Ye et al., 2008 ). Because one miRNA might haveentiban one target and each target gene
might be regulated by more than one miRNA, furéngveriments such as gain-of-function and

loss-of-function are still needed, to determine hoany of these predicted targets are genuinely
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targeted by a certain miRNA. For those experimantghich RNAI is used, making those

predictions for miRNA target is important. In thisy more accurate results can be obtained.

1.4.1 Biogenesis of miRNA

Two main events occur in the process of mature MiRNmation in animals which is generally
21-21 nt in length and non-coding RNA. Firstly, diBping miRNA transcripts (pri-miRNA) are
processed into a short stem-loop structure ~70-ntidke precursors (pre-miRNA) by the help of
Drosha. Secondly, this pre-miRNAs are cleaved teegee ~21-25-nucleotide mature miRNAs
(Lee et al., 2009). Pri-mRNAs are known to locak#ber within the introns of other genes or in
intergenic regions and are transcribed by the gesé or by their own promoter. In addition,
certain miRNAs are clustered in polycistronic tramas, indicating that these miRNAs are

coordinately regulated during development (Lagogi@una et al 2003).
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A

Figure 3.miRNA biogenesis pathway and its effecgene expression. (Adapted from Shomron
and Levy, 2009)
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However, little is known about the transcriptionadulation of pri-miRNAs. After mature
MiRNA is produced, this short RNA loses one ofitands while the other is loaded onto an
Argonaute-containing RNA-induced silencing complBXSC) which plays a role in mediating
gene silencing. When the miRNA attaches to itsaiaggne, regulation takes place mainly
through mRNA degradation or translational inhibiti@ushati and Cohen, 2007)(Figure 3).

1.5 Aimsof this Project

My Master research focuses on identification of ¥&3rom anin vivo RNAI screenas a
potentialregulator of Notch signaling. In chapter two | vdiscribe the RNAI screening that |
made to explore new components in the Notch siggadathway and | will explain why Me31B
is a potential regulator of Notch signaling. In ptea three, there will be different kind of
experiments to identify and characterize Me31Ba#t chapter, | will correlate Me31B with
Notch signaling through the miRNA pathway and Illwllow some experimental results to make

clear the process.
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CHAPTER TWO

RNAI SCREENING

2.1 Introduction

RNA interference (RNAI) is an RNA dependent gerlersiing process that is managed by the
RNA-induced silencing complex (RISC) and it is iai¢d by short double-stranded RNA
(dsRNA) molecules. The RNAi machinery knocks dow dioes not eliminate the RNA targets
of dsRNA in a sequence-specific manner, in resptmeadogenous or exogenously introduced
dsRNAs (Fire et al., 1998; Zamore et al., 2000)c8ithe RNAI technique has been well
developed, it has become very popular and widedy disr studying gene function. By using the
RNAI method, scientists have an incredible toohwithich to understand human biology as well
as molecular and genetic mechanism of human dise®&th using RNAI, almost any gene
product can be selectively down regulated and tdulee genome-wide RNAI libraries, this
process can be accomplished in a high throughglitiahiased manner. During the past several
years, a number of genome-scale RNAI high-througbpreens (HTSs) have been done in

both Drosophila and mammalian cultured cells to study differenldyjical processes, including
signal transduction, cancer biology, and hostreslponses to infection and so on. Based on the
results from these screens, scientists have itghtiiew components of these processes and,
importantly, have also gained more insights inedbmplexity of biological systems, forcing
new and innovative approaches to understandingiturat networks in cells.

When the normal function of a gene is requiredafgiven function, RNAi knockdown may lead
to a phenotype detectable in an assay that testéuttiction, either directly or indirectly. Mainly,
two major classes of RNAi are known — small interfig RNAs (siRNA) and micro-RNAs
(miRNA) (Chapman and Carrington, 2007) (Figuref/®NA fragments are generated by Dicer
from dsRNA precursors which can be both endogegarstxogenously. The miRNA pathway
starts in nucleus (endogenously) from processingpafcoding pri-miRNA by a complex of
Drosha and DGCRS8 proteins to produce ~70-nt pre-mrA&®N'hen pre-miRNAs are transported
to the cytoplasm and they are cut by Dicer to nrakgNA fragments. One strand of short
dsRNA products (known as a guide RNA) is then ipooated into Argonaute 2 (Ago2) and the
RNA-induced silencing complex (RISC) for selecttagget mRNAs by base pairing for
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degradation. In miRNA, the mature miRNA recogniaegét size (generally in the 3'-UTR) and
base pairing between guide and target mRNA leattanslational inhibition. One extremely
important thing for our studies here we shouldadatk is that miRNA binding to target mRNA
may also lead to mMRNA target degradation in prangs$)-bodies (de Fougerolles et al., 2007).
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Translat'cnal | ﬁ
oo | =00
1)

T T pralaisd A,

mRhA | [
| tegradaticn |

— P-body

Figure 4. The process of RNAs in miRNA and siRNAhwpay. Pri-miRNA is processed by
Drosha in nucleus and pre-miRNA by Dicer in cytepha SIRNA start as a dsRNA
endogenously or exogenously and degraded by diczt-21 nucleotide length. And then
miRNa and siRNA are incorporated into RISC. TH&N\SA guide strand recognizes target sites
to direct mRNA cleavage (carried out by AGO2 ). i&rdoes not have perfect match. The
mature miRNA recognizes target sites (typicallyhia 3'-UTR) in the mRNA, leading to direct
translational inhibition. On the other hand bindmdRNa to mRNA can be also resulted to
going P bodies and resulting mRNA degradation (Aeldjfrom deFougerolles et al., 2007)

In this chapter, | show that Maternal expressioB1 (Me31B) in somatic follicle cells is
important for proper Notch signaling and downregalaof Me31B affects Notch activation at

the switch from Mitotic cycle to Endocycle. To o how different signaling pathways
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regulate follicle cell differentiation and cell dgcswitches, we performed amvivo RNAI

screen to examine the effect of induced knockdofageae expression on Br, a zinc-finger
transcription factor that is directly up-regulatedNotch signaling, expression during oogenesis.
So far, 350 different RNAI lines have been screaratlabout 20 of them showed defects in
either early or late Br expression in follicle selBr mRNA is expressed in follicle cells in a
dynamic pattern. Its expression is first detectedll follicle cells at stages 6/7. During the ®ag
10A all the columnar cells, except dorsal antefiadiicle cells, contain thér transcript.
However, only two groups of dorsal-lateral antefallicle cells expresbr mRNA during stage
10B, marking dorsal appendage secreting cells @is €t al., 1996). (Figure 5A). Knockdown
of Me31B, a putative RNA helicase belonging to BiteAD-box family, resulted in disruption of
the Br early expression pattern during the endacgtdges, small nuclei and some apoptotic

cells.

2.2 Results

We discovered different genes includimg31B that their loss-of-function show different
phenotypes in different stages of oogenesis ingnetic screen. Using the flip-out technique
with RNAI, we are able to induce targeted interigrRNAs in random patches of somatic cells
in the developing egg chamber. RNAI can be indusetdstage and tissue specific fashion, in
this experiment in somatic follicle cells. The GAp#btein regulates the transcription of the
Upstream Activating Sequences (UAS), a region sintd an enhancer element. The target gene
after UAS could then be expressed as an inverfgehtainder control of the yeast upstream
activating sequences (UAS), which are binding die$AL4. When the Gal4 ‘driver’ fly is
crossed with the UAS-RNAI ‘responder’ stock, theuiéing progeny have both components of
the system, and thus the target gene is silenciwbge tissues in which GAL4 is expressed. This
technique allows us to quickly screen for genetieriactions of interest. We crossed UAS-

RNAI males with virgin flies of genotypéskIp,GFP:stau; ;act>CD2>Gal4>RFP/TM3. The
crossed flies were maintained in yeast vials adéfrees. When sufficient eggs were laid, parent
flies were transferred to another vial. New progenpse in the same condition that their parents
were in. Three or four days after they come ounftbe pupa, they were exposed to heat shock
in 37 C degree two times for 50 minutes. Two ddier dieat shock in 29 degrees, their ovaries

were dissected. Egg chambers were stained withapyientibody (anti-Br antibody), then
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secondary antibody (Alexa Fluor m488) and DAPI. Alnein they were examined under
fluorescent microscope (Zeiss LSM 510 confocal oscope) and photographed. The genes that

showed phenotypes from the screen are listed iteTab

Table 1. List of genes and phenotype found in RBi&een

Name of Gene Stage Apoptosis  Up-regulation Down- Other
of Br regulation of  phenotype
Br
Lethal(1)Bb 10B _ _ + 2
RpS26 14 _ _ _ i
Proa7 6-8 +(9) _ + *
Me31B 7-8 + B + ©
D1 10A _ + + ©
E2f 8-9 + + _ **
Cap 10A _ _ + ©
snRNP-U1-70K B B B _ §
Cbp80 10A + _ + ©
logs 10A _ _ + _
Rps94 10B _ _ + _
CG3605 10A + _ + ©
amalgam _ + _ _ _
Dig1 10B B 3 + _
Fs(1)K10 7-8 _ _ + _
Ftz-fs1 _ _ _ _ ©
msk 10B _ _ + ©
Tor 10A + _ + _
pic 10A + _ + *
SmE 10A _ B + -
**. Defective egg chamber and Defective dorsal aygjage. ©: Defect in dorsal appendage
*. Defective egg chamber 8: Fused ehpgmber

From Table 1, around loss-of-function of 20 difi#rgenes showed phenotypes either about Br

expression pattern or other defect. While somexression phenotypes are seen in middle

stages, some of them in late stages suggestingibettlikely those genes are under control of
15



different signaling pathways. Previous researclwsltithat late expression patterrnbofwas
shaped by Epithelial Growth Factor Receptor (EG&R) Decapentaplegic (Dpp) pathways. In
addition, our lab recently found that early upredioin of Br protein was regulated by Notch
signaling (unpublished data). Thus, Br staining aaslied to study the interactions between
multiple pathways and candidate genes. As we pusiyanentioned, in wild type, Br expression
starts at stages 6/7 and its expression is seahrimiddle stages. When it comes to stage 10
follicle cells all over the oocyte are stained gxtdhe dorsal anterior region when we do Br
immunostaining. At stage 12, 2 groups of lateraisdbanterior follicle cells are heavily stained
but the other follicle cells in the dorsal and vahsites are stained weakly (Tzolovsky et al.,
1999). Expression in the posterior region becomaduglly weaker and at the last step
expression is only seen around the dorsal apperadasgeiated follicle cells.

To understand Table 1 much more, we can descrine genes in more details. One of them is
Prosa7 (proteosomer 7 subunit) which is a protein coding gene andbgs-of-function impacts
Br expression from stage 7/8. Br expression shavwmdegulation at these stages although in
wild type Br is always expressed in middle stageaMwhile, many follicle cells undergo
apoptosis in mutant clones.

Another one iPlgl, a neoplastic tumor suppressor gene. Normallgxpression is weaker in
the ventral site of egg chamber than dorsal siteJ&&-digl IR line showed relatively more
downregulation at the stage 10B at the ventral Sitece this stage is considered as a late stage
of oogenesis, the phenotype is more likely assediatith the EGFR pathway.

One another gene that showed interesting phenatyfme (Target of Rapamycin). It is a protein
coding gene and loss of its function showed dowgulagion of Broad at the stage 10A. The cells
in the clones are small and some apoptotic cedlsaen in the Tor KD line.

The last but not least onen®e31B. Throughout the remaining part of this study wemyaocus
on it. In me31B knockdown follicle cell clones, Wind that Br expression fails to be
upregulated around stage 7-8 (Figure 5B) and wedsd@ct in dorsal appendage in late stages.
Besides, some follicle cells show apoptosis andobggnber degeneration were detected in

Me31B knocked down egg chambers.
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Figure 5. Me31B and Br expressionme31B KD RFP clones.(A) Br expression pattern in
somatic follicle cells during Drosophila oogene&gpression starts with switch from mitotic
cycle to endocycle. PH3 indicates those follicléscstill in mitotic cycle. Br expression start
around stage 6/7 and during whole middle oogeradisisllicle cell express it in wild type. (B)
Br is down regulated in RFP clones (B’) in middiage (7/8) when Me31B is knock down. (E
Nuclei showed with DAPI in clones are smaller than thieecs. RFP clones (C) shows Me31B
reduced expression (C’).
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2.3 Discussion

Because we are particularly interested in Notchaligg, we chose to study Me31B. Two main
reasons made us dwell upon it. One of them is dmdsd downregulation, the other one is the
small nuclei seen in clones.

From our laboratory’s recent studies, we know #saty upregulation of Br from stages 6/7 is
specifically regulated by Notch signalling. Thusfetts in Br expression relate the candidate
gene to Notch signalling. From our screening ptojpe saw that Me31B RNAI KD follicle cell
clones showed early Br downregulation in stageev&h though in wild type Br should be
expressed in all middle stages of oogenesis.

On the other hand, as downregulation of Broad oitant to show a problem in Notch
signalling transduction, the smaller nuclei phepetin those somatic clone cells is equally
important to indicate a Notch signaling defect. wiessknow during th®rosophila oogenesis,
follicle cells undergo three different modes wtiley are developing. They are mitotic cycle,
endocyle and gene amplification stages (Deng g2@01). In Mitotic cycle cells have complete
mitotic division. This means that when the cell adleus reach the certain size, it triggers the
division of cell and nucleus. In this way the nudaever becomes bigger than that certain
volume. However, because in endocycle stage defis\d phase of mitosis, hypothetically after
each S phase nucleus becomes bigger and biggéte3fhB RNAi egg chambers, the nuclei in
the RFP- marked clones (Figure 5B”) are smallantthe neighbour WT cells suggesting that in
the clones those cells still undergo mitotic cy&djng to switch properly to endocycle. Because
those RFP clones have not switched to endocycleeplitasuggests that in the Me31B KD
somatic clones Notch signaling is not active eveugh the egg chamber is already in middle
stage. Besides, to show Me31B IR line is not afjés we made immunostaining of Me31B
with mouse anti-Me31B antibody (gift from Dr AkiNakamura ). In the clone (Figure 5C)
Me31B shows clear downregulation (Figure 5C’).

Overall, based on these two main reasons, | hyptbe that me31B potentially might be a
regulator of Notch signaling. In the next chaptertest this hypothesis | performed some
experiments to further confirm Me31B as a Notcmalting component and to study the role of
Me31B in the Notch Pathway.
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CHAPTER THREE

NOTCH ANALYSIS

3.1 Reporter Analysis

3.1.1 Knockdown of me31B Causes Defected Notch Pathway in Drosophila FC

In a search for the signaling pathways that arpesgdly regulated by Maternal expression of
31B (Me31B), we performed some reporter analysis experimarttse Drosophila egg

chambers and wing imaginal discs. In early staféiseoegg chambers (before stage 7), follicle
cells express the immature cell fate marker Cugufe 6C). Starting from stage 7, Notch activity
is activated in follicle cells, resulting in dowagulation of Cut and up-regulation of Hnt (Figure
6B). Meanwhile, some Notch activity reporters (sask(spl):CD2, m7-lacZ, GBE-lacZ) are

also up-regulated from the stage 7, and theyatee tiownregulated after stage 10a in response
to the loss of Notch activity that occurs at thege of egg chamber development (Sun and
Deng, 2007).

Cut protein is an evolutionarily conserved protidiat contains several DNA binding domains
like one Cut homeodomain and three Cut repéaiSrosophila melanogaster, genetic studies
indicate that Cut functions as a determinant dftggle specification in several tissues, such as
in wing disc and somatic follicle cells (Nepveu,Z001). To maintain the dorsal-ventral (DV)
boundary, Notch signaling is activated at the DVvdeo of the wing imaginal disc (de Celis et
al., 1996). In follicle cells, Cut is important foraintaining the structural integrity of germline
cells and is required for egg chamber encapsulaltiesmalso found thatut genetically interacts
with the components of the Notch pathway and withdatalytic subunit of Protein kinase A
during egg chamber development ( Jackson and Bhgghl 1997). In addition, it is known that
Cut also regulates cell cycle progression inRhesophila follicle cells (Sun and Deng, 2005).
As we mentioned previously, during the mid-oogen€Xit expression is downregulated by the
Notch pathway in follicle cells and this downredida is required for proper entry of follicle

cells into the endocycle and for their differentat
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Figure 6. Cell cycle during Drosophila oogenesig @ut phenotype ime31B KD flies (A)

Switch of Cell cycle programs and Hnt (B), Cut @Xpression pattern in follicle cells during
Drosophila oogenesis(Adepted From Sun and Dend)20D) RFP marking the expression of
me31B RNAI causing up-regulation of Cut (D’) in the milddstages of oogenesis. (D”) DAPI
staining shows smaller nuclei compare to neighlgowiid type cells which indicating clone

cells remaining in mitotic stages. These findingssuggesting that Notch signaling is disrupted
in the clone cells.
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Sincecut is a target gene of Notch and its proper expressidicates proper Notch signaling and
proper entering to endocycle stage, to identifytiwbeMe31B affects Notch signaling we
examined cut expression Drosophila oogensis by using Me31B RNAI lines available friima
Bloomington Stock Center.

For the analysis of these target genes, | cro8s3dB RNAiI male flies withhsFIp,GFP: stau;;
act>CD2>Gal4, UAS-RFP/TM3,Sb virgin females. By combining Flip-out ali@AL4-UAS

RNAI techniques we created cloma¢31B-knockdown cells. After that, expression levellodége
genes was examined by using antibodies.

As | mentioned previously, the expression of Cutasmally downregulated by Notch signaling
during mid-oogenesis, but upregulated during eamly late oogenesis. Whte31B RNAI is
expressed, Cut is upregulated during mid-oogeriegisire 6D’). RFP clone cells (D) show
upregulation of Cut and small nuclei, raising tlessbility thatMe31B might be involved in the
Notch pathway. To confirm this finding, | also exaed the expression of Hnt in follicle cells in
which Me31B gene is knocked down.

Hindsight is a zinc finger transcription factor amédiates the role of Notch in regulating cell
differentiation and the switch of cell-cycle progr& Hindsight, as well as another zinc-finger
protein, Tramtrack, downregulates Hedgehog siggahnough transcriptional repression of
Cubitus interruptus (Sun and Deng, 2007). Accordingne study, the hindsight (hnt) gene is
expressed in all photoreceptor cell precursorsragdlates cell morphology, cell fate
specification, planar cell polarity and epitheliatiegrity in theDrosophila eye during the retinal
development (Pickup et al., 2002). On the othedhanother study demonstrates that Hnt is
upregulated by Notch signaling and plays a roln@Notch-dependent downregulation of Cut,
thus promoting the M/E switch and cell differentat(Sun and Deng, 2007).

Consistent with the Cut phenotype, in RFP clonis¢Eigure 7A) Hnt expression was
downregulated during mid-oogenesis (Figure 7A")retfeough in wild type its expression is
seen in all middle stages.

The results we got from these experiments showadasarget genes of Notch, cut and hnt,
show defective phenotypes in UAS-Me31B IR fliesisTib consistent with our hypothesis
because if Me31B is involved in Notch signalinghvedy, we may expect to see the phenotypes

with its downregulation.
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Figure 7. Downregulation of Hnt in middle stagesokk down 0ime31B in Drosophila follicle
cell cause downregulation of HNT(A’) in RFP cloredls(A). DAPI is shown in blue (A”).
These findings are suggesting that Notch signasirtisrupted in the clone cells

3.1.2me31B KD Also Causes Defective Notch Signaling in the Wing Disc

Besides the follicle cells we also examined Noighaling in theDrosophila imaginal disc. The
dorsal/ventral (d/v) boundary and wing margin paiteg during the development of the
imaginal wing disc is an important morphogenetiegesss in which Notch is involved. The
formation and maintenance of the d/v boundary regtthe locally restricted activation of
proper Notch signaling (Irvine and Vogt, 1997). ttloactivation at the d/v boundary is required
for the localized expression of different genesiugd in the formation of the d/v boundary and
wing margin patterning, such as wingless (wg) auntd &icchelli et al., 1997- Couso et al.,
1995).

Because proper expression of these localized geneges Notch activation in wing discs, to
determine whether Notch signaling is disrupted wemn@ned expression of wg and cut in the
Me31B IR line.
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Figure 8. Reducing Cut and Wg expression innte81B knockdown wing imaginal disc. (A)
Hh-Gal4 drivingme31BIR in the posterior compartment of wing disc (GFPuhssin Cut (A)
disruption. (A”) Intensity analysis representing tteduced Cut expression in posterior
compartment. (B) shows disrupted wg expressior? (@) expressed in dorsal site. Intensity
analysis clearly shows how wg expression is red(B&g

RNAI can be induced in a stage and tissue speeasition. This elegant method allows the
reduction of gene functions in a tissue specific manwhich is not feasible with ubiquitous
gene interference or loss of function mutationsounexperiment we used hh-Gal4-driven

Me31B RNAI to detect cut and wg expression in imagiving disc. To do so we crossed
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Me31B RNAIi male flies with hh-Gal4, UAS-CD8-GFP giin females. When the progenies
reached wandering 3rd instar larval stage, we pliekal dissected them. Then we performed
immune-histostaining for Cut and Wg according ® Breng lab staining protocol.

Cut and wg expression in the d/v boundary are redlirc the posterior site of wing disc in which
Me31B is downregulated (Figure 8A-8B). To show and wg reduced expression more clearly
we used imaging software that is called Fiji, whigl distribution of the popular open-source
software ImageJ focused on biological-image anslf&chindelin et al., 2012). By using this
software we made an image that shows intensitxjafessed genes (Figure 8A”-8B”)

Based on the results obtained from these expersweaiconclude that knocked down of Me31B

disrupts Notch signaling not only in follicle cebdsit also in imaginal wing disc.

3.2 Clonal Analysisof Mutated me31B

3.2.1 me31B is Required for Proper Expression of Notch Target Genesin FC

To exclude any potential off target artifacts @liby the RNAi experiments and to ascertain
thatme31B is required for regulation of Notch signal, we azald threane31B null alleles:
P{lac\W} me31B"®®’ (Bloomington stock)P{lacW} me31B** andP{lacW} me31B*? kindly

gifted from Dr. Akira Nakamura from Kumamoto Unisdy, Kyusyu, Japan.

Clonal analysis, also known as mosaic analysisrseb the production of genetically mutant
cells in a heterozygous background. Clonal analgsasvery useful method in studying lethal
mutations. According to flybase.org, these m&31B alleles are recessive lethal. To confirm

this information, we crossed these three allelék deficiency lines from Bloomington.

Deficiency line #9503 w[1118] ; Df(2L)BSC143/CyO Break points or insertion site :
31B1;31D9, 2L:10209408;10333704 (R5 flank)

Deficiency line #9504 w[1118] ; Df(2L)BSC144/CyO Break points or insertion site
:31B1;31E5, 2L:10227504;10457595 (R5 flank;R3 austatement->R5)

Both of these deficiency lines include break poortgsertion site irme31B alleles
(2L:10,239,309..10,239,309 ). Hypothetically, ieie mutated alleles are homozygote lethal
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then when we cross these alleles with deficienwslj all the living progenies should have Cyo
phenotype, in other words those offspring that Hareak points or insertion sites in their two
alleles should not live. In fact, the larvae thatP{lacW}me31B"®*’ allele and deficiency line
break point did not show recessive lethal phengtpethe other two did show it when the
progenies were first or second instar larvae.

w1118 ;Df(2L)/Cyo Xw ; 40AP/Cyo —— w;40AP/Df(2L) (Viable)

w1118 ; Df(2L)/Cyo Xw;me31B"* FRT/Cyo — w;Df(2L)/ me31B** FRT (lethal)

w1118 ; Df(2L)/Cyo Xw;me31B*? FRT/Cyo —» w;Df(2L)/ me31B** FRT (lethal)

Because of the viable progeny we got frBftacW} me31B®%" allele, we decided to not use it
in our clonal analysis experiment. Even though weaeeted to see lethal larvae, we saw viable
progeny which made us not trust this allele.

To see and confirm the results we got from the RBMeriment, we crossene31B"
FRT40A/Cyo andme31B*? FRT40A/Cyo male flies, respectively, withsFlp; ubi-
GFPFRT40A/Cyo virgin flies. When new progeny came out from thmipae, we picked suitable

ones for our future heat shock, dissection and inostaining (Br, Cut, and Hnt).

P hs p; 40AGFP/Cyo X w; me31B**? FRT/Cyo &
) o \A\b 12 >
hsflp; 40AGFP/ me31B""? FRT 40AGFP/Cyo me31B*“FRT/Cyo Cyol Cyo

|

Heat shock (2 times 50 minutes), dissection aaitisig (Br,Cut and Hnt)

Mutant clones were induced through the FRT/FLP oeethf mitotic recombination (Xu and
Rubin, 1993). In order to generate mutant clon@siesgenetic tools are needed to activate
mitotic recombination within the somatic cells dieterozygous animal. These necessary tools,
containing the yeast target sequence (FRT) andnem£iLP), were integrated into the
Drosophila genome via P element mediated transformation .FRIE sites are required to be
located on the same arms of the two homologousyabsomes where the mutation site of
interest resides. Moreover, FRT sites are locased the centromere for high recombination
rate. The enzyme necessary for mitotic recombinatitipase (FLP), could be expressed under
any heterologous promoter of choice. In our expentnFLP is driven by Hsp70 promoter

which is sensitive to heat. Taken together, FRT/EdPnique enables us to create mutant clone

cells via mitotic recombination. In combination WwiGFP marker, as in our experiment, wild
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type cells are marked with bright GFP, heterozygmils with weak GFP, while homozygous
mutant cells are indicated by the absence of GFP.

To test the effect ahe31B null mutation on Notch signalingve used FLP/FRT system to
monitor developmental defects and to detect thessgmon of Notch pathway. Br and Hnt were

downregulated in the absencen®31B in GFP negativenutant clones.

Me31B °,

MERGE

MERGE

Figure 9 Expression of Me31B and Notch target ggm&¥P negative clones. Immunostaining
of Me31B GFP negative clones(A’) clearly showed dikshed expression(A). Br is
downregulated (B’) in GFP negative clones (B’stage late 9 or 10a. DAPI (B’) shows
nucleus and (B"’) merge. Hnt is reduced (C) in Gkdgjative mutant clone (C).

Consisted with our previous results from RNAI expemt we found that Br and Hnt showed
downregulation (Figure 9B-9C), in the middle stafeogenesis witlme31B knowdown. In
GFP negative mutant clone Me31B is demolished {ei@A). Based on these results we
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conclude that in Br and Hnt downregulated clonetch@s still not active and accordingly there
is a defect in M/E switch and cell proliferationfrband Deng, 2007). However, it needs to be
done more experiment to ascertain about effectse81B IR on Notch signaling in the mutated
me31B lines.

3.3 Genetic Interactions Tests
3.3.1 Depletion of me31B L eadsto Enhanced Phenotypein Notch Heter ozygote

Background in Drosophila Eye and Wing

A genetic interaction is defined as an unexpectezhptype for a combination of mutations
given each mutation's individual effg@flani et al, 2008) and it provides valuable infotioa
about gene function and is useful for studyingdtganization of biological processes in the cell.
Moreover itcan show functional relationships between genegatitvaysA double mutant

with a more extreme phenotype than expected iseefas a synergistic (enhancement)
interaction between the corresponding mutationstfgtic lethality, in the extreme case). In this
interaction, two genes may act at the same stegpathway or in two parallel different
pathways.

In order to determine whether there is a geneteraction between Notch signaling and31B

we examined howne31B is related to the Notch pathway during the wing aye development
where Notch is known to play an important role @enis-Tsakonas and Muskavitch, 2010). |
used GMR-Gal4 to drive me31B RNAI Drosophila eye. TheGMR> me31B IR flies that grew

in 29°C showed rough eye phenotype (Figure 10C) and whessed with heterozygote Notch
mutant flies, their offspring showed enhanced roegh phenotype (Figure 10A).

It is known that under so many cases Notch sigmglb predicted to delay cell differentiation,
keeping cells units to give response to later &rgy signals (Coffman et al., 1993). Therefore
we believe that these rough eye phenotyd@riwsophila might be because of these

undifferentiated cells.
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Figure 10 Genetic interaction ame31B on eye under W and N heterozygote mt
background. Onl{sMR-Gal4 under wild type (D) and Notc-/+ (B) background in 29 C degre
me31B IR under wild type background showed rough eye ptygre (C). Rough eye phenoty
is enhanced under Notch heterozygote backgroun

Experimentally it washown that the loss of one copy of the Notch ligBetta and therefore
reduction in Notch signalingesults in a strong enhancement of the rough egaqgifipe
(Schreiber et al, 2002). Since reduction of Noighaling can cause rough eye phenotibased
on our previous finding and the genetic interactioDrosophila eye wehypothesize that kno-
down ofme31B affects proper Delta expression and accordinglyced Notch signaling
resulting in rough eye phenotyy

On the other hanatdetermine whether the genetic interaction betwieerNotch pathway ar
Me31B is restricted in the eye, we extended our inveBtgao examine houne31B is related
to Notch pathway dumg the wing development. We perforn same kinds ofienetic interetion
experiments in th®rosophila wing to see whetheme31B can modulate Notch phenoty
during the wing development by usien-Gal4 andc96-Gal4. en> me31B IR andc96> me31B
IR in Drosophila wing caugd lethal progenies indicatinge31B in wing disc ismportant for
development. Most of the larvae did not I awing disc and those that had wingc showed

disrupted cut (Figure H) and wg expressiol
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c96>Me31B IR

Figure 11. Reducing Cut expression in the81B knockdown wing imaginal disc. Thee31BIR
overexpression by c96-Gal4, expressing in wing Bi8¢ border, causes reduced Cut level (B)
compared to wild type Cut pattern (A). Intensityasis shows more clearly the reduced Cut
expression in posterior compartment (C). Intenaitglysis of cut expression in wild type (D)

We conclude these genetic interaction tests agvisll First,me31B might act upstream of the
Notch pathway and knock down wE31B might affect Delta expression. Accordingly, diseg
Delta expression reduced Notch signaling and thisse enhanced rough eye phenotype
(Schreiber et al, 2002). Second, synthetic lethalitd disrupted cut expression suggests that

Me31B expression in wing disc is important for depenent inDrosophila.
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3.4 Rescue Experiments
3.4.1 Over Expression of UAS-N (full length), UAS-NICD and UAS-Su(H)vpl16 Rescue the

me31B Knockdown Phenotypein Follicle Cells

To determine at which level in the Notch pathway3¥B acts, we preformed rescuing
experiments using UAS-N (full length), UAS-NICD abd\S-Su(H)vpl16If expression of N
(full length), NICD and Su(H)vp16 can reduce onefiate the Notch defects caused by
mutation or knock down ahe31B, it, then, would indicate that loss wE31B disrupts or reduce

Notch activity upstream of these three components.

UAS-NICD

UAS-Su(H)vp16| GEP

Figure 12. Expression &fAS-N, UASNICD, UAS-Su(H)vpl6 to determine whether it can
rescue thene31B knockdown phenotype in follicle cells. Broad exgsien (A, B, C of UASN,
UASNICD andUAS Su(H)vpl6 in GFP clones (A", B’, C’) seems to be rescuedAPDstaining
(A”,B”,C”) shows normal nucleus size.
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In contrast with first situation if these three qminents cannot restore proper Notch activity
in Me31B expression reduced or null cells, it would suggiest loss oime31B affects Notch
signaling downstream of them. 13% of GFP clonddA&N s showed down regulation of
Broad (10 out of 65). 9.75% of GFP clonedJiAS-Su(H)vpl6 (8 out of 87) and 11% of GFP
clones inNUAS-NICD (13 out of 84) showed down regulation of Br expi@s. In previously
done Br immunosatining in Me31B KD egg chamber8p44 clones showed Br phenotype.
Based on the data we found, over expressidA8-N, UASNICD andUAS Su(H)vpl6 rescue
to Broad phenotype ime31B knock down cells (Figure 13)

=W
- B over expr. + KD
o
(=)
£ 40 B Me3lB KD
b7
et
3
X 20
n
W
L)
% 0 e

UAS-N{full length) UAS-Su(H)vpl6 UAS-NICD
Genotype

Figure 13. Quantitative analysis of middle stalgae cells that show Br expression. Wild type
cells are supposedly taken 100%. Over expressidh(ffll length), NICD andSu(H)vpl6 seem:
to rescue Br phenotype me31B KD clones

Because expression of these three component ohipatitway rescued the Br phenotype and
because of the fact that only downstream of a palean rescue to upstream, we can conclude

that Me31B acts upstream of Notch pathway.
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CHAPTER FOUR

MIRNA ANALYSIS

4.1 me31B Acts Upstream of Notch (N) and Regulates Delta in Both Follicle Cellsand Wing

Disc.

As our finding suggests that knock dowm®31B in both follicle cells and wing disc cause
disruption of Notch signaling, we decided to maggcuing experiments to determine at which
level in the Notch pathway Me31B acts. Based orrélalts from UAS-Notch, UAS-NICD and
UAS-Su(H)vpl6 over expression, we concluded Me3diB apstream of Notch itself because of
the fact that only downstream elements of the pajhean rescue upstream defects.

Me31B
Y

? ?2 X ?

DI N(ICD)—>» Su(H)vplé—— target genes

Since Me31B acts upstream of Notch itself, thgdapoint can be either Delta (DI) or another
gene that acts on DI or Notch. In follicle cellsisialready known that Dl is an important
MIiRNA target and regulates timing of Notch signgl{fPoulton and Deng., 2011). Researchers
also found that Me31B is a component of P bodiabethtand and Ramaswami., 2007) and
required for translational repression of matermal mmiRNA-target mRNAs (Hillebrand and
Ramaswami., 2010). These observations suggedtribeked down ome31B causes a defect in
the miRNA pathway and leading to upregulation oft®a follicle cells and accordingly a
defect in Notch signaling.

To test this hypothesis, we examined DI expresatdhe follicle cells irme31B knocked down
flies by doing DI immunostaining.

Consistent with our hypothesis, in follicle cel:P clones (Figure 14A) indicated me31B KD
showed DI upregulation (Figure 14A’).it is cleadgen in MERGE figure (Figure 14A™") every
RFP clones matches with DI upregulation. Overexgioesof DI in FC (follicle cell) may cause

disrupted Notch signaling in two different ways.
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Figure 14. DI immunostainig iDrosophila egg chambers. RFP clones(A) were generated with
flp-out technique and includee31B KD. In RFP clones DI is upregulated(A’).DAPI stizig is
showed in (A”) and MERGE is by (A™)

This result might due tasinhibition of Notch by Delta in the same cell (@elis and Bray.,
1997). As Delta can interact Notch in a neighbogety, it can also interact with Notch in the
same cell (Sprinzak and Elowitz., 2010). The rafi®elta to Notch is important in determining
whether a cell is in either a sending state orivewg state. If cis-interaction is higher than tsan
interaction, it inhibits Notch signaling in the sarwell and disrupted Notch causes defect in
target gene expressions.

The other way for disrupted Notch signaling conedatith overexpression of Dl in follicle cells
is Delta-Delta homotypic interaction. Accordingdie hypothesis, these homotypic interactions
may play a negative role in the Notch signallinghpay by reducing the levels of Delta
available to bind to receptor (Parody, 1998).Sdeita is upregulated in follicle celss, then it

means that there will be much more homotypic irtwa with Delta from germline cells and
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eventually this situation will reduce the levelélta available to interact with Notch on follicle
cells. As a result of that Notch signal is reduced.

On the other hand, we also examined DI expressioning disc to explore if Me31B target the
Dl in wing disc too.

Me31B IR G hh-GCald

Figure 15. Delta expression on both wild type ene81B KD wing disc. (B) shows wild tpe
expression pattern and (B’) DAPI staining. DI exgsien is reduced (C) in posterior region of
hh-Gal4>Me31B IR (C)

The result from the DI immunostaining expreimentising hh-Gal4 showed that knocked down
of me31B in wing disc disrupted DI expression (Figure 15@)comperison with wild type
(Figure 15B) DI protein expression is reduced e @FP positive region. Based on this result,
we conclude that DI may not be a direct target e8/B in wing disc. Instead it may target
another gene that regulates Delta in wing discc&sgome studies say thgtterous is required

for the expression of Delta during wing developmtiein and Arias., 1998)t would be good

candidate to put between DI and Me31B. Howevet,rémaains to be tested.
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Bases on this prediction relationship between me8iBNA and Notch signaling in wing disc
can be as follows:
me31B(MiRNA)
XApterous ?)

D N(ICD}—» Su(H)vple— target genes

In any case disrupted DI expression causes defédbdich signaling and it cause defect in
expression of target genes as previously shown.

We then tested more the idea tBatta is an important and related miRNA target in foéi
cells, and confirm it is downstreamm&31B by assaying Notch activation ime31B, Delta

double-knockdown clones.

Figure 16. Early downregulation of Cutnme31B, Delta double knockdown clones. (A) shows
early downregulation of Cut in GFP clones (A’). N is shown with DAPI (A”") and
MERGE is (A™).
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Therefore, | came up with an idea that if the losmiRNAs caused by mutated or knocked
downme31B results in inhibition of Notch activity through ghted Delta protein levels in

follicle cells, then decreasing Delta in folliclelis should reduce cis-inhibition and the dominant
phenotype in these cells should be premature Nattiaation.

Consistent with this hypothesis tha¢lta is an important miRNA target, downstreanma31B

and repressor of Notch in follicle cells, we fouthdt theDelta, me31B double-knockeddown

cells show early downregulation of cut in other dspremature Notch activity.

Because knockdown ofe31B cause upregulation of Delta in follicle cells, datefective Notch
signaling, and because double knockdowbeta, me31B leads to premature Notch activity, we

conclude that me31B regulates Notch signaling byetangDI through miRNA pathway.
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CHAPTER FIVE

MATERIAL AND METHODS

5.1 Fly Stock

The following mutant alleles were used in this gtue{lacW} me31B-°°%

Center), me31B* FRT40A/Cyo andme31B*? FRT40A/Cyo (kindly gifted from Dr. Akira
Nakamura from Kumamoto University, Kyusyu, Jap&oy. more detailed information of

(BloomingtonStock

these alleles, please visit Flybase at www.flybaete.

The following stocks were used to analyze rescunptypesUAS-N(full length), UAS-NICD,
UAS-Su(H)vp16 and hsFLP; AY< GFP/Cyo; UAS-me31B/TM3

The following stocks were used to analyze KD fddlicell clones:
hsFLP;actin5SC<CD2<Gal4,UAS RFP/TM3,Sb and UAS-me31B IR. Follicle cell clones were
generated by heat shock inducible

Flippase (hsFLP) as previously described (Yu e28I08).

The following stocks were used to analyze wing disones:.UAS-me31B andfsFLP; sp/Cyo;hh-
Gal4,UAS-CD8-GFP/TM6B andw,UAS-Dcr2;c96-Gal4

The following stocks were used to analyze genateraction in eye and wing disc: UAS-
me31B, N/FM7C, GMR-Gal4/Cyo;Dr/TM6B and en-Gal4/(yoTM6B

5.2 Generation of Follicle Cell Clones

Mutant clones were generated using the FLP/FResy$Ku and Rubin, 1993) with heat-shock
flipase (hsFLP) and were marked by absence of uBiGB generate follicle cell mutant clones,
flies containing the mutant allele¥31B** FRT40A, for example) were crossed to the
corresponding FRT marker lindSKRT40A ubiGFFP). When the larvae from this cross matured
to third instar, they were heat shocked for tworedwo consecutive days at 37°C. When adults
emerged, female progeny with the correct genotype\selected, placed in yeasted vials, and
dissected two days later

Knock down clones were generated usingflipeout act< Gal4/UAS system (Pignoni and
Zipursky, 1997). Flies with the genotyps-LP GFP: Sau;; act<CD2<Gal4, UASRFP were
crossed tdaJAS me31B RNAI to knock down genee31B . Heat-shocking was performed on 2 to
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5-day old females at 37°C for 45 minutes. Aftera®glof recovery, female flies were placed in
yeasted vials. Their ovaries were dissected twa fialowing yeasting. Clones were marked by

coexpression of RFP.

5.3 Immunocytochemistry

Ovaries were dissected in 1xPBS and were fixed@aminutes in 5% formaldehyde in PBS.
Ovaries were then washed in PBT (1xPBS plus 0.28rTK-100) three times for 10 minutes
and then pre-blocked with PBTG (PBT, 0.2% BSA, &#&@normal goat serum, NGS) for one
hour at room temperature. Ovaries were incubatdd netation with primary antibodies
overnight at 4°C. Ovaries were washed four timeBBA and then incubated with secondary
antibodies for two hours at room temperature. @sanere washed with PBT twice for 10
minutes each, incubated in DAPI solutionu@ml) for 15 minutes, washed again once with
PBT for 10 minutes, and washed once with PBS. Kinthle ovaries were mounted in mounting
solution with 80% glycerol and n-propyl gallate (@@/ml).

The following primary antibodies were used: mouse-&e31B, mouse anti-DI 1:20, mouse
anti-BrC 1:60, mouse anti-Cut 1:15, mouse anti-H&6, mouse anti-Wg(1:10) (all from
Developmental Study Hyberdermal Bank)

The following secondary antibodies were used a#@Q.dilution: Alexa 546 goat anti-mouse,
Alexa 633 goat anti-mouse, Alexa 488 goat anti-reolraages were acquired with a Zeiss LSM
510 confocal microscope.
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CHAPTER SIX

CONCLUSION

The developing egg chamber provides anl ieael to study cell-cell signaling. Proper
timing of activation and/or suppression of signghmithin a pathway is essential to producing
normal eggs. In this thesis, | present data to ghow Notch activation is regulated by me31B.
Knockdown of Me31B, a putative RNA helicase beloggio the DEAD-box family, resulted in
disruption of the Br early expression pattern dgitime endocycle stages. In addition, we found
that Hindsight and Cut, in follicle cells, Cut ay, in wing disc, are also disrupted when
me31B is knocked down, suggesting a potential role of M28 Notch signaling.

To exclude any potential off target atis caused by the RNAI experiments and to
ascertain thatne31B is required for regulation of Notch signal, we azald threeane31B null
alleles. Consisted with our previous results fromm RNAi experimentne31B knockdown
resulted Br and Hnt downregulation (Figure 9B-9C)he middle stage of oogenesis.

In order to determine whether there is @etje interaction between Notch signaling and
me31B, we examined howne31B is related to the Notch pathway during the wing aye
development where Notch is known to play an impudrtale (Artavanis-Tsakonas and
Muskavitch, 2010). As a result of this experimegétermined that knock down o®31B,in a
heterozygouse Notch mutant background, enhancewtigh eye phenotype suggesting genetic
interaction between Notch an@31B in other words me31B might act on same pathwaly wit
Notch.

Once we found me31B and N have geneticant®n, to determine at which level in the
Notch pathway Me31B acts, | preformed rescue erparts with using UAS-N (full length),
UAS-NICD and UAS-Su(H)vpl6. Expression of theseécomponents of the Notch pathway
rescued the Br phenotype. Because only downstréameats of a pathway can rescue upstream
elements, we can conclude that Me31B acts upstoédyotch.

Since Me31B acts upstream of Notch itse#,tivought that target point can be either Delta
(DI) or another gene that acts on DI or Notch.ditidle cells, it is already known that DI is an
important miRNA target and regulates timing of Nosignaling (Poulton and Deng., 2011).
Researchers also found that Me31B is a componeéRN&f that found in P bodies (Hillebrand
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and Ramaswami., 2007) and plays important rolérémslational repression of maternal and
miRNA-target mMRNAs (Hillebrand and Ramaswami., 2010
rrle318 KD(defected miRNA)
DI (in follicle cells)
L (cis-inhibition)
D= N(ICD)—» Su(H)vpl6—— target genes

This suggests the hypothesis that knock dowme3flB causes a miRNA defect and disrupted
MiRNA leads to upregulation of Delta in folliclellseand accordingly a defect in Notch
signaling. To test this hypothesis, we examine@xXpression at the both follicle cells and wing
disc inme31B knock down flies by doing DI immunostaining and fwend that DI expression is
regulated by me31B. Defected Notch signaling byegplated Delta ime31B KD cells and
premature Notch activation me31B, DI double-knockdown cells confirmed our hypothesa th

me31B regulates Notch signaling by targetingthrough the miRNA pathway.
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