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Abstract

The DEAD-box RNA helicase, Vasa (Vas), is found in the germline of all metazoans tested,
and plays central roles in germ cell development. In Drosophila Vas has a wide range of
functions in oogenesis, germ cell formation and embryonic abdominal patterning. Vas sequence
contains a core region, which is highly conserved among different DEAD-box proteins and is
sufficient for its helicase activity in vitro. Like many other DEAD-box proteins the core domain
of Vas is flanked by divergent N- and C-terminal sequences, whose functional significance has
not been well studied. The research presented in this thesis applies a systematic mutagenesis
approach to examine different motifs in these flanking regions for their roles in various functions
of Vas. We show that interval 140-200 of the N-terminus, proximal to the core domain, contains
essential elements for Vas localization to the nuage and pole plasm. This partly accounts for

impaired function of Vas™*?%

, in transposon silencing, Gurken translation, abdominal patterning
of embryos and germ cell formation. We further show that replacing RGG motifs with AGG in

the N-terminus significantly decreases Vas activity in germ cell formation.

Our analyses on the C-terminal region reveal that motif 636-646, which is conserved among
Vas orthologs from closely related Drosophila species, is required for condensed localization of
pole plasm components at the posterior region. Embryos from vas?®*%% females produce pole
buds, which however mostly regress due to insufficient amounts of pole plasm components. In
addition, most Vas orthologs terminate with a highly acidic motif, which also contains a
conserved tryptophan, Trp660 in the Drosophila protein. Deleting motif 655-661 altogether or
mutating Trp660 to glutamic acid abolishes Vas activity in germ cell formation, and severely
impairs Grk translation, transposon silencing and embryonic abdominal patterning. We also
observed that, despite being highly conserved, Trp660 could be replaced with phenylalanine,
another hydrophobic aromatic residue, for most Vas functions in oogenesis and germ cell

formation.

Together these analyses indicate that various functions of Vas could be uncoupled through
mutating different motifs. Biochemical or genetic approaches, such as yeast two-hybrid assay,
which was applied in this study, could explore the effect of these mutations on Vas-associated

ribonucleoprotein complexes.
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Résumé

L’ARN hélicase Vasa (Vas) se trouve dans la lignée germinale de tous les métazoaires testés
et joue un réle central dans le développement des cellules germinales. Chez la Drosophila, Vas
posseéde un large éventail de fonctions dans I'ovogenése, dans la formation des cellules
germinales et dans la segmentation abdominale embryonnaire. La séquence de Vas contient une
région central qui est hautement conservée entre les différentes protéines DEAD-box et qui est
suffisante pour son activité hélicase in vitro. Comme beaucoup d'autres protéines DEAD-box, le
domaine central de Vas est flanque en N- et C-terminal par des séquences divergentes, dont les
fonctions n'ont pas été bien étudiées. La recherche présentée dans cette these applique une
approche de mutagenese systématique pour examiner les réles des différents motifs présents dans
ces régions flanquantes. Nous démontrons que l'intervalle 140-200 de la région N-terminale, pres
du domaine central, contient des éléments essentiels pour la localisation de Vas au nuage et au
plasm polaire. Cela explique en partie la fonction perturbée de Vas**?% dans le silencage des
transposons, la traduction de Gurken, la segmentation abdominale des embryons et la formation
des cellules germinales. En outre, nous démontrons que le remplacement du motif RGG par le
motif AGG dans la région N-terminale diminue significativement l'activité de Vas dans la

formation des cellules germinales.

Nos analyses sur la région C-terminale révelent qu le motif 636-646 est nécessaire pour la
localisation condensée de composants du plasm polaire a la région postérieure des embryons. Ce
motif est conservé parmi les orthologues de Vas provenant d’espéces de Drosophila étroitement

liées. Les embryons des femelles vas?®3©%4

produisent des bourgeons polaires dont la plupart
régressent a cause de quantités insuffisantes de composants du plasm polaire. Par ailleurs, la
plupart des orthologues de Vas se terminent par un motif fortement acide contenant également un
tryptophane conservé, Trp660. L'élimination compléte de ce motif 655-661 ou le changement du
Trp660 pour un acide glutamique abolit I'activité de Vas dans le développement des cellules
germinales. De plus, ceci compromet gravement la traduction de Gurken, le silencage des
transposons et la segmentation abdominale embryonnaire. Nous avons également observé qu’en
dépit d'étre hautement conservé, Trp660 pourrait étre remplacé par une phénylalanine, un autre

résidu aromatique hydrophobe, pour la plupart des fonctions de Vas dans I’ovogenese et dans la

formation des cellules germinales.
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Ensemble, ces analyses indiquent qu’il est possible d’analyser les différentes fonctions de
Vas par des mutations de motifs spécifiques. Les approches biochimiques ou génétiques, telle
que le criblage double-hybride qui a aussi été appliqué dans cette étude, pourraient explorer
I'effet de ces mutations sur les complexes de ribonucléoprotéines associés a Vas.



Preface

The germ cell lineage is responsible for producing new individuals in most multi-cellular
organisms, and thus provides a cellular continuity between generations. A complex network of
regulatory genes, which in many cases are conserved across species, functions to safeguard germ
cell specification, maintenance, and migration. One highly conserved component, whose
function is required at multiple stages of germ cell development in various species, is the RNA
helicase, Vasa (Vas). We used Drosophila, as a versatile genetic system, to study different
aspects of Vas function in germline. The first chapter overviews common mechanisms of germ
cell specification across the metazoans, with a particular focus on Drosophila. Distinct functions
of Vas in Drosophila oogenesis, germ cell formation and embryonic patterning are discussed. In
addition, Vas orthologs in other animal models and in human are reviewed. This chapter also
summarizes our knowledge of the functional elements in Vas structure, and the questions that

remain to be answered.

Chapter 2 presents data obtained from a systematic mutagenesis approach that we applied to
target various motifs in the poorly studied N- and C-terminal regions as well as the highly
conserved core helicase domain of Vas. These mutations were characterized for their effects on
Vas localization and functions during oogenesis, and early embryogenesis. Through this study
several elements in the N- and C-terminal regions of Vas were specifically linked to different

functions of Vas in piRNA biogenesis, Gurken translation and germ cell specification.

The structure-function analyses presented in chapter 2 revealed that a C-terminal motif (655-
661), containing several acidic residues and a highly conserved tryptophan, Trp660, is essential
for Vas function in germ cell formation. Interestingly, the Trp residue is specifically found in
Vas orthologs and, unlike conserved residues in the helicase domain, is not shared among
DEAD-box proteins. Thus we subsequently focused our studies on the role of Trp660 in various
Vas functions, through non-conservative or conservative substitutions. Results of these analyses
are included in a manuscript presented in chapter 3, which we are currently finalizing. In
addition, we applied biochemical and genetic approaches, particularly a yeast two-hybrid assay,

to explore Vas protein interactome in response to deletion of motif 655-661 or mutation of Trp



660. Results of these experiments are briefly presented in chapter 3, and discussed with more

details in appendix B.

Chapter 4 further discusses some of the results presented in the previous chapters, and
suggests follow-up experiments. Potential approaches to overcome the technical challenges that
we faced in some of our experiments, and possible directions for future studies of Vas are also

discussed in this chapter.
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Chapter 1: Literature review

1.1 Overview

In sexually reproducing animals a population of cells, called germ cells, is set aside during
early development, to give rise to gametes in the adult gonads. Various mechanisms, which in
many aspects are similar between different species, ensure specification and maintenance of
germ cells, their ability to migrate to the gonads, and to undergo meiosis and sex-specific
differentiations. Our knowledge of these mechanisms will help to understand developmental
processes relevant to human infertility, or other pathological conditions that result from ectopic

activation of germline-specific pathways.

The DEAD-box RNA helicase, Vasa (Vas), is expressed in the germline of various
organisms and plays critical roles in germ cell development. vas has been studied most
extensively in Drosophila melanogaster, where its functions are required in different stages of
oogenesis and germ cell formation. These studies show that Vas associates with different
ribonucleoprotein complexes, and regulates translation of germ cell-specific mMRNAS; however,

the exact mechanisms of Vas functions are still incompletely understood.

In this literature review | first address the key events during germ cell development in the
context of the best-studied animal models, and then outline different functions of Vas orthologs
in germ cell development. In addition many studies, which will be reviewed here, have reported
that Vas functions in somatic stem cells and is also ectopically expressed in several types of
cancer. | will further discuss structural features and cellular functions of DEAD-box proteins,
and more specifically focus on the few previous studies that provide insights into Vas structure

and its interactions with other proteins or mMRNA.

1.2 Inductive or epigenetic germ cell specification

In mice and many other mammals, primordial germ cells (PGCs) are specified after
implantation of the blastocyst. A small group of cells in the posterior proximal region of the

epiblast receive inductive signals from extraembryonic ectoderm (EXE) and visceral endoderm



(VE), instructing them to adopt a PGC fate (Fig. 1.1 A; Hayashi et al., 2007; Tsang et al., 2001).
Members of the bone morphogenetic protein (BMP) family, such as BMP4, BMP8b and BMP2,
which are secreted from EXE and VE, are identified as some of these inductive signals (Lawson
et al., 1999; Ying et al., 2000; Ying and Zhao, 2001). The BMP signal transducers, Smads, are
expressed in the epiblast at the same time and are necessary for germ cell formation (Chang and
Matzuk, 2001; Saitou et al., 2002; Tremblay et al., 2001). In a dose-dependent manner Smad-
mediated BMP signaling induces expression of the transcription repressor, Blimpl/Prdml, in a
few cells in posterior proximal epiblast (Arnold et al., 2006; Kurimoto et al., 2008). Blimp1 is
critical for lineage-restriction of PGCs through suppressing expression of somatic genes such as
Hox genes (Ohinata et al., 2005). In complex with PRMT5, the arginine histone
methyltransferase, Blimpl further orchestrates specific epigenetic modifications in germ cells to
maintain pluripotency during their migration into gonads (Hayashi et al., 2007). The epigenetic
reprogramming of epiblastic cells into PGCs has been recapitulated in mouse pluripotent stem
cells (PSCs), through a transient state called epiblast-like cells (EpiLCs), by either addition of
BMP4 into the culture or over-expression of Blimpl (Hayashi et al., 2011).

Upon their migration to the gonadal ridges, at E10.5-E11.5, PGCs start to express factors,
such as the RNA-binding proteins Dazl and Vasa (Vas), which are required for their maturation
and survival (Castrillon et al., 2000; Gill et al., 2011). Over-expression of Dazl and Vas
promotes meiotic progression in pluripotent human embryonic stem cells (hESCs) in vitro
(Medrano et al., 2012). It is proposed that the divergent RNA binding proteins such as Vas,
Nanos (Nos), Pumilio (Pum) and Piwi, which are up-regulated in germ cells, are involved in
translational control of meiosis-related genes. Shortly after gonadal colonization, PGCs acquire
sex-specific properties, which include a specific DNA methylation profile and, in females, X-
inactivation based on the microenvironment of the gonadal niche (Martinez-Arroyo et al., 2014).
Pluripotency ends by this stage although some markers associated with pluripotency continue to
be expressed even in the gonial stem cells (Leitch and Smith, 2013). Germ cells that enter fetal
ovaries start meiosis but are arrested in late prophase of meiosis I until puberty, whereas in the
fetal testis, as a result of meiosis inhibitors, germ cells do not start meiosis and instead remain in

a mitotic arrest (McLaren, 1995).
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Fig. 1.1 Germ cell specification in different model organisms, A. In mice precursors of
primordial germ cells (PGCs) first appear in the posterior proximal epiblast (epi) at ~E6.25, in
response to signals from extra-embryonic ectoderm (EXE) and visceral endoderm (VE). A cluster
of about 40 PGCs then derive from these cells at the base of allantois at ~E7.25 (Saitou &
Yamaji, 2012). B. P granules (PGs) in C. elegans are first distributed throughout the 1-cell
embryos, but become asymmetrically segregated into germline (P1, P2, P3, P4) blastomeres
during the first four cell divisions. P4 divides only once during embryogenesis to produce the
two PGCs, Z2 and Z3 (Hubbard and Greenstein, 2005). C. Germ plasm (GP) in Xenopus
originates within the “mitochondrial cloud” (MC) in previtellogenic oocytes, and becomes
localized at the vegetal pole at the onset of vitellogenesis. With embryonic cleavage germ plasm
becomes incorporated into a small number of blastomeres, which give rise to PGCs at the
gastrula stage (King, 2014). D. In Zebrafish (Danio rerio) germ plasm components, which are
initially anchored to the vegetal cortex translocate to the animal pole and localize at the distal
ends of cleavage furrows in 2-cell and 4-cell embryos. With subsequent cell divisions germ
plasm becomes asymmetrically segregated into only four cells until 1K-cell stage. During 4K-
cell stage germ plasm spreads in the cytoplasm of the cells, which divide and produce PGCs in
four different positions within the embryo (Raz, 2003). E. In Drosophila pole plasm (PP) is
localized at the posterior region of early embryos. At stage 3 pole cells bud off from the
posterior pole, and their nuclei undergo two more divisions before they cellularize at stage 4.
Cellularization of the somatic cells occurs during stage 5 (Santos and Lehmann, 2004).



1.3 Preformation mode of germ cell development

In many organisms, including Drosophila, C. elegans, Xenopus and zebrafish, there is a
physical continuity of germline across generations, meaning that a specific cytoplasmic region in
the oocyte, termed germ plasm, contains maternally inherited mRNA-protein complexes that
segregate into subsequently developing PGCs (Lesch and Page, 2012). Work in Drosophila
shows that transplantation of germ plasm, which is formed at the posterior pole and thus is often
called pole plasm, to the anterior region of oocyte induces ectopic germ cells, providing evidence
that germ plasm contains all the necessary factors for germ cell specification (lllmensee and
Mahowald, 1974). In the next sections characteristics of predetermined germ cell formation that

have been studied in model organisms will be discussed.

1.3.1 Caenorhabditis elegans

In C. elegans non—membrane-bound organelles composed of maternally encoded protein
and RNAs, referred as P granules, are dispersed in the cytoplasm of the one-cell embryo (Fig. 1.1
B). During four subsequent asymmetric cell divisions, the mitotic spindles are displaced toward
one side of the cell, where P granules also accumulate; thus the smaller daughter cell inherits
most of the germ cell determinants and develops into germline (P) lineage. P4 divides only once
to form two PGCs, Z2 and Z3, which remain arrested in G2 until the mid-L1 stage (Goénczy and
Rose, 2005; Strome, 2005).

There is evidence in C. elegans for three key mechanisms that mediate germ cell
specification and maintenance: 1) transcriptional inhibition of somatic fate-inducing genes, 2)
translational regulation of germ cell specific mMRNA, and 3) establishment of appropriate
chromatin structure required for transcriptional silencing. One of the P granule components is the
CCCH-type zinc finger protein, PIE-1, which acts as a transcription repressor (Mello et al., 1996;
Seydoux et al., 1996). PIE-1 inhibits phosphorylation of the RNA polymerase Il C-terminal
domain (CTD) by CDK®9, and thus suppresses transcription of somatic genes at the elongation
step (Zhang et al., 2003). P granules are also enriched for numerous RNA-binding proteins,
several of which are implicated in translational control (Lee et al., 2006). nos-1 and nos-2,
required for PGC development in C. elegans, are related to Drosophila nanos (nos), which has

known functions in translational regulation during germline development (Parisi and Lin, 2000;
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Subramaniam and Seydoux, 1999). Translation of nos-2 is suppressed in the oocyte and in the
germline blastomeres until the 28-cell embryo stage by several maternal RNA-binding proteins,
namely OMA-1, OMA-2, MEX-3 and SPN-4, and then is specifically activated in P4 by POS-1
(D'Agostino et al., 2006; Jadhav et al., 2008). The transcriptionally repressed state of germline
precursors, Z2 and Z3, is also governed by a compact configuration of numerous chromatin
domains (Wang and Seydoux, 2013). Four chromatin regulating genes, mes-2, 3, 4 and 6, were
identified in a screen for maternal factors involved in fertility (Capowski et al., 1991). The
unique chromatin architecture is associated with a decrease of the active chromatin mark,

H3K4me2, and is a conserved feature of germ cells (Furuhashi et al., 2010; Schaner et al., 2003).

Z2 and Z3 begin proliferating in mid-L1 concurrent with division of somatic precursors,
which produces the somatic gonad primordium and the two distal tip cells (DTCs), each capping
one gonad arm (Pazdernik and Schedl, 2013). A robust proliferation of germ cells occurs in L4,
in the distal mitotic zone of the gonads in response to signals from DTC. At the same time germ
cells that are some distance away from the DTC enter the meiotic cycle, which is regulated by a
complex network of genes (Kimble and Crittenden, 2005). For example, mRNAs such as gld-1,
2, 3 and nos-3, which promote meiosis progression, are repressed in the proximal cells to DTC
by the RNA-binding proteins, FBF1 and FBF2, expressed in response to Notch signalling from
DTC (Crittenden et al., 2002; Lamont et al., 2004). In hermaphrodites, spermatogenesis occurs in
L4 and oogenesis in the adult stage. Oocyte arrests during meiotic prophase, and its maturation,
which in turn stimulates ovulation, is triggered by the signals from sperm (Hubbard and
Greenstein, 2005). On the contrary, sperms complete meiosis without any arrest, while their final

maturation as motile spermatozoa occurs after they enter into the spermatheca.

1.3.2 Xenopus laevis

Maternal mRNA and protein localization in Xenopus, which takes place during the course
of oocyte differentiation and growth, is critical for germ cell formation and embryonic
patterning (Kloc et al., 2001). This process depends on the polarized cytoskeleton, the trans-
acting factors, and for mRNAs the cis-acting elements in the 3" UTR (Deshler et al., 1998;
Forristall et al., 1995; Havin et al., 1998; King et al., 2005). Germ plasm first appears within the
mitochondrial cloud, a distinctive cytoplasmic structure enriched for mitochondria and electron-

dense granulofibrillar material in the previtellogenic oocyte, and contains a large group of germ
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cell-specific maternal factors (Fig. 1.1 C; Heasman et al., 1984; Ikenishi, 1998; King, 2014)
Mitochondrial cloud disperses after vitellogenesis, and fragments of germ plasm become
anchored to the vegetal cortex. After fertilization and during cleavage germ plasm segregates
into the vegetal blastomeres which will develop into PGCs (Strome and Updike, 2015;
Whitington and Dixon, 1975). PGCs then move laterally toward the presumptive gonadal ridge
and remain quiescent until three weeks of age (Kataoka et al., 2006; Wylie and Heasman, 1976).
For the first time in vertebrates it was shown that germ plasm ectopically transplanted into
animal hemisphere of Xenopus embryos could induce formation of PGC-like cells, which
however fail to migrate from the ectopic position towards the genital ridge (Tada et al., 2012).
When gonads become sexually differentiated PGCs start their mitotic divisions and differentiate
into spermatogonia and oogonia. Primary oogonia multiply to produce groups of 16
interconnected oogonia called the cysts. The cells in each cyst enter meiosis in synchrony and
produce oocytes, which in late pachytene become separated from each other, and individually
surrounded by follicle cells. Oocytes arrest in diplotene and wait for the permissive hormonal
condition, which may take years, before meiosis maturation. All the vegetally localized RNAs,
which are critical for PGC formation, mesoderm induction and axis determination, are already
anchored to their final destination in the meiotically arrested oocyte (Hausen and Riebesell,
1991; Kloc et al., 2001).

1.3.3 Zebrafish (Danio rerio)

The first confirmation of predetermined germ cell specification in zebrafish came from in
situ hybridization experiments in whole mount early embryos, showing that the germline-specific
MRNA, vas, is present in the embryos as early as in the two-cell stage, and localizes along the
cleavage planes (Fig. 1.1 D; Yoon et al., 1997). With consecutive cell divisions and until the
1000-cell stage the vas-containing germ plasm is segregated to only four PGCs, which then start
to divide and produce around 25-50 PGCs before 4000-cell stage. Furthermore, ablation of the
cytoplasm at the distal ends of cleavage furrows at four-cell stage, where vas and nos1 mRNAs
are localized, results in significantly decreased number of PGCs, indicating the essential role of

maternally supplied factors for germ cell specification (Hashimoto et al., 2004).

Large scale screens to find tissue-specifically expressed genes in zebrafish identified several

factors that are expressed in the germline (Koprunner et al., 2001; Kudoh et al., 2001). Among
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these a nanos-related gene (nosl) is specifically expressed in PGCs, and its translational
inhibition using morpholinos results in severe defects in PGC development (Koprunner et al.,
2001). Furthermore, in zebrafish PGC migration is unique in that germ cells are specified in four
different positions within the embryo before gastrulation, and PGCs need to find their migratory
path to the gonads regardless of their starting point. This complex phenomenon, which involves
active movement of PGCs, relies on directional cues from somatic tissues (Paksa and Raz, 2015;
Weidinger et al., 1999; Weidinger et al., 2002). In screens to identify genes involved in PGC
migration zebrafish has been used as a more practical vertebrate model than mouse, partly due to
its extrauterine development and the large number of offspring (Patton and Zon, 2001). These
studies have led to discovering critical genes such as cxcr4b, which is a chemokine receptor
expressed in PGCs during their migration (Knaut et al., 2003). Cxcr4 and its ligand Sdf1/Cxcl12
are also involved in neuronal-cell migration, tumor cell metastasis and stem cell mobilization in
mammals (Chatterjee et al., 2014; Mukherjee and Zhao, 2013; Petit et al., 2002; Tiveron and
Cremer, 2008; Yang et al., 2015a).

1.3.4 Drosophila melanogaster

Due to numerous experimental advantages, Drosophila has been used for the most
comprehensive studies on predetermined mode of germ cell specification. Drosophila heavily
relies on maternally supplied proteins and mRNA for early development, and thus requires
posttranscriptional regulation mainly at the level of mMRNA localization and translation (Becalska
and Gavis, 2009; Lasko, 2012). Nurse cell-produced materials including germ cell determinants
are unidirectionally transported to the oocyte via polarized microtubules (MTs), which in stage
2-6 oocytes emanate from microtubule organizing center (MTOC) at the posterior region and
extend their plus ends through the ring canals into the nurse cells (Harrison and Huebner, 1997;
Roth and Lynch, 2009; Weil, 2014). In stages 7-10a (mid-oogenesis), MTs reorganize,
presumably in response to the signals from the posterior follicle cells, and emanate from the
lateral and anterior cortex with a biased random polarity toward the posterior (Parton et al., 2011;
Steinhauer and Kalderon, 2006; Zimyanin et al., 2008). Germ cell components then become
localized to the pole plasm at the posterior region of the oocyte (Fig. 1.1 E). Different
mechanisms have been reported for successful localization of germ cell determinants (Meignin

and Davis, 2010): 1) degradation in the bulk of cytoplasm and stabilization at the posterior pole,



as observed for nos MRNA (Zaessinger et al., 2006), 2) diffusion and anchoring, for example,
reported for cyclin B, germ cell-less (gcl) and nos (Forrest and Gavis, 2003), 3) active transport
mediated by motor proteins and cis elements in 3' UTR of mMRNAs such as oskar (osk) (Clark et
al., 2007; Zimyanin et al., 2008), and 4) localized translation of proteins such as Osk exclusively
in the pole plasm (Kim-Ha et al., 1995). Following fertilization and during syncytial divisions,
pole plasm complexes are recruited by posterior nuclei through a dynein-mediated transport on
the astral microtubules emanated from centrosomes (Lerit and Gavis, 2011). By this mechanism
germ plasm becomes segregated into the pole buds, which pinch off from posterior region at
mitotic cycle 9 (stage 3; Campos-Ortega and Hartenstein, 1985) and undergo two more divisions
before cellularization at the end of cycle 10 (early stage 4). Nuclear divisions at the posterior
region are asynchronous and lag behind the somatic divisions. Germ cell precursors then enter a
prolonged quiescence until arriving in the presumptive gonads in late embryogenesis (Su et al.,
1998). The mitotic quiescence is partly due to translational repression of cyclin B by RNA-

binding proteins Nos and Pum (Asaoka-Taguchi et al., 1999).

Transcriptional quiescence is a key feature of germ cell development during early stages,
and often depends on inhibition of RNA polymerase 1l phosphorylation (Seydoux and Dunn,
1997). In Drosophila polar granule component (pgc), which localizes to the pole plasm and
becomes translated as a small protein, is involved in suppression of mMRNA transcription in germ
cells (Hanyu-Nakamura et al., 2008; Timinszky et al., 2008; section 1.4.5). Transcriptional
quiescence in germ cells continues until 3.5 hours after egg laying (stage 8), in contrast to the
somatic cells that start their zygotic transcription after 1 hour (Van Doren et al., 1998; Zalokar,
1976). In addition, maintenance of germline lineage is governed by epigenetic regulation such as
reduced methylation of histone H3 (H3meK4), which in germ cells unlike somatic cells persists
until stage 9 of embryogenesis (Schaner et al., 2003). In the absence of transcription in germ
cells translational control of pre-existing mMRNAs becomes important. Supporting this notion
several RNA-binding proteins, including Nos and Pum, which are known as translation
inhibitors, and Vas, a translational activator, are present in the germ cells (Irish et al., 1989;
Johnstone and Lasko, 2004; Wreden et al., 1997). Furthermore, identification of germ cell-
specific isoforms of elFAE and elF4G suggests selective translation of mRNAs in the germline
(Ghosh and Lasko, 2015; Hernandez et al., 2006).



During gastrulation germ cells start a passive migration mediated by posterior midgut
invagination. At late stage 10, concomitant with germ band retraction, germ cells actively cross
the midgut endoderm to find their way to the gonadal mesoderm, and by stage 13-14 germ cells
condense with the somatic gonad cells on each side of embryo (Richardson and Lehmann, 2010).
Transepithelial migration depends on transient intercellular gaps between epithelial cells, and
activation of G-protein coupled receptor, trapped in endoderm-1 (tre-1), on germ cells, which
triggers cytoskeletal remodeling and mediates extension of pseudopodia (Jaglarz and Howard,
1995; Kunwar et al., 2003).

Germ cells exit G2 mitotic phase arrest by entering gonads, concurrent with an increase in
their transcription (Su et al., 1998; Zalokar, 1976). At the same time germ cells start their sex-
specific differentiation both as a result of internal cues, such as expression of Sex lethal (SXL) in
females, and signals from surrounding somatic cells (Hashiyama et al., 2011). In Drosophila
meiosis begins around the time of pupation; males produce sperms by the time of eclosion and

females produce eggs a few hours after (Lesch and Page, 2012).

For the purpose of this thesis a summary of Drosophila oogenesis is presented. Details of
spermatogenesis in Drosophila are reviewed by Fabian and Brill (2012). In adult females each
ovary is composed of several ovarioles, which are considered as egg production units. At the
anterior tip of each ovariole there is a morphologically distinct region called germarium,
accommodating germline stem cells (GSCs). Asymmetric divisions of these GSCs are regulated
by somatic cells present in the niche, and result in two daughter cells, one of which is another
stem cell and the second differentiates into a cystoblast (CB). Each CB undergoes four mitotic
divisions to produce a cyst of 16 interconnected germ cells, in which one cell differentiates into
oocye and the others become nurse cells. Germline cysts that leave the germarium at this stage
are called egg chambers. Meiosis in ovaries starts in the germline cysts, where two cells among
16 start meiosis but only one differentiates into an oocyte and remains in prophase | until late
oogenesis. The oocyte then proceeds to metaphase I, where it is arrested again until fertilization
(Ables, 2015; Lehmann, 2012). Egg chamber polarity, which includes posterior position of
oocyte and differentiation of epithelial follicle cells, is established via reciprocal interactions
between germline and somatic follicle cells (Assa-Kunik et al., 2007; Roth and Lynch, 2009;

Torres et al., 2003). The oocyte itself is also polarized through a process that originally depends
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on the cyst structure, and becomes more pronounced as the egg chambers develop. Oocyte
polarity is internally linked to reposition of microtubule organizing center (Grieder et al., 2000;
Steinhauer and Kalderon, 2006; Theurkauf et al., 1992). Anterior posterior (AP) axis
establishment in the oocyte is associated with asymmetric localization of key mRNAs, such as
bicoid (bcd) and oskar (osk) to the anterior and posterior poles, respectively (Berleth et al., 1988;
Ephrussi et al., 1991). Similarly dorsal ventral (DV) axis is determined by nucleus position and,
tightly associated with that, mMRNA localization of a TGF-a-like protein, Gurken (Grk), in the
future dorsal anterior corner (Neuman-Silberberg and Schupbach, 1993). Oocyte patterning
determines polarization of the overlaying epithelial follicle cells, which is critical for proper
development of egg shell structures such as respiratory appendages and the micropyle in the
anterior-dorsal side of the egg (Berg, 2005). During stages 10B and 11 nurse cells transport their
cytoplasmic content to the oocyte and undergo apoptosis (Cavaliere et al., 1998). Mature oocyte
(stage 14) becomes activated and completes meiosis as it passes through the oviduct (Horner and
Wolfner, 2008; Mahowald et al., 1983).

1.4 Structure and components of pole plasm in Drosophila

The critical role of pole plasm in Drosophila germ cell formation was first demonstrated by
UV-irradiating the posterior pole of the fertilized eggs, which resulted in sterile flies (Geigy,
1931). Germ cell formation was restored in these embryos by transplantation of a new pole
plasm (Okada et al., 1974). In addition, it is shown that ectopic transplantation of pole plasm
results in ectopic formation of pole cells, suggesting that posterior cytoplasm contains all the
necessary components for germ cell formation (lllmensee and Mahowald, 1974). Ultra-structural
analyses show that the main components of germ plasm, the polar granules, first appearing in the
posterior region at stage 9, are composed of a non-membrane bound fibrous meshwork. These
structures become associated with the surface of mitochondria in the older oocytes, and the
ribosomes in the activated egg (Mahowald, 1968; Mahowald et al., 1983).

The full composition of polar granules is not clear but several mRNA or proteins, including

osk, nos, Tudor (Tud), Vas, gcl and pgc are found localized to the pole plasm, and play important
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roles in pole plasm assembly, germ cell formation and/or posterior abdominal segmentation.

Some of these components will be discussed in the next sections.

1.4.1 oskar

osk mRNA is synthesized in the nurse cells and is transported into the oocyte via a dynein-
mediated movement toward the minus ends of microtubules (MTs), which emanate from nurse
cells to the oocyte. This process depends on two proteins, Bicaudal D (BicD) and Egalitarian
(Egl), which couple mRNA cargoes to dynein motor proteins (Bullock and Ish-Horowicz, 2001;
Clark et al., 2007). Stable localization of osk to the posterior pole, which is observed from stage
8 onward, depends on reorganization of MTs in mid-oogenesis (Kim-Ha et al., 1991; St
Johnston, 2005). Imaging osk mRNA particles in live oocytes indicates an active, but random,
walk to all directions along a weakly polarized MT network, which nevertheless results in a
robust localization to the posterior region (Parton et al., 2011; Zimyanin et al., 2008). Several
trans-acting proteins have been implicated in osk localization. The double stranded (dsRNA)-
binding protein, Staufen (Stau), colocalizes with osk and is required for its accumulation in the
pole plasm by a proposed mechanism that depends on the interaction between Stau and Kinesin
(Kim-Ha et al., 1991; St Johnston et al., 1991). Cytoplasmic localization of osk in oocyte
depends on its mRNA splicing in the nurse cell nucleus (Hachet and Ephrussi, 2004), and its
associations with core proteins of exon junction complex (EJC), such as Mago Nashi (Mago) and
Barentsz (Btz) (Mohr et al., 2001; van Eeden et al., 2001).

Spatio-temporal restriction of Osk in oocyte not only requires mMRNA localization, but also
strictly depends on its translational control. Unlocalized osk mRNA is translationally repressed
to avoid ectopic expression of Osk and its detrimental consequences for embryonic patterning.

Mechanisms of translational regulation of Osk are discussed in section 1.6.2.

Osk is required for localization of all other pole plasm components, including Vas, Tud and
nos (Mahowald, 2001). A hybrid RNA, in which the 3’ UTR of osk is replaced with that from
becoid (osk-bcd 3" UTR), localizes to the anterior region of oocyte, and induces ectopic germ cell
formation, indicating that osk is the most upstream components in pole plasm assembly
(Ephrussi and Lehmann, 1992). However, when osk-bcd 3" UTR was expressed in mutant

backgrounds of vas or tud it failed to induce ectopic germ cells, showing that vas and tud are also
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required for pole plasm assembly. A recent crystal structure analysis of Osk together with
genetic and biochemical assays provide evidence that Osk contains RNA binding domains, and
point to the possible roles of Osk in mMRNA localization, stability and translation (Yang et al.,
2015b). osk mRNA is translated as two isoforms, short and long Osk (Markussen et al., 1995).
While short Osk recruits components of the pole plasm, including Vas, the long isoform is
required for anchoring of these factors, including Osk itself, to the posterior cortex (Vanzo and
Ephrussi, 2002). The latter depends on reorganization of actin cytoskeleton by long Osk via
recruitment of endosomal proteins, and thereby stimulating endocytosis (Babu et al., 2004;
Jankovics et al., 2002; Tanaka et al., 2011).

1.4.2 nanos

nanos (nos)-related genes have been identified in the germline of many vertebrate and
invertebrate organisms (Hashimoto et al., 2008; Jaruzelska et al., 2003; Koprunner et al., 2001,
Mochizuki et al., 2000; Mosquera et al., 1993; Subramaniam and Seydoux, 1999). In Drosophila
ovaries nos is expressed in GSCs and cystoblasts (CBs), and is also localized to the posterior
region of the oocyte, where it is translated and incorporated into the germ cells. Continued
expression of nos is observed throughout embryogenesis (Moore et al., 1998; Wang et al., 1994).
Nos, together with another RNA-binding protein Pum, blocks translation of the maternal mRNA,
hunchback (hb), thereby creating a gradient of Hb protein across the egg, which opposes the
steep posterior-anterior gradient of Nos (Murata and Wharton, 1995; Tautz, 1988). Hb acts as a
transcriptional activator of the genes essential for development of anterior structures; thus, its
repression in the posterior region is critical for abdominal segmentation (Lehmann and Nusslein-
Volhard, 1987). In addition to their role in abdominal patterning, Nos and Pum play roles in
germ cell maintenance and migration (Deshpande et al., 1999; Hayashi et al., 2004; Wang and
Lin, 2004). Germ cells cease mitosis shortly after their formation, being released from this
quiescence only after their arrival in presumptive gonads. This exit from mitosis is governed, at
least partly, by Pum- and Nos-dependent repression of CycB mRNA (Asaoka-Taguchi et al.,
1999). Unlike regulation of hb translation, where Nos plays its role by recruiting NHL-domain
protein, Brain tumor (Brat), translational repression of CycB is independent of Brat and requires
CCRA4-NOT deadenylase complex, recruited by Nos (Kadyrova et al., 2007). Nos is also required
for GSC self-renewal in a cell autonomous manner (Wang and Lin, 2004). As a result in nos
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mutants daughter cells from a GSC division both differentiate to germline cysts. This function of

Nos is likely through translational repression of unknown differentiation factors.

In the oocyte nos MRNA localization and translation are coupled to confine accumulation of
Nos protein to the posterior (Kugler and Lasko, 2009). nos mRNA is synthesized in the nurse
cells and is transferred to the oocyte starting in early oogenesis (stages 4-5); its posterior
localization however is detectable from stage 10 (Wang et al., 1994). In vivo studies show that
posterior localization of nos is independent of MTs or cytoplasmic streaming, and is
accomplished through a diffusion/entrapment mechanism requiring localization of other pole
plasm components such as Osk and Vas (Forrest and Gavis, 2003). Actin-dependent anchoring
then maintains nos RNA complexes in the posterior pole. Furthermore, degradation of nos
MRNA in the bulk cytoplasm is promoted by CCR4-NOT complex recruited to the 3' UTR of
nos by Smaug, an RNA binding protein, which is also involved in translational repression of nos
(Zaessinger et al., 2006; section 1.6.3). Degradation of maternal mMRNAs such as nos during
maternal to zygotic transition through CCR4-mediated deadenylation depends on the activity of
Piwi-interacting RNA (piRNA) pathway, otherwise better known for its function in transposon
silencing (Rouget et al., 2010). nos mRNA in its 3" UTR contains complementary sequences to
specific piRNAs, and its stabilization in mutants of aubergine (aub) and spindle-E (spn-E), two
piRNA pathway components, results in head development defects. With all these mechanisms
only 4% of nos mRNA is localized to the posterior; the vast majority is still diffused in the
cytoplasm (Bergsten and Gavis, 1999), suggesting a significant contribution from translational
regulation in spatial restriction of Nos. The experimental evidences for regulation of nos

translation are discussed in section 1.6.3.

1.4.3 Tudor

tudor (tud) gene was first discovered in Drosophila in a screen for maternal factors that
affect embryonic viability or fertility (Boswell and Mahowald, 1985). Tud is mostly dispensable
for oogenesis and posterior patterning of embryos, but the progeny from females homozygous
for a null allele of tud do not produce germ cells. Thus tud-null mutants are categorized as
“grandchildless” (Thomson and Lasko, 2004). Tud is a large protein containing 11 repeats of a
domain called Tudor domain (Ponting, 1997). Tudor domain binds methylated arginines or
lysines in target proteins, thereby mediating assembly of macromolecular complexes (Chen et
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al., 2011). Some Tudor domain proteins merely act as adaptors to connect effector proteins to
their substrates, but the majority also contain catalytic domains and could play the effector role.
Many Tudor domain proteins are involved in RNA metabolism pathways, including RNA
splicing or small RNA processing, through RNA binding domains of themselves or their arginine
methylated partners. In addition, a number of Tudor domain proteins regulate histone

modifications or DNA damage responses (Pek et al., 2012a).

In tud-null oocytes initial localization of osk and nos mRNAs and Vas protein to the pole
plasm is not affected although this localization diminishes in later stages (Thomson and Lasko,
2004). On the other hand localization of gcl and pgc, the two genes that are specifically involved
in germ cell development (section 1.4.5), is undetectable in these mutants, further supporting the
role of Tud in germ cell formation pathway. Electron micrographs indicate that in tud mutants
polar granules are significantly reduced in size and number, consistent with the failure to form
germ cells (Thomson and Lasko, 2004). It remains unknown if Tud function involves direct
binding to RNA, although sequence comparisons do not suggest a well-described RNA binding
motif in Tud (Thomson and Lasko, 2004). Tud binding to Aub, the piRNA component, is
required for localization of Aub to the pole plasm (Kirino et al., 2010b). Tud specifically targets
symmetrically dimethylated arginines (SDMASs) of Aub, in an interaction that is regulated by
Drosophila arginine methyltransferase 5 (dRMT5/Capsuleen) and its co-factor Valois (VIs), both
required for germ cell formation (Anne and Mechler, 2005; Anne et al., 2007; Kirino et al.,
2010b).

Tud and several other Tudor domain proteins including Tejas (Tej), with a dsSRNA-binding
domain; Spn-E, a DExH-box helicase; and Kumo/Qin, an E3 ligase, localize to the perinuclear
region of the nurse cells, the nuage (Anand and Kai, 2012; Findley et al., 2003; Patil and Kali,
2010). The perinuclear nuage is found in the germline of numerous animals, and is known as the

site for piRNA processing (Lim and Kai, 2007; see section 1.7.1).

1.4.4 Vasa

The first vas mutant alleles were found in screens for maternal-effect mutations that impair
embryonic patterning or germ cell formation (Schupbach and Wieschaus, 1986a, b). The vas
gene was subsequently cloned, and its sequence was found similar to the DEAD-box RNA
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helicase, eukaryotic initiation factor-4A (elF4A) (Hay et al., 1988b; Lasko and Ashburner,
1988). Immunostaining for Vas indicates that it localizes to the pole plasm and is present in the
pole cells and their germ cell derivatives in all stages of development (Hay et al., 1990; Lasko
and Ashburner, 1990). In the genetic hierarchy of pole plasm formation, vas is located
downstream of osk and stau, as mutants of these two genes do not display a posterior localization
of Vas. However, initial Vas localization is unaffected in mutants of most other pole plasm
components, including nos, tud, valois (vls), gcl and pgc (Jongens et al., 1992; Lasko and
Ashburner, 1990; Nakamura et al., 1996). Homozygous females for vas hypomorphic alleles
produce embryos which lack polar granules, fail to form germ cells and exhibit defects in
abdominal segmentation (Schupbach and Wieschaus, 1986b). vas-null females have aberrant
ovarioles with the majority of oocytes not reaching vitellogenic stage, indicating additional roles
for vas in oogenesis (Styhler et al., 1998; see sections 1.6.5, 1.7.2, 1.8). On the contrary, vas
mutant males are fertile, indicating that Vas is dispensable for spermatogenesis (Lasko and
Ashburner, 1988; Renault, 2012). Extensive studies have provided significant insights into Vas
functions; yet the exact role of Vas in pole plasm is not well understood, confounded by the fact
that vas mutations abolish pole plasm assembly altogether, thus providing little information
about specific Vas interactions. RNA binding is not required for Vas localization to the pole
plasm (Liang et al., 1994); however, this activity might mediate mRNA anchoring of the other
components to the posterior region. In vas mutants, consistent with defects in abdominal
segmentation, posterior localization of nos mRNA is abolished (Gavis and Lehmann, 1992);
however, there is no direct evidence that VVas binds specifically to nos mRNA. Vas is an essential
component of polar granules, which are enriched for many germline-specific RNAs (Hay et al.,
1988b). Although the functional nature of polar granules remains elusive, presence of RNA-
binding proteins, such as Vas, in polar granule structure suggests a role for them in
posttranscriptional regulation of RNA. In addition, strong evidence supports Vas function in
translational activation (section 1.6.5, 1.12), outside of pole plasm. By a similar mechanism Vas
may derepress translation of proteins, such as Nos or Osk, in the pole plasm, for the latter
perhaps after its initial translation through another mechanism.

Vas localization is not limited to pole plasm, and is detected through all stages of oogenesis.
Vas accumulates in the GSCs and CBs in the germarium, becomes localized to the perinuclear

region of nurse cells soon after their specification in the cysts, and is transported from nurse cells
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to the oocyte from stage 8 onward. Posterior localization of Vas becomes detectable at stage 10a
(Lasko and Ashburner, 1990). Live imaging of GFP-tagged Vas and Aub indicates that nuage
particles become displaced to the cytoplasm of nurse cells and then enter the oocyte through ring
canals (Snee and Macdonald, 2004). This study argues against the previous model suggesting
that pole plasm is directly formed from the nuage fragments, by providing evidence that Vas
becomes dissociated from these precursors and is later entrapped in the pole plasm, after its de
novo nucleation by Osk. The direct interaction between Vas and Osk is essential for pole plasm
assembly, as long Osk, which has significantly lower affinity to VVas compared to short Osk, is
not able to induce ectopic Vas localization and germ cell formation in the anterior region
(Breitwieser et al., 1996). Furthermore, persistent trafficking of pole plasm components, such as
Vas, on cortical microtubules, mediated by dynein, is required for their retention at the posterior
cortex (Sinsimer et al., 2013).

Vas can be co-purified from Drosophila ovaries and embryos with the ubiquitin-specific
protease Fat facets (Faf), which also localizes to the pole plasm (Huang et al., 1995; Liu et al.,
2003). Embryos from faf mutant females form fewer pole cells than wild-type, consistent with
decreased levels of Vas and its posterior localization in these mutants. In addition, Vas purified
from faf ovaries is highly ubiquitinated, suggesting that Vas is stabilized in pole plasm through
its Faf-dependent deubiquitination. Vas ubiqutination in pole plasm is also modulated by the two
ubiquitin Cullin-RING E3 ligase specificity receptors, Fsn and Gustavus (Gus), which both bind
to the same motif (DINNN) on Vas (Kugler et al., 2010; Styhler et al., 2002). fsn mutants show a
precocious accumulation of Vas in pole plasm, whereas gus mutants additionally lacking one
copy of cullin-5, exhibit delay in posterior localization of Vas. While Fsn clearly acts as a
negative regulator of Vas stability, the function of Gus is more complex, as its over-expression

also reduces levels of Vas in the ovaries.

1.4.5 germ-cell less and polar granule component

germ-cell less (gcl) was first identified in a screen for grandchildless mutants (Jongens et al.,
1992). Both gcl transcript and protein were found localized to the posterior pole depending on
localization of other germ cell determinants, such as osk, Vas and Tud. Gcl protein primarily
localizes to the nuclear envelope in germ cell precursors, and is often associated with nuclear

pore complex (NPC) (Jongens et al., 1994). Analysis of a null allele (gcl*) indicates that

17



maternal gcl is required for germ cell formation but not for embryonic patterning or viability
(Robertson et al., 1999). Germ cell defects start to appear at the time syncytial nuclei enter the
germ plasm to form the pole buds, and continue to increase until stage 14, the time pole cells
reach the embryonic gonad, resulting in only 32% of gcl* adults being fertile. Staining with H5
antibody, which recognizes a phosphorylated form of RNA polymerase 1l associated with active
transcription, indicates that most pole cells in gcl* fail to establish and maintain transcriptional
quiescence (Leatherman et al., 2002). Transcriptional repression by Gcl, which could be also
induced ectopically, is specific to a subset of genes rather than being global. Furthermore, Gcl is
implicated in a spindle-independent cleavage pathway that results in separation of pole buds
from embryo (Cinalli and Lehmann, 2013). Mis-expression of Gcl together with the contractile
ring components, Anillin, but not alone in the anterior region promotes ectopic PGC-like cell
formation, suggesting that the presence of these two proteins is the minimum requirement for

inducing the pole bud furrow.

polar granule component (pgc), which was first studied based on its specific localization to
polar granules, was originally considered a noncoding RNA (Nakamura et al., 1996), but was
later shown to encode a small protein (Hanyu-Nakamura et al., 2008). Through expression of an
antisense pgc RNA it was shown that pgc activity is required for germ cells to migrate and
colonize the gonads. In mutants with complete loss of pgc expression, germ cells ectopically
transcribe genes, such as zerknullt (zen) and tailless (tll), that in wt embryos are only expressed
in the somatic cells at the posterior region (Martinho et al., 2004). Consistent with this, RNA pol
II CTD phosphorylation on Ser2, and methylation of K4 in histone H3, which are both associated
with active transcription, are increased in pgc mutant germ cells (Kouzarides, 2002; Martinho et
al., 2004; Seydoux and Dunn, 1997). The 71-amino-acid Pgc polypeptide, like its RNA, is
specifically detected in pole cells (Hanyu-Nakamura et al., 2008). Supporting the previously
identified role of pgc in transcriptional quiescence of germ cells, Pgc protein was found to
directly interact with CDK?9, a component of Positive transcription elongation factor-b (P-TEFD),
which is responsible for phosphorylation of CTD Ser2 (Hanyu-Nakamura et al., 2008; Peterlin
and Price, 2006). Pgc did not have any effect on CDK9 kinase activity when tested in vitro,
however when ectopically expressed in salivary glands it prevented recruitment of P-TEFb to the

polytene chromosomes, which was associated with ~40% reduction in the level of
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phosphorylated Ser 2. Together these results suggest that in germ cells Pgc sequesters P-TEFb to

prevent its recruitment to active promoters (Hanyu-Nakamura et al., 2008).

1.5 DEAD-box family of RNA helicases

The DEAD-box protein family represents the largest group of helicases (Linder and Fuller-
Pace, 2013). These proteins unwind dsRNAs in an unprocessive manner, an activity requiring
ATP-binding and -hydrolysis.

1.5.1 The conserved helicase core

The highly conserved core is composed of two recombinase A (RecA)-like domains and
contains 12 characteristic motifs, which are involved in RNA binding, ATP binding and inter-
domain interactions (Fig. 1.2 A). The name of this family originates from motif Il, the Asp-Glu-
Ala-Asp (D-E-A-D) motif. A similar mechanism of duplex separation is utilized by all DEAD-
box proteins, whereby concomitant with ATP-binding the helicase core undergoes a
conformation change, closing the cleft between the two RecA domains (Chen et al., 2008; Linder
and Fuller-Pace, 2013; Rudolph and Klostermeier, 2015). The close state imposes a sharp bend
in the RNA strand, bound opposite to the ATP-binding site, and causes local duplex
destabilization and RNA unwinding. ATP hydrolysis occurs subsequently to restore open
conformation and release RNA before the helicase could start another catalytic cycle (Fig. 1.2
B).

Motifs Q, I (also known as the Walker A motif), Il (also known as the Walker B motif) and
VI are involved in ATP binding and hydrolysis; motifs 1a, 1b, 1c, IV, IVa and V mainly contain
residues, which interact with the sugar phosphate backbone of RNA; and motifs Il and Va
mediate inter-domain interactions which couple ATP binding with RNA unwinding (Cordin et
al., 2006; Linder and Jankowsky, 2011; Sengoku et al., 2006). These conserved motifs, however,
are often not restricted to one function and contain residues participating in different interactions;
for example, motif la, in addition to its well characterized role in RNA binding, is involved in
structural rearrangements upon ATP-binding (Schwer and Meszaros, 2000; Sengoku et al.,
2006).

19



Rec-Al Rec-A2

| la b Ic ] 111 1V IVa V Va VI

NH2
Mg2*
N,
(@)
HO HO
) n.

Fig. 1.2 Conserved structure and mechanism of function of DEAD-box proteins. A. DEAD-box
proteins share twelve conserved motifs in their core region, which are involved in RNA-binding
(blue), ATP-binding (red) and inter-domain communications (green). These motifs are arranged
within two Rec-A domains (Linder and Jankowsky, 2011). B. In DEAD-box proteins ATP-
binding, which occurs concomitant with RNA-binding, induces a closed conformation in the
protein, and results in RNA duplex separation (step 1). ATP hydrolysis and product (ADP and
Pi) release (steps 2, 3) are subsequently required for dissociation of unwound RNA and to reset
the enzyme for further catalytic cycles (steps 4) (Chen et al., 2008).
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1.5.2 Diverse flanking regions

elF4A, the prototypic member of DEAD-box protein family, is one of the few examples that
are only composed of a minimum helicase core domain (Linder et al., 1989). However, for a vast
majority of DEAD-box proteins the conserved core is flanked by N- and C-terminal sequences
(Hilbert et al., 2009; Rudolph and Klostermeier, 2015). Our knowledge of the core domain and
the mechanism of RNA unwinding has substantially increased by high resolution structure
analyses. Yet, little is known about the role of N- and C-terminal flanking sequences in substrate
recognition and catalytic activity, as very few studies have structurally analyzed full length
proteins. Some insight is gained through models constructed from the crystal structure of
overlapping fragments in conjunction with predicted homology structures. The Bacillus subtilis
YxiN and its Escherichia coli homolog, DbpA, which are implicated in ribosome biogenesis,
contain a C-terminal RNA-binding domain (RBD) (Diges and Uhlenbeck, 2001; Karginov et al.,
2005). This auxiliary domain has a high affinity for hairpin 92 of ribosomal 23S rRNA,
specifically through a GYYX stretch (Y = pyrimidine, X = purine/pyrimidine) (Hardin et al.,
2010). The YxiN RBD presumably acts as an anchor to direct unwinding activity of the helicase
core to the nearby duplexes and to tether the helicase on the RNA molecule during multiple
cycles of unwinding. Another example is Thermus thermophilus DEAD-box protein Hera, which
contains a dimerization domain (DD) and an RBD domain in its C-terminal region (Klostermeier
and Rudolph, 2009; Morlang et al., 1999). The RBD domain specifically mediates binding to
ribosomal RNA and RNAse P RNA through a GGXY stretch (Linden et al., 2008; Steimer et al.,
2013). In addition, the C-terminal region contains a flexible short basic tail, which interacts with
RNA duplexes, possibly mediating recruitment of the helicase core to these regions (Steimer et
al., 2013). Similar C-terminal tails, which loosely target structured RNAs for a subsequent strong
binding of the helicase core, have been found in two helicases involved in RNA splicing, Cyt-19
and Mss116 from Neurospora crassa and Saccharomyces cerevisiae, respectively (Grohman et
al., 2007; Mallam et al., 2011; Mohr et al., 2008). Mss166 is an interesting example as it also
contains a C-terminal extension (CTE) that forms a compact structural unit with RecA domain.
In this format the unwound ssSRNA emanating from helicase core faces a steric hindrance by the
CTE that causes a second bend in the RNA, thereby increasing the unwinding activity (Del

Campo and Lambowitz, 2009).
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In addition to cis regulatory flanking regions, the catalytic activity of DEAD-box proteins
can be modulated by their interacting partners in trans. A prominent example is regulation of
elF4A by elF4G, which binds to both Rec-A domains of elF4A and fixes it in a half-open
conformation (Hilbert et al., 2011; Schuetz et al., 2008). The RNA-binding site is not properly
aligned in this conformation, thus stimulating release of RNA. Another example is the
interaction between elF4A-I11, and Btz/MLN51, two components of the exon junction complex
(EJC) (Andersen et al., 2006). This interaction does not affect ATP hydrolysis but inhibits
product dissociation, a necessary step for releasing RNA (Nielsen et al., 2009).

1.5.3 Cellular functions of DEAD-box proteins

DEAD-box proteins have been implicated in a wide range of RNA-related processes

(Linder, 2010). Some of these cellular functions will be discussed in the next paragraphs.

MRNA splicing: Pre-mRNA splicing, which removes introns, entails two sequential
transesterification reactions. The splicing events, in most cases, are accomplished by a
spliceosome complex, composed of several small nuclear ribonucleoprotein (SnRNP) particles
(Clancy, 2008). The assembly of snRNP particles and the conformational changes in their
protein and RNA components as well as in the mRNA molecule, coordinate chemical steps
during splicing. This process utilizes ATP and is mediated by several members of the DEXD/H-
box protein family (Schwer and Meszaros, 2000). UAP56 is a ubiquitous DEAD-box protein
found in a wide range of organisms from yeast to human, and is involved in a series of pre-
MRNA splicing steps including U2 snRNP-branchpoint interaction (Shen, 2009). The yeast
DEAD-box protein, Prp28p, is required to destabilize the duplex between U1 snRNA and pre-
mRNA 5’ splice site, thereby promoting the U1/U6 exchange in the first step of splicing (Chen et
al., 2001). Furthermore, mRNA splicing is accompanied by the assembly of EJC upstream of
spliced junctions, mediated by spliceosomes. EJC remains on mRNA during its transport to the
cytoplasm, and recruits other transacting factors involved in post-transcriptional regulation (Le
Hir et al., 2016). For example, EJC acts as a molecular signature of splicing, whose presence
downstream of a premature stop codon marked by a terminating ribosome, would trigger
nonsense-mediated MRNA decay (NMD). The DEAD-box protein, elF4A-I111, is a component of
EJC and associates with the two other components, Y14 and Mago (Chan et al., 2004; Dostie and
Dreyfuss, 2002). The exact function of elF4A-111 in EJC is not known; one possibility is that
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consistent with its reported activity as a translational inhibitor, elF4A-I1l prevents premature
translation of MRNA in the nucleus or cytoplasm (Chan et al., 2004; Li et al., 1999).

MRNA export: Following post-transcriptional processes in the nucleus, the mature mRNA
needs to be exported through the nuclear pore complex (NPC) into the cytoplasm. The conserved
DEAD-box protein, Dbp5, binds the cytoplasmic NPC face, and through its function in RNP
remodeling, displaces mRNA from Nab2, which shuttles mRNPs from nucleus to cytoplasm
(Tran et al., 2007; Tseng et al., 1998). In addition, experiments in different organisms show that
mutations in UAP56 result in retention of polyadenylated RNA in the nucleus and provide
evidence that UAP56 couples mRNA splicing with nuclear export (Shen, 2009).

Translation initiation: elF4A, the founding member of DEAD-box protein family, is a
component of the cap-binding complex and is involved in translational regulation (Gingras et al.,
1999; Rogers et al., 2002). The role of elF4A in translation activation could be through
unwinding secondary structures in the 5’ UTR, or displacing translation inhibitors, which
otherwise prevent 40S subunit binding to mMRNA (Poulin and Sonenberg, 2003). The S.
cerevisiae protein Dedl, ortholog of Drosophila and human proteins Bel and DDX3, is another
DEAD-box protein implicated in translation (Chuang et al., 1997; Johnstone et al., 2005; Lee et
al., 2008). Ded1 further interacts with elF4G to form a Ded1l-mRNA-elF4F complex, which
accumulates in stress granules. Subsequent ATP hydrolysis by Dedl, acts as a switch to release
mRNA for completing translation (Hilliker et al., 2011). The germline specific DEAD-box
protein, Vas, interacts with elF5B, a translation factor required for joining ribosomal subunits,
and promotes translation of the EGFR ligand, Grk, in Drosophila ovaries (Carrera et al., 2000;
Pestova et al., 2000; section 1.6.5)

MRNA decay: mRNA degradation is a well established pathway, which allows rapid
response to changes in transcription. The DEAD-box RNA helicase, RhIB, is a component of
RNA degradosome in E. coli, which through unwinding structured RNA fragments facilitates
their degradation by polynucleotide phosphorylase (PNPase; Khemici et al., 2005). Another
example is the yeast protein Dhhl, which accumulates in distinct cytoplasmic foci named
processing bodies (P bodies) involved in mMRNA decay and translational control (Jain and Parker,
2013). Dhhl interacts with both decapping and deadenylation complexes, thereby it functions in

a major pathway of mRNA turnover, in which initial shortening of poly-adenosine (poly-A) tail
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is followed by decapping and 5'-3’ degradation (Coller et al., 2001; Teixeira and Parker, 2007).
Dhh1 orthologs, Xp54 in Xenopus, Me31B in Drosophila and CGH-1 in C. elegans, are all
components of the cytoplasmic particles containing maternal mRNAs in the oocyte, and are
required for translational silencing of the mRNAs (Ladomery et al., 1997; Nakamura et al., 2001,
Navarro et al., 2001; Weston and Sommerville, 2006).

Ribosome biogenesis: Three out of four rRNAs are produced as a long primary transcript.
The rRNA processing includes sequential cleavage of spacers from nascent transcript and
maturation of the rRNA 3’ ends (Henras et al., 2015). These events are catalyzed by numerous
ribosomal proteins and small nucleolar RNAs (snoRNAs), which co-transcriptionally associate
with the primary rRNA. Many DEAD-box proteins, including DbpA/YxiN in E. coli, Dbp8 in
yeast and DDX5 (p68) in human have been implicated in ribosome assembly (Martin et al.,
2013). It is proposed that duplex dissociation by DEAD-box helicases promotes rearrangements

between rRNAs and snoRNAs, or displaces proteins that hamper rRNA processing.

Transcription: Several DEAD-box helicases have been more recently shown to play roles
in transcription (Fuller-Pace and Ali, 2008). In human cell lines p68 and its analog, p72, directly
interact with tumor suppressor, p53, and activate transcription of target genes in response to
DNA damage (Bates et al., 2005). Similarly p68 is shown to synergize with the non-coding
RNA, SRA, for activating transcription of muscle differentiation factor, MyoD (Caretti et al.,
2006). In Drosophila p68 ortholog, Rm62, is involved in gene deactivation by clearing pre-
existing transcripts from transcription sites and resetting chromatin to a fully inactive state
(Buszczak and Spradling, 2006).

1.6 Translational regulation in Drosophila oogenesis

Post-transcriptional regulation of maternally expressed mRNAs is essential for many
developmental events during Drosophila oogenesis and early embryogenesis (Lasko, 2012).
Translational control coupled to MRNA localization governs spatial and temporal expression of
several genes in the Drosophila oocyte. In this section | will first overview translation initiation
in eukaryotes, as a step that is often subjected to regulatory mechanisms, and then discuss some

of the best studied examples of translation regulation in Drosophila oogenesis.
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1.6.1 Eukaryotic translation initiation

The goal of translation initiation is to assemble ribosomes loaded with the initiator
methionyl-tRNA (Met-tRNAI) on the start (AUG) codon of the mRNA, which is generally
identified by a scanning mechanism. Most translation in eukaryotes depends on the assembly of
eukaryotic initiation factors (elFs) on the cap structure, a guanine nucleotide methylated on the 7
position (m7G) at the 5" end of mRNA (Merrick, 2004). A preassembled complex of 40S
ribosomal subunit, Met-tRNAI and elFs 1, 1A, 2, 3, and 5, named preinitiation complex (PIC) is
recruited to the capped mRNA through elF4F complex, which is composed of cap-binding
factor, elFAE, the scaffolding protein, elF4G, and the RNA helicase, elF4A. PIC scans 5’ UTR
for an AUG codon; thus secondary structures that prevent ribosomes from accessing 5° UTR
often act as the initiation inhibitors (Aitken and Lorsch, 2012; Sonenberg and Hinnebusch,
2009). Once the start codon is recognized a conformational change in PIC, following the release
of elF1 and conversion of elF2 to its GDP-bound state, stabilizes PIC on the mRNA. At this step
elF2 and elF5 are ejected while elF5B is recruited to mediate joining of the 60S ribosomal
subunit. GTPase activity of elF5B causes a conformational rearrangement in the ribosome,

which releases elFs and starts the elongation phase.

In addition to the 5’ UTR, the specific sequences in the 3" UTR of mRNA could affect
translational efficiency. According to the “closed loop” model the 3’ poly(A)-binding protein
(PABP) interacts with elF4G, thereby circularizing mRNA and mediating the regulatory impact
of 3’ UTR associated proteins on translation initiation (Sonenberg and Hinnebusch, 2009; Wells
et al.,, 1998). The PABP-interacting proteins, Paipl and Paip2, could compete with elF4G and
thus modulate translation (Craig et al., 1998; Derry et al., 2006). Several advantages have been
envisaged for the cap-to-tail circularization of mMRNA. For example, the interaction with PABP
could increase elF4F affinity to 5'cap (Borman et al., 2000). The closed loop mechanism could
also facilitate re-initiation of translation by polysomal ribosomes that terminate at the same
MRNA (Kopeina et al., 2008), and could further ensure that only full length mRNA with intact
cap and poly(A) tail are robustly translated (Sachs, 2000).
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1.6.2 Oskar translation

In Drosophila Osk translation is restricted to the pole plasm, while it is repressed in the bulk
of oocyte or in the nurse cells. Several mechanisms have been described for regulating Osk
translation at different stages (Wilhelm and Smibert, 2005). An ovarian RNA-binding protein,
Bruno (Bru) targets the 3" UTR of osk through repeated Bru response elements, BREs (Kim-Ha
et al., 1995). Bru interacts with Cup, another ovarian protein, which competes with elF4G for its
interaction with the 5'-cap binding protein elF4E, therefore blocking initiation of Osk translation
(Nakamura et al., 2004). Furthermore, loss of Me31B, a DEAD-box protein, leads to premature
translation of Osk in the nurse cells and oocyte (Nakamura et al., 2001). Me31B associates with
RNP complexes that contain Exuperantia (Exu), a protein involved in several steps of mMRNA
localization, suggesting that transcripts are translationally silenced during their transport to the
oocyte (Nakamura et al., 2001; Wang and Hazelrigg, 1994; Wilhelm et al., 2000). Consistent
with this notion, the RNA-binding protein, Hrp48, binds to both 5" and 3’ UTRs of osk mMRNA,
without affecting Bru binding, and bifunctionally mediates localization and translational
repression (Gunkel et al., 1998; Yano et al., 2004). Premature translation of Osk is also observed
in Bicaudal-C (Bic-C) mutant oocytes (Saffman et al., 1998). Bic-C is a maternally inherited
RNA-binding protein, which associates with CCR4-NOT deadenylation complex. Through this
interaction Bic-C represses its mRNA targets, which are mostly involved in embryonic

patterning, by controlling their poly(A)-tail length (Chicoine et al., 2007).

Little is known about how Osk translation is derepressed or activated in the pole plasm. The
Drosophila homolog of Xenopus cytoplasmic polyadenylation element binding (CPEB), Orb,
binds to the 3' UTR of osk mMRNA and is shown to activate its translation (Chang et al., 1999).
Undetectable levels of Osk protein in orb mutants correspond to decreased length of poly(A) tail
in osk mMRNA. Orb is thought to function in the same manner as CPEB, which binds to the
cytoplasmic polyadenylation element (CPE) and “masks” its mRNA targets, until CPEB
becomes activated during egg maturation to promote polyadenylation-dependent translation
(Hake and Richter, 1994). In addition, a recent study shows that Bru phosphorylation by protein
kinase A (PKA) prevents its dimerization required for binding to Cup, and thus positively
regulates Osk translation (Kim et al., 2015). Stau, which associates with osk mMRNA in the nurse

cells and is required for its localization to the posterior of the oocyte, is also involved in Osk
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translation (Micklem et al., 2000). However these two functions might be through different
mechanisms as they depend on distinct motifs in the Stau sequence. Furthermore, levels of Osk
protein are reduced in aub mutants, with no significant decrease in mRNA or protein stability,
suggesting that aub also enhances Osk translation with a mechanism which remains unknown
(Malone et al., 2009; Wilson et al., 1996). There is also evidence that Bru interacts with Vas,
raising the possibility of Vas being involved in translational activation of Osk in the pole plasm
(Webster et al., 1997).

1.6.3 Nanos translation

Similar to Osk, translation of Nos is repressed outside of the oocyte posterior region
through elaborate mechanisms. The RNA-binding protein, Smg, which is evenly diffused in the
oocyte, binds two cis acting elements in the 3’ UTR of nos, known as Smaug recognition
elements (SREs; Smibert et al., 1996). In a similar manner to Bru, Smg interacts with Cup and
represses translation of Nos (Nelson et al., 2004). The translational barrier is removed in the pole
plasm by factors, such as Osk, which prevent Smg binding to SREs. The translational control
element (TCE) in 3" UTR of nos has a bipartite structure, which not only contains SREs in the
loop of stem-loop Il but also other elements in the stem of stem-loop Ill. The latter interact with
Glorund (Glo), which belongs to the heterogeneous nuclear ribonucleoprotein (hnRNP) family
(Kalifa et al., 2006). glo mRNA and protein are present in the nucleus and cytoplasm of nurse
cells and epithelial follicle cells, and also at a lower level in the oocyte. Analyses of a null
mutant indicate that Glo acts to repress translation of nos outside of pole plasm in late oocytes,
similar to the Smg-mediated suppression in early embryogenesis. Furthermore, regulation of Nos
stability and translation through CCR4-mediated deadenylation depends on the activity of
piRNA components such as aub and specific sequences in the 3’ UTR of nos (Rouget et al. 2010;
section 1.4.2).

1.6.4 Translation of Caudal and Hunchback

Translational repression of caudal (cad) and hunchback (hb) in the anterior and posterior
regions, respectively, are crucial for embryonic patterning. Cad is a homeodomain transcription
factor and a key regulator of the Hox genes in Drosophila (Hoey et al., 1986). Mutations that

alter posterior-to-anterior gradient of Cad result in abnormal zygotic expression of several
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segmentation genes including the pair rule gene, fushi tarazu (ftz), and thus are lethal (Dearolf et
al., 1989; Macdonald and Struhl, 1986). The Cad gradient is established from uniformly
distributed maternal mRNA through translational repression by Bicoid (Bcd), whose gradient in
the oocyte is a mirror image of Cad gradient (RiveraPomar et al., 1996). Bcd, as originally
described, acts as a transcriptional activator of segmentation genes, and in addition to that, binds
a specific element in the 3' UTR of cad mRNA, thereby inhibiting its translation in a cap-
dependent manner (Chan and Struhl, 1997; Driever and Nisslein-Volhard, 1989; Niessing et al.,
1999; Struhl et al., 1989). Anterior localization of bcd mMRNA depends on a cis regulatory
element in its 3' UTR, and trans-acting factors such as Exu and the dsRNA-binding proteins,
Stau and Swallow (Swa) (Macdonald and Struhl, 1988; St Johnston, 2005; Weil et al., 2010).
Bcd interacts with Drosophila elF4E-homologous protein (d4EHP), which directly binds to 5'-
cap of cad mMRNA and blocks formation of the cap-binding complex (Cho et al., 2006).

An anterior posterior gradient of the transcription activator, Hb, is established through
translational repression, exerted by cooperation between Nos, Pum and Brat (section 1.4.2). A
recent study shows that Brat could also directly bind hb mRNA and regulate its translation in a
Pum-independent manner (Loedige et al., 2014). In addition to MRNA deadenylation, mediated
through Pum activity, a cap-dependent mechanism has been identified for inactivation of HB
translation (Chagnovich and Lehmann, 2001; Cho et al., 2006). This mechanism involves
d4EHP, which simultaneously binds Brat and the 5' cap of hb mRNA, to regulate HB translation
through a similar mechanism establishing Cad gradient.

1.6.5 Gurken translation: role of VVas as a translational activator

The EGFR ligand, Grk, is secreted by the oocyte and induces dorsal fate in the overlying
epithelial follicle cells, through its interaction with the EGFR receptor, Torpedo (Top)
(Gonzéalez-Reyes et al., 1995). During oogenesis grk mRNA is expressed by the nurse cells and
transported to the oocyte via a mechanism depending on dynein and its cofactors, BicD and Egl
(Mach and Lehmann, 1997; NeumanSilberberg and Schupbach, 1996). Throughout oogenesis
grk mRNA remains tightly associated with the oocyte nucleus, which in early stages is
positioned at the posterior. Starting at stage 8, growing microtubules push the nucleus to the
anterodorsal corner of the oocyte, and accordingly grk mRNA forms a crescent between nucleus
and cell cortex in this region (Steinhauer and Kalderon, 2006; Zhao et al., 2012). The exact
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mechanisms of grk localization are unknown, but this process is mediated at different stages by

dispersed elements in the 5’ UTR, coding region and 3’ UTR of grk transcript (Thio et al., 2000).

Genetic interactions suggest that translation of unlocalized grk mRNA is inhibited through a
complex including Cup and Squid (Sqd), and that another component of this complex,
PABP55B, through its interaction with Encore (Enc), facilitates translation of localized grk by a
yet unknown mechanism (Clouse et al., 2008). grk mRNA is not efficiently translated in orb
mutant ovaries, suggesting that polyadenylation mediates translation of localized grk, a
mechanism through which PABP55B is also proposed to exert its regulatory effect on Grk
translation (Chang et al., 2001; Clouse et al., 2008). Furthermore, Grk translation is severely
reduced in vas-null mutants, whereas mRNA localization remains normal (Styhler et al., 1998).
A direct interaction between Vas and the translation factor, elF5B, required for 60S ribosomal
subunit joining at the initiation step, was found through a yeast two-hybrid screen against
Drosophila ovarian cDNAs (Pestova et al., 2000). A mutant form of Vas, Vas*®", does not
interact with elF5B and once expressed in the ovaries does not support Grk translation,
suggesting that Vas directly activates Grk expression by recruiting translational machinery to grk

transcripts (Johnstone and Lasko, 2004).

Grk translation is blocked as a response to meiotic checkpoints that in turn are activated by
unrepaired dsDNA breaks (DSBs) (Ghabrial and Schupbach, 1999). Thus mutations in genes
such as okra and spindle-B, which are involved in DSB repair, cause defects in dorsoventral
patterning. vas mutants produce similar nuclear-morphology phenotypes as spindle-class-
mutants, suggesting that meiotic checkpoints act through down-regulation of Vas (Styhler et al.,
1998; Tomancak et al., 1998). Vas expression is not affected in spindle-class-mutants; however,
band shift assays indicate that the mobility of Vas protein from ovarian lysates prepared from
these mutants is decreased compared to wild-type, and is restored by an additional mutation in
mei-41, a gene involved in checkpoint pathway. These observations support a model, whereby
meiotic checkpoints suppress Vas activity in Grk translation through post-translation
modifications (Abdu et al., 2002; Ghabrial and Schupbach, 1999). Grk translation is restored in
spnB mutants by lowering the dosage of elF1A, correlated with an increase in polysome-
associated grk transcripts (Li et al., 2014). elF1A facilitates recruitment of Met-tRNAIi-elF2-GTP
ternary complex (TC) to the 40S ribosomal subunit and thus promotes translation initiation
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(Hinnebusch, 2014). The unexpected inhibitory effect of elIF1A on Grk translation, is thought to
be associated with three upstream open reading frames (UORFs) in grk 5’ UTR (Li et al., 2014).
UORFs often reduce translation from the main ORF, by consuming pre-initiation complex, and
creating a block on the mRNA as the ribosome stall on premature stop codons (Barbosa et al.,
2013). elF1A mutations could result in a larger fraction of ribosomes to pass the UORFs before
TC recruitment and thus to start translation from main ORF (Fekete et al., 2005; Li et al., 2014).

In addition to its role in Grk translation, Vas has been also implicated in translation of mei-
P26, a gene that promotes GSC differentiation through its function in the microRNA (miRNA)
pathway (Liu et al., 2009; Neumuller et al., 2008). Mei-P26 translation is significantly decreased

in vas*®’

, suggesting that Vas interaction with elF5B is required for translational activation of
Mei-P26 in GSCs. Details of the mechanism by which Vas activates translation remains elusive;
but structure analyses and biochemical data suggest that through its unwinding activity Vas
resolves secondary structures in 5’ or 3" UTRs of specific mMRNA targets, and thus removes

translation barriers (Lasko and Ashburner, 1988; Liang et al., 1994; Sengoku et al., 2006).

1.7 Vas role in piRNA pathway

Maintaining genome integrity is particularly important in the germline, because deleterious
mutations in these cells could be transmitted to the next generation. Active transposable elements
(TEs) impose a constant threat to the host cells through their mobility and insertion into essential
genes. Therefore, the germline has evolved defence mechanisms to protect its genome against
these internal enemies. Most notably the Piwi-interacting RNA (piRNA) pathway, which is
highly conserved amongst animals, targets TE-derived transcripts for degradation, and thus
blocks TE replication (Grimson et al., 2008). Increasing evidences show that Vas is a critical
component of piRNA biogenesis consistent with its functional conservation in germline of

different animals.

1.7.1 piRNA pathway protects genome integrity in the germline

Transposable elements, which were first identified about 50 years ago, are DNA sequences

that can move from one location in the genome to another (Pray, 2008). TEs comprise a large
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portion of all eukaryotic genomes; for example, roughly 50% of the human genome is occupied
by transposons and transposon-like repetitive elements (Mills et al., 2007). Transposons are
classified based on their mode of propagation. Retrotransposons employ a “copy and paste”
mechanism by which the original insertion remains in the genome and a new copy is generated
by reverse transcription, resulting in amplification of the element. In contrast DNA transposons
move through a “cut and paste” mechanism, which includes excision of the original copy and
subsequent repair of the resulting gap in the DNA (Pray, 2008). Transposon mobility could have
deleterious effects by altering expression of the neighboring genes, although in rare cases it
could be also evolutionarily beneficial. Germline is a battlefield for the race between transposons
and the host, as TE-mediated changes in the genome could be transmitted to the new generation
when they affect germ cells. Transposons become particularly active in the germ cells and their
embryonic precursors as a result of epigenetic reprogramming (Zamudio and Bourc'his, 2010).
TEs have also evolved mechanisms to ensure their vertical propagation across generations. For
example, expression of the active P element transposase in Drosophila, or the proteins required
for mobility of L1, the major non-LTR transposon in human, is restricted to the germline
(Branciforte and Martin, 1994; Seleme et al., 1999). In parallel germ cells have evolved special
strategies to tame transposons and protect their genome integrity. One highly conserved
mechanism to do this is mediated by piRNA, a large class of small non-coding RNAs, which

target and cleave TE-derived RNA molecules (reviewed by Haase, 2016).

Small RNA pathways include small-interfering RNA (SiRNA), micro-RNA (miRNA) and
piRNA. siRNA and miRNA, which are present in both plants and animals, originate from long
dsRNA precursors with perfect or imperfect duplexes, respectively. dsRNA is processed to 22-
23-nucleotide small interfering RNAs (siRNAs) by the RNase Il ribonuclease Dicer.
SiIRNA/mIRNA is then loaded onto Argonaute (AGO) family proteins, such as Agol, to form the
RNA induced silencing complex (RISC), which subsequently targets transcripts for destruction
in the case of siRNA or translational inhibition by miRNA (Carthew and Sontheimer, 2009). In
contrast piRNAs, which are primarily found in the animal germline, derive from ssRNA
precursors and associate with members of the Piwi clade, named after Drosophila Piwi (P-
element induced wimpy testis), including Piwi, Aub and Ago3 (Meister, 2013). Over 90% of
piRNAs derive from discrete genomic loci, called piRNA clusters (Fig. 1.3; Brennecke et al.,

2007). These loci are mainly located in pericentromeric and telomeric heterochromatin, and act
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as a registry, which contains inactive copies or truncated fragments of all transposons hosted in
the genome. Numerous genetic studies have provided a functional link between piRNA clusters
and transposon silencing. For example, mutations in flamenco/COM locus lead to upregulation of
retrotransposons, gypsy, ldefix and ZAM (Desset et al., 2003; Pelisson et al., 1994). Little is
known about piRNA cluster transcription from these, otherwise silenced, heterochromatic
regions. The Heterochromatin Protein 1 (HP1) variant, Rhino (Rhi), is required for production of
piRNA precursors from 42AB dual-strand cluster (Klattenhoff et al., 2009). A recent study
shows that Rhi interaction with the transcription termination factor Cutoff (Cuff), via the adaptor
protein Deadlock, is required for piRNA production. This study suggests a model for non-
canonical transcription from piRNA clusters that involves preventing RNA Polymerase Il from
termination, and protecting 5’ end of the nascent transcripts (Mohn et al., 2014). The long single
stranded transcripts are then exported to cytoplasm for processing into small RNAs, through a
mechanism that involves the DEAD-box protein, UAP56 (Zhang et al., 2012). On piRNA
clusters, close to the inner surface of the nuclear membrane UAP56 colocalizes with Rhino (Fig.
1.3). UAP56 foci are directly across Vas-containing foci on cytoplasmic side of nuclear pores.
This together with biochemical and genetic evidence suggests that UAP56 and Vas interact to

transfer piRNA transcripts across the nuclear envelope.

Once transcripts reach perinuclear region of the cytoplasm they undergo primary processing,
which requires activity of the ssRNA-specific endonuclease, Zucchini (Zuc), to generate the
monophosphorylated 5’ end (Nishimasu et al., 2012). Subsequently, the pre-piRNA is loaded on
Aub or Piwi and the 3’ end is trimmed, by an unknown mechanism, to produce mature piRNAS
(Haase, 2016; Meister, 2013). Piwi-piRNA complexes are translocated to nucleus to bind
complementary sequences in the genome, and by recruiting epigenetic factors such as HP1,
silence gene expression (Huang et al., 2013). piRNA guided epigenetic silencing by Piwi is also

an alternative mode for transposon regulation (Saito, 2013).

The primary piRNA loaded on Aub targets complementary sequences in transposon
transcripts, for their cleavage by Aub slicer activity. Simultaneously collaboration between Aub
and Ago3 produces secondary piRNAs through an amplification cycle also referred to as the

“ping-pong loop”. This mechanism is considered as an adaptive strategy for robust elimination of
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Fig. 1.3 piRNA transcripts are derived from transposon-rich heterochromatin, called piRNA
clusters, in the pericentromeric or subtelomeric regions (Brennecke et al., 2007). The Drosophila
HP1 variant, Rhino (Rhi), binds to piRNA cluster sequences and colocalizes with the DEAD-box
protein UAP56 adjacent to the nuclear pore (Klattenhoff et al., 2009; Zhang et al., 2012). The
other DEAD-box protein, Vas, is localized to the cytoplasmic face of the nuclear envelope and
functions with UAP56 to transfer cluster transcripts to the cytoplasm. During primary processing
the long piRNA transcripts (antisense) are cleaved upstream of the 5’ uridine (U) bias by the
nuclease Zucchini (Zuc) and loaded on Aubergine (Aub) or Piwi (Nishimasu et al., 2012). The 3’
end of primary piRNA is trimmed by an unknown nuclease and is 2’-O- methylated (Ome). The
Piwi-piRNA complex is imported to the nucleus to exert transposon silencing (Huang et al.,
2013), whereas Aub-piRNA complex targets trasnposon transcripts (sense) for cleavage. The 3’
cleavage product is transferred to Ago3 with the help of Vas and undergoes further 3’ end
trimming (Xiol et al., 2014). Ago3-piRNA complex then targets antisense transcripts to produce
piRNA intermediate fragments, which are delivered to Aub for starting a new cycle (Hirakata
and Siomi, 2016). TE: transposable element
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active transposons as opposed to immobile ones or the host genes which might have been
accidently targeted (Brennecke et al., 2007; Weick and Miska, 2014). Sequences of small RNAs
associated with Aub or Piwi indicate that they often correspond to the antisense strand of
retrotransposons, and have a strong bias for uracil (U) at their 5’ ends, whereas Ago3-bound
RNAs are predominantly derived from sense strands, do not have a preference for 5’ U, but
rather they are biased for adenine (A) at the 10th nucleotide position from 5’ terminus
(Gunawardane et al., 2007). These observations led to a model, whereby Aub-associated piRNA-
induced RISC complex (Aub-piRISC) targets transposon transcripts to be cleaved 10 nucleotides
upstream to the biased A (Fig. 1.3). The 5’ cleavage product is subsequently released for
degradation, and the 3’ product is delivered to Ago3, where its 5’ end is phosphorylated and the
3’ end is trimmed and methylated. The resulting Ago3-piRISC will then target sense strands,
which are cleaved at the 5’ side of the biased U. Again the 5’ cleavage product is degraded and
the 3' product, which is sometimes considered as the tertiary piRNA, is loaded on Aub for
subsequent 3’ trimming and to initiate a new round of the feed-forward loop (Hirakata and Siomi,
2016).

1.7.2 Vas function in piRNA pathway

The role of Vas in piRNA biogenesis was first discovered by studying Mvh (Mouse Vas
homolog)-deficient mice (Kuramochi-Miyagawa et al., 2010). Defective spermatogenesis in
these mutants was associated with elevated levels of several retrotransposons, and impaired de
novo DNA methylation of TE regulatory regions, resembling phenotypes observed in Mili- or
Miwi2 (mouse homologs of Piwi)-deficient mice (Deng and Lin, 2002; Kuramochi-Miyagawa et
al., 2004). Further analyses indicated that Miwi2-bound piRNAs are significantly decreased in
Mvh mutants, and suggested a crucial role for Mvh in the ping-pong cycle (Kuramochi-

Miyagawa et al., 2010).

Additional insights to the role of Vas in piRNA pathway come from studies in Drosophila
and in Bombyx mori (Bm; silkworm) ovary-derived BmN4 cell line (Nishida et al., 2015; Xiol et
al., 2014; Zhang et al., 2012). Vas is localized to, and is required for the assembly of the nuage, a
specialized perinuclear structure found in the germline of various organisms (Hay et al., 1990;
Lasko and Ashburner, 1990; Liang et al., 1994). Many piRNA components including Aub, Ago3
and Tud domain proteins, Tej and Kumo, also localize to the nuage, supporting the idea that
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nauge functions as a processing site for the amplification cycle of piRNA pathway (Anand and
Kai, 2012; Harris and Macdonald, 2001; Patil and Kai, 2010; Webster et al., 2015). As
mentioned previously a significant portion of Vas-containing loci in the nuage are localized on
the nuclear pores, adjacent to and dependent on localization of Rhi and UAP56 foci on the
nuclear side (Zhang et al., 2012). Consistent with this colocalization and similar to rhi and uap56
mutants, several transposon families are over-expressed in vas null ovaries. These observations,
together with co-immunoprecipitation of piRNA cluster transcripts with Vas and the reduced
levels of germline-specific piRNAs in vas null ovaries, suggest that Vas and UAP56 cooperate

on opposite sides of nuclear pores for the export of cluster transcripts to cytoplasm.

The role of Vas in piRNA amplification cycle and its molecular mechanisms were unknown
for a long time partly due to the dynamics of Vas interactions, similar to many other RNA
helicases (Linder and Jankowsky, 2011). ATP hydrolysis by DEAD-box proteins and product
dissociation are required for progression of repeated RNA unwinding events (section 1.5.1);
thus, mutations in conserved residues, for example in motif Il, that are involved in ATPase
activity, are expected to create an RNA clamp and stabilize transient complexes. Based on this

mechanism of function, a mutant allele of vas (vas°?*°

) was tested in BmN4 cell line, which is
the only cell culture model with active piRNA biogenesis pathways (Kawaoka et al., 2009; Xiol
et al., 2014). This study provided several important results that clarified the mechanism of Vas
function in ping-pong cycle. Fluorescence recovery after photobleaching (FRAP) experiments
indicated that in contrast to eGFP-BmVas (B. mori Vas) in nuage granules, which is rapidly
replaced from surrounding cytoplasm, eGFP-BmVas°?*® fails to recover after photobleaching
(Xiol et al., 2014). Furthermore, DQAD mutation stabilized Vas in a complex containing a
number of proteins involved in piRNA amplification cycle such as Siwi (the Bombyx ortholog of

DQAD shows that

Aub), Ago3 and Qin/Kumo. Deep sequencing of small RNA associated with Vas
these have characteristics of piRNAs and, in addition, a majority of them map to the Siwi-bound
antisense piRNAs. The Vas-Siwi-Ago3-Qin amplifier complex also contained poly(A) piRNA
precursors corresponding to transposon transcripts, suggesting that VVas cooperates with Siwi for
processing sense strands either by regulating the slicer activity of Siwi, or by transferring the
sense piRNA intermediates from Siwi to Ago3. Further experiments, using a construct
expressing an artificial secondary piRNA precursor (sense), supported the latter function by

indicating that 100% of reporter-derived fragments associated with Vas®?*® have 5’
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monophosphate ends already generated by Siwi slicer cleavage activity. Together these
observations suggest a model, whereby Vas in its RNA-bound close conformation provides a
platform for the assembly of a piRNA amplifier complex and promotes transfer of the sliced
precursor fragments from Siwi/Aub to Ago3 (Xiol et al., 2012).

Consistent with Xiol et al. (2012), co-IP experiments in a subsequent study isolated Siwi
from a wild type BmVas complex, albeit at much lower levels than from BmVas°?4°
(Nishida et al., 2015). This study also shows that a FLAG-BmVas purified from BmN4 cells

could liberate RNA from Siwi-piRISC in vitro. The Siwi/BmVas complex, which is required for

complex

production of BmAgo3-secondary piRNAs, is found distinct from Siwi/BmSpn-E/BmQin
complex, involved in primary piRNA production, thus excluding Vas from the primary phase of

piRNA processing.

1.8 Vas function in regulating mitosis and meiosis

In vas null (vas"'®°

) ovaries germarium atrophy is associated with a decrease in GSCs, CBs
and dividing cystocyte clusters, which are recognized based on their specific structures,
spectrosomes and fusomes (Styhler et al., 1998). This phenotype resembles, although is less
severe than, that observed in null nos mutants. Nos is required for GSC proliferation (Forbes and
Lehmann, 1998), however evidence to support that VVas function in regulating GSC divisions is
mediated by nos is still lacking. More recently it was shown that concomitant with a delay in
mitotic progression, a higher percentage of GSCs and CBs in vas null, compared to wt, do not
progress to metaphase and remain in prometaphase (Pek and Kai, 2011a). Consistent with this
Vas becomes localized at pericentromeric piRNA clusters in GSCs and CBs during
prometaphase/metaphase, dependent on its interaction with two piRNA pathway components
Aub and Spn-E. Co-IP from GSC/CB-enriched bag-of-marbles (bam) mutant ovaries indicates
that Vas directly interacts with the condensin | components, Barren (Barr) and CAP-D2.
Localization of Barr to chromosomes, which is required for chromosome condensation and
segregation, is abolished in vas null GSCs and CBs, and is restored by transgenically expressed
Vas (Bhat et al., 1996; Pek and Kai, 2011a; Somma et al., 2003). Interestingly vas*®"’, which

does not interact with elF5B, could still rescue Barr recruitment to the chromosomes in vas null,
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suggesting that vas role in mitotic progression of germline stem cells is independent of its

function in translation regulation.

Work in other species also supports Vas function in cell cycle progression of embryonic
stem cells. In sea urchin embryos at fifth cell division Vas protein becomes restricted to the small
micromeres, which are early stem cells in larva giving rise to the adult rudiment (\Voronina et al.,
2008; Yajima and Wessel, 2011a). In early embryos however, Vas is expressed in all
blastomeres, where it exhibits a dynamic localization during cell cycle (Yajima and Wessel,
2011b). Vas is localized perinuclearly during prophase, but becomes associated with
chromosomes concurrent with their condensation starting at prometaphase, and continued at
metaphase and anaphase. Vas-depleted cells have a prolonged mitotic (M) phase, with
chromosomes that replicate but fail to segregate. Further experiments indicate that Vas is
required for translation of Cyclin B, which colocalizes with Vas on the spindle complex. This
study together with the evidence from other species for association between Vas and mitotic
spindles, suggests that an ancient function of Vas, prior to its restriction to germ cell lineage, has
been to promote mitosis in rapidly dividing cells through local activation of cell cycle factors
(Carre et al., 2002; Oyama and Shimizu, 2007; Yajima and Wessel, 2011b). A recent study in
spider Parasteatoda tepidariorum, also confirms Vas role in maintaining mitosis integrity
(Schwager et al., 2015). In this species conserved germ cell markers for the first time appear
after germ band formation, suggesting that germ cells are specified independent of a pole plasm.
Yet injection of Pt-vasa or Pt-piwi RNAI to the hemolymph of females significantly reduces
their number of eggs and results in a high rate of lethality associated with aberrant mitotic
morphologies in early embryos. These mitotic defects included fewer cells entering metaphase,

and impaired chromosome segregation.

Bel, the Drosophila ortholog of mammalian DDX3, has the closest sequence homology to
Vas, and is expressed both in somatic cells and in germ cells (Johnstone et al., 2005). Bel, which
is required for larval growth and adult fertility, can functionally substitute for yeast Dedlp, a
protein implicated in translation (Chuang et al., 1997), suggesting that the essential role of Bel in
development is through regulation of translation. In addition, Bel has been shown to function in
gene silencing through RNA interference (RNAI) (Ulvila et al., 2006; Zhou et al., 2008). Similar
to Vas, which regulates mitotic progression in GSCs via its interaction with piRNA components,
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Bel functions, through endogenous (endo)-siRNA pathway, to promote chromosome segregation
in somatic cells (Pek and Kai, 2011a; Pek and Kai, 2011b). This function is through a physical
interaction between Bel and the condensin | components, Barr and CAP-D2, while localization
of Bel to the pericentric region of chromosomes is mediated by endo-siRNA pathway

components, Ago2 and Dicer-2.

Furthermore, ectopic expression of Vas in human embryonic stem cells (hESCs) or induced
pluripotent stem cells (iPSCs) is shown to promote germ cell differentiation and progression
through meiosis (Medrano et al., 2012). In these experiments over-expression of both Vas
or/and another RNA-binding protein, Dazl, resulted in a significant increase in the number of
monosomic cells and the cells expressing a post-meiotic marker named Acrosin. Interestingly
Vas-induced differentiations were associated with a significant decrease in DNA methylation
consistent with the fact that epigenetic marks at imprinted loci in mammals are specifically

removed in germ cells (Lee et al., 2002).

1.9 Vas orthologs in other species
1.9.1 C. elegans

Unlike most other species that have only one Vas protein, in C. elegans there are four Vas
orthologs: the germline helicases, GLH-1, GLH-2, GLH-3, and GLH-4. All these proteins are
associated with P granules and segregate into germline P blastomeres (Gruidl et al., 1996;
Kuznicki et al., 2000). In addition to the conserved helicase domain and similar to Drosophila
Vas, GLH-1, -2 and -4 carry an N-terminal Gly-rich domain, which however unlike most other
Vas orthologs does not contain RGG repeats. Instead, these proteins contain FGG motifs
commonly found in nuclear pore proteins (Suntharalingam and Wente, 2003) and carry multiple
CCHC zinc fingers. Among four GLH proteins, only deletion of GLH-1 results in complete
sterility at elevated temperatures while GLH-4 functions redundantly with GLH-1, and the
animals lacking both are sterile at all temperatures (Spike et al., 2008). Detailed phenotypic
analyses of glh-1 mutants suggest impaired stem cell divisions together with dissociation of

several P granule components, most dramatically PGL-1 and PGL-2, into the cytoplasm.
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P granules in C. elegans, similar to nuclear pore complex (NPC), provide a size-exclusion
barrier depending on hydrophobic interactions between FGG motifs found in GLH proteins
(Patel et al., 2007; Ribbeck and Gorlich, 2002; Updike et al., 2011). GLH proteins, alone, cannot
form P granules when ectopically expressed in intestinal cells, and require co-expression of PGL
proteins with intrinsic self-aggregating properties. P granules normally localize around the
nuclear periphery depending on the presence of GLH in their structure (Updike et al., 2011). P
granules were first thought to be required for germ cell determination in C. elegans based on
their asymmetric segregation to the germline blastomeres (P cells), and sterility of mutants
lacking P granule components (Updike and Strome, 2010). Surprisingly, it was found that germ
cells are still specified if P granules are destabilized through mutations resulting in symmetrical
participating of germ cell components (Gallo et al., 2010). A recent study however highlights the
significance of P granules for maintaining totipotency in the germ cells after their specification,
by showing that in the absence of P granules germ cells are reprogrammed to a somatic fate and

start expressing neuronal and muscle markers (Updike et al., 2014).

Consistent with the interaction between Vas and Dicer observed in Drosophila and mouse,
the C. elegans ortholog, GLH-1, also binds Dcr-1 (Beshore et al., 2011; Kotaja et al., 2006;
Megosh et al., 2006). Immunofluorescent images indicate interdependent localization of GLH-1
and Dcr-1, which overlap transiently, on nuclear pores of germ cells in the meiotic pachytene
region of ovaries. Furthermore, both GLH-1 and Dcr-1 relocalize to RNP granules and regulate
their assembly in arrested oocytes. These observations resulted in a model in which GLH-1
associates with Dcr-1 to regulate maternal mRNAs transferred from nucleus to cytoplasm and
later stored in the cytoplasmic and cortical RNP granules of arrested oocyte (Beshore et al.,
2011).

1.9.2 Sea urchin

In sea urchins, the close relatives of chordates, four small micromeres (smms) are formed by
the fifth embryonic division from micromeres (mms), and solely contribute to the adult
rudiments in the larvae (Tanaka and Dan, 1990). vas mMRNA, which is uniformly distributed in
the early embryo, later exclusively accumulates and becomes translated in smms (Juliano et al.,
2006). The large micromeres, the other group of cells produced from mms, do not exhibit Vas

upregulation and have a single fate to produce larval skeletal system. In the first attempt to
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investigate if smms are the definitive primordial germ cell lineage, their parental cells mms were
removed from embryos (Ransick et al., 1996). Surprisingly mm-depleted embryos could still
develop into adults with functional gonads, leading to the conclusion that germ cells are not
exclusively produced from smms. Indeed after removing mms the remaining cells in the embryo
respond by a significant upregulation of Vas, indicating a compensatory fate transition (\Voronina
et al., 2008). Further studies show that removing smms after fifth division has no effect on
normal development, but the resulting adults have poorly developed gonads and produce no
gametes (Yajima and Wessel, 2011a). Accordingly, removal of smms does not induce Vas
upregulation in the remaining cells. These results indicate that smms are required for germ cell
development in sea urchin, and could be considered as PGCs although their exact lineage fate

has not been determined.

The exact mechanism by which Vas protein is enriched in small micromeres is not known,
but injection of the reporter RNAs in which GFP ORF is flanked by vas UTRs, or is fused to Vas
OREF indicates that Vas coding region is required and sufficient for accumulation of GFP in
smms (Gustafson et al., 2011). Additional experiments show that this enrichment at least partly
depends on proteasome-mediated degradation throughout the embryos, which is negatively
regulated in the germ cells via direct interaction between Vas and Gus. This together with a
similar function identified for Gus in Drosophila to increase Vas stability in pole plasm suggest a
conserved regulatory mechanism for localization of Vas in PGCs (Kugler et al., 2010). A recent
study implicates Seawi, the sea urchin homolog of Piwi, in PGC enrichment of Vas by showing
that seawi knockdown results in abnormally high levels of Vas throughout the embryo (Yajima
etal., 2014).

In sea urchin Vas also accumulates outside of the germline in the rapidly proliferating cells
in the coelomic pouches, which form the adult rudiments. Furthermore, Vas is expressed in
physically damaged tissues, coincidently with an increase in mitosis, and is required for normal
wound healing (Yajima and Wessel, 2015). Consistent with this function of Vas in proliferating
cells, Vas-depleted embryos show a significant decrease in general protein synthesis.
Immunoprecipitation of RNA associated with Vas shows that Vas binds to a broad population of
MRNAs at a similar level to elF4E, suggesting that Vas acts as a general translational regulator

during specific developmental stages.
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1.9.3 Zebrafish

In zebrafish maternal vas RNA, which is initially distributed uniformly throughout oocyte,
becomes embedded in germ plasm adjacent to the indented furrow starting at 2-cell stage (Olsen
et al., 1997; Yoon et al., 1997). Vas protein however is not a component of germ plasm, is
perinuclearly localized only during early oogenesis, and its translation from maternal mRNA
starts in PGCs at cell cycle 13 (Knaut et al., 2000). Vas mRNA localization in zebrafish, similar
to ostariophysan species, depends on conserved elements in the 3" UTR, which are commonly
missing in nonlocalized vas mRNA of the euteleost clade including medaka (Knaut et al., 2002;
Shinomiya et al., 2000). Interestingly reporter constructs containing zebrafish vas 3' UTR, when
injected into a Xenopus oocyte, could localize despite no clear sequence similarity to
DEADSouth, an RNA encoding a DEAD-box protein in Xenopus, which localizes to the vegetal
pole (Knaut et al., 2002; MacArthur et al., 2000). This indicates that the localization machinery
utilized by zebrafish vas and DEADSouth is conserved. Analysis of zebrafish vas locus reveals
presence of several large repeats in the 5’ end, including smaller tandem repeats with multiple
RGG boxes (Bartfai and Orban, 2003). In addition numerous isoforms were identified which

result from alternative splicing and polyadenylation.

In larvae homozygous for a loss of function allele of vas, maternal VVas protein is detectable
until 10-12 days after fertilization consistent with normal PGC specification and migration in
these animals (Hartung et al., 2014). However vas mutant adults exclusively develop to sterile
males similar to the mutants for other germ cell-essential genes such as zebrafish piwi (ziwi;
Houwing et al., 2007). Closer examination of gonads in these mutants shows that germ cells are
present in bipotential gonads of juveniles, but meiosis does not progress beyond the pachytene
stage. Thus none of these animals develop ovaries, and the immature testis that is formed is
devoid from germ cells. Loss of germ cells in vas mutants, which is likely due to apoptosis, is
however independent of Caspase-3 and is not suppressed in tumor suppressor protein p53 (tp53)

mutants, lacking one of the main activators of apoptosis (Berghmans et al., 2005).

Since vas mutants do not develop into females, they cannot be used to study germ cell
formation in the absence of maternal vas mRNA. However, injecting a vas morpholino to early

zebrafish embryos, which resulted in undetectable Vas levels until 24 hour after fertilization, did
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not affect PGC number (Braat et al., 2001). Authors argue that this might be due to failure of the

morpholino to efficiently inhibit translation of zygotically transcribed vas mRNA.

1.9.4 Xenopus

Xenopus vasa-like gene 1 (Xvlgl), first appears in presumptive PGCs (pPGCs) at late
gastrula (lkenishi et al., 1996). Significance of Xvlgl in germ cell formation was shown through
an experiment, where individual vegetal blastomeres were injected with a specific antibody, to
perturb Xvlgl function (Ikenishi and Tanaka, 1997). This study indicated that the injected
blastomeres, which were detected using a lineage tracer, although produced a normal number of

somatic cells did not contribute to the PGCs.

In situ hybridization for Xvlgl in oocyte, embryos and tadpoles reveals that Xvigl mRNA is
uniformly present throughout stage | oocytes except in the mitochondrial cloud, from which
germ plasm originates (Heasman et al., 1984; lkenishi and Tanaka, 2000); signal progressively
fades in stage Il and 11l oocytes and is generally absent from the vegetal blastomeres including
germ plasm-bearing cells (GPBC) in the embryos until gastrula. Thereafter, and concurrent with
maternal to zygotic transition, Xvigl RNA becomes expressed again and remains present in
PGCs throughout most stages of life. The RNA is also detected in certain somatic cells until
embryonic stage 46, suggesting involvement of Xvlgl in differentiation of somatic tissues
(Ikenishi and Tanaka, 2000).

In contract to Xvlgl, DEADSouth, which belongs to a different family of DEAD-box
helicases, localizes to mitochondrial cloud and subsequently segregates with germ plasm
(MacArthur et al., 2000). Using a reporter construct it was shown that the 3’ UTR of DEADSouth
MRNA is sufficient to drive localization to the germ plasm (Kataoka et al., 2006). The 3’ UTR of
DEADSouth also contains recognition elements for miRNA miR-427, which ensures degradation
of DEADSouth mRNA in the somatic cells after mid-blastula transition (MBT), when maternal
MRNA are generally cleared from embryos (Yamaguchi et al., 2014). Both over-expression and
knock-down of DEADSouth in the embryos results in a reduction of PGC numbers (Yamaguchi
et al., 2013). The decreased PGC number in DEADSouth-depleted embryos is caused by reduced

PGC divisions and is associated with defects in perinuclear localization of germ plasm in PGCs
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after MBT. Interestingly PGC number is restored in these embryos by a construct containing the
ORF from Xenopus Xvlgl or mouse mvh, and the 3" UTR of DEADSouth.

1.9.5 Mouse

Northern blot analyses of several adult tissues indicate that the transcript of mouse vas
homolog, mvh, is exclusively expressed in testis (Fujiwara et al., 1994). Careful examination
using immunofluorescence and electron microscopy in testis from mice, rat and guinea pig
confirm that Mvh is present in all nuage-related structures in spermatocytes and spermatids,
including small dense particles, intermitochondrial cement (IMC), loose strands and chromatoid
body (CB) (Onohara et al., 2010; Russell and Frank, 1978). During early development in both
male and female embryos Mvh is first detected in PGCs 10.5-11.5 dpc, coincident with
colonization of the gonadal ridges (Fujiwara et al., 1994). This expression continues in germ
cells throughout gonad development and in males is detected until post-meiotic spermatid stage.
mvh-deficient males are infertile while mutant females do not exhibit reproductive defects
(Tanaka et al., 2000). Histological examinations using several stage-specific markers show
defects in premeiotic differentiation of spermatogenic cells, which results in a complete lack of
postmeiotic cells in seminiferous tubules. A male-specific decrease in proliferation of PGCs,
after reaching genital ridges, also contributes to the sterility of mvh male. Later analyses show
that spermatogenesis defects are associated with over-expression of retrotransposons in mvh
mutant testis, and provide evidence that Mvh plays a role in ping-pong cycle of piRNA pathway

(Kuramochi-Miyagawa et al., 2010).

In a study examining arginine methylation of Vas orthologs from Drosophila, Xenopus and
mouse, Mvh was found methylated at Arg62 and Arg105 (Kirino et al., 2010a). Based on their
flanking amino acids these two Arg residues are expected to be targeted for symmetric and
asymmetric argenine dimethylation (sSDMA and aDMA), respectively (Bedford and Richard,
2005; Krause et al., 2007). Consistent with this prediction SYM11 antibody, recognizing SDMA.-
glycine, and ASYM24, reacting with aDMA-glycine, both detect Mvh (Boisvert et al., 2002;
Boisvert et al., 2003). Arginine methylation of Drosophila Aub and mouse Mili, mediates their
respective interactions with Tudor domain proteins, Tud and Tdrd6 (Kirino et al., 2010b; Vagin
et al., 2009). Similarly Myc-tagged Mvh was found to interact with Tdrd1, Tdrd6, Mili or Miwi,
all expressed in 293T cells. However, none of these interactions were disrupted through co-

43



expression of a methyltransferase inhibitor, which appeared to only reduce SDMA levels of Mvh
(Kirino et al., 2010). Another study shows that Mvh is also acetylated at Lys405 through histone
acetyl transferase 1 (Hatl) and its co-factor p46, which specifically localizes to chromatoid body
(Nagamori et al., 2011). More than 800 distinct mMRNAs were further identified by this study as
Mvh targets in testis including elF4B, whose product stimulates ATPase activity of elF4A and
thus activates translation (Altmann et al., 1993). Consistent with decreased RNA-binding of Mvh
following its acetylation in vitro, Mvh association with its mRNA targets, such as elF4B, could
be developmentally modulated by changes in Mvh acetylation, which parallel temporally
regulated localization of Hatl and p46 in the CB (Nagamori et al., 2011).

1.9.6 Human

The human vas gene (also known as DDX4), is mapped to chromosome 5 and encodes a 79
kDa protein, which in addition to the conserved motifs in the core region shares with the other
vas orthologs a Gly-rich N-terminus containing multiple RGG motifs (Castrillon et al., 2000).
vas expression in human is confined to ovaries and testis and is undetectable in somatic tissues.
The first appearance of Vas-positive cells is at gestational age of 7 weeks, when PGCs migrate to
the mesenchyme of gonadal ridge. As sexually dimorphic gonads develop Vas becomes most

abundantly expressed in mature oocytes and spermatocytes, while it is absent in spermatozoa.

In testis hypomethylation of CpG islands in DDX4 promoter is correlated with its
expression in spermatogenic cells (Kitamura et al., 2007). Consistently histological assessment
of patients with azoospermia or severe oligozoospermia reveals reduction of Vas expression and
methylation of vas promoter, being potentially responsible for sperm maturation arrest in these
patients (Sugimoto et al., 2009). Ectopic expression of vas in hESCs and iPSCs induces germ
cell formation and results in meiosis completion in a subset of cells (Medrano et al., 2012);
section 1.8). This study also shows that, unlike another RNA-binding protein, Dazl, which
similarly induces germ cell formation in vitro, ectopic expression of vas specifically results in

erasure of epigenetic imprints, a critical process in germ cell development (Lee et al., 2002).

To isolate rare female germline or oogonial stem cells (OSCs) from ovaries of adult mice
and human a fluorescence-activated cell sorting (FACS)-based protocol has been established that

relies on immunological detection of cell-surface variants of DDX4 or Mvh (White et al., 2012).
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The purified OSCs by this method could be expanded and produce functional oocytes in vitro or
after transplantation into adult mouse ovaries. A recent study however raises concerns whether
isolated OSCs by this protocol are true DDX4-expressing cells, and functional germline stem
cells (Zhang et al., 2015).

1.10 Vas function in totipotent stem cells

The role of vas in stem cell biology has been mostly supported by studies of planarians, a
model system with remarkable regenerative capabilities (Shibata et al., 1999). The regeneration
process depends on a population of totipotent somatic stem cells called neoblasts. These cells are
most notably characterized by the presence of large cytoplasmic ribonucleoprotein granules
called chromatoid bodies, which are very similar to germline granules in other organisms
(Coward, 1974; Hori, 1982). Two vas-related genes, DjvigA and DjvigB, have been identified in
Dugesia japonica, which are specifically expressed in the germline of sexual planarians and have
close sequence homology to PL10 and An3 in mouse (Shibata et al., 1999). Interestingly DjvIgA,
which like Vas contains several RGG motifs in its N-terminal region, is expressed in growing
blastema differentiated from neoblasts at the wound site. Phylogenetic analyses in lower
metazoans including sponge, Hydra and planaria shows that vas-related genes, such as DjVas-
1, evolved by duplication of PL10-related genes (Mochizuki et al., 2001). DjVas-1, together
with several other RNA-binding factors, is exclusively expressed in neoblasts of asexual
planaria, and its depletion through RNAI treatment results in the failure of animals to regenerate
after amputation, without affecting the population of neoblasts and mitotic cells (Rouhana et al.,
2010). Two vas homologs, smed-vasa-1 and smed-vasa-2, in another planarian, Schmidtea
mediterranea, are expressed in an irradiation-sensitive pattern indicating their specific
expression in neoblasts (Wagner et al., 2012). smed-vasa-1(RNAI) animals are able to grow new
tissues after amputation; however, these regenerated parts regress subsequently, suggesting a role

for vas in maintenance of tissue integrity.

Several other germline-specific genes such as tud, pum, piwi and bru are expressed in
totipotent stem cells and are required for tissue regeneration and in most cases for neoblast
maintenance (Guo et al., 2006; Palakodeti et al., 2008; Salvetti et al., 2005; Solana et al., 2009).
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This suggests a conserved multipotency program shared between germ cells in higher metazoans
and somatic stem cells in the ancestral metazoans (Juliano et al., 2010). A new hypothesis
challenges the classical division between preformation and epigenesis for germ cell
determination (Solana, 2013). According to this model germ plasm flows from zygote to germ
cells through primordial stem cells (PriSCs), such as neoblasts in planarians and totipotent cells
of inner cell mass (ICM) in mammals. To obtain a comprehensive transcriptome of unlimited
PriSCs (uPriSCs) a recent study compares transcriptomic profile of totipotent archeocytes in
fresh water sponge, Ephydatia fluviatilis, and the available RNA sequencing data of uPRiSCs
from two other early-diverging animal lineages, cnidarian H. vulgaris and flatworm S.
mediterranea (Alie et al., 2015). These analyses strikingly indicated that transcription factors are
poorly represented in the ancestral stem cells. In contrast, RNA-binding proteins (RBPS),
particularly germline associated RNA regulators such as Piwi, Vas, Bru, Ddx6, Mago, PL10 and
all Tudor domain proteins, are strongly over-expressed in uPRiSCs. Additional phylogenetic
analyses reveal that contrary to DNA replication and DNA repair factors, which are shared
between eukaryotes and bacteria, the vast majority of the identified RBPs, including the piRNA

components, were acquired concomitant with the emergences of stem cells.

1.11 Vas implication in cancer

Increasing evidence shows that a soma-to-germline transition occurs in cancer, resulting in
neoplastic characteristics such as rapid cell division and undifferentiated state (McFarlane et al.,
2014). In Drosophila genome-wide gene expression profiling of mutants for the tumor
suppressor gene, lethal (3) malignant brain tumor [I(3)mbt], shows that a quarter (26 of 102) of
the up-regulated genes encode germline-required factors (Janic et al., 2010). These genes
include nos and the piRNA components piwi, aub, krimper (krimp) and tej. Further analysis
indicated that although vas mRNA is not increased in I(3)mbt brains, Vas protein is ectopically
expressed. In addition, brain overgrowth was significantly reduced in double mutants for I(3)mbt
and one of several germline genes including vas, confirming that these genes indeed contribute
to malignancy. A subsequent study shows that 28 of 49 germline genes reported to be over-
expressed in 1(3)mbt tumors, at the mRNA or protein level, have human homologs corresponding

to 48 genes due to human paralogs (Feichtinger et al., 2014). Among these human homologs
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56% are associated with germ cell functions. Using microarray meta-analysis this study also
shows that thirty-one of these genes are significantly over-expressed in 11 distinct cancer types.
These findings are supported by a previous study showing that mutations in retinoblastoma
pathway in C. elegans result in expression of the germline specific gene, PGL-1, in somatic
tissues. Ectopically expressed PGL-1 localizes to the P granules in a perinuclear structure

resembling what is normally found in the germline blastomeres (Wang et al., 2005).

A specific example of Vas implication in somatic cancer is the epithelial ovarian cancer
(EOC) where vas was found over-expressed in 21 of 75 tissues tested (Hashimoto et al., 2008).
This study also indicated that 14-3-3c, a well-characterized cell cycle regulator which is
involved in G2 checkpoint following DNA damage (Chan et al., 1999), is down-regulated in
SKOV-3 cells stably expressing Vas. When these cells were exposed to epirubicin, a drug
inducing DNA damage, they exhibited defects in G2 checkpoint function and entered mitosis,
whereas vector-control cells were arrested in the G2 phase. This result suggests that abnormal
regulation of Vas could disrupt G2 checkpoint and cause chromosomal instabilities. A later study
analyzing expression pattern of DDX4 in 59 ovarian cancer patients confirms that DDX4 mostly
colocalizes with CD133, an ovarian cancer stem cell (CSC) marker, and suggests the possibility
of using DDX4 as another CSC marker in ovarian cancer (Kim et al., 2014). In addition, Vas
expression has been detected in various types of germline-derived testicular tumors including
seminoma, carcinoma in situ, dysgerminoma, and gonadoblastoma, again suggesting that Vas
could serve as a highly specific marker for germ cell tumors (Zeeman et al., 2002).

1.12 Vas structural analyses; preferential binding to mRNA targets

Crystal structure of the helicase-core region of Vasa (residues 200-623) bound to a single-
stranded RNA and AMP-PNP, a nonhydrolyzable analog of ATP, has been solved (Sengoku et
al., 2006). These structural analyses indicate that the N-terminal domain (NTD; residues 233—
454), and the C-terminal domain (CTD; residues 463—-621) fold in essentially the same way as in
the other DEAD-box proteins, although these two domains in Vas have a much more closed
relative orientation possibly due to specific sequence of the 8-residue linker region (residues

455-462). As a unique feature of the DEAD-box proteins, in contrast to the other subfamilies of
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SF2 proteins, the interdomain interactions in Vas ensure that the bound RNA is sharply bent, and
thus duplex formation is disrupted. The interactions of the residues in twelve conserved motifs of
Vas with RNA, ATP and the other parts of protein, are essentially the same as those in other
DEAD-box proteins. This study also indicates that the core region only interacts with the
phosphate-ribose backbone of the RNA and not the base moieties, suggesting that this region

does not contribute to any potential sequence specificity of Vas toward its RNA targets.

Vas—-mRNA complexes were purified from 0-2 h embryos through a tandem
immunoprecipitation approach with anti-Vas antibody (Liu et al., 2009). In this work 221 mRNA
were co-purified with Vas, 13.3% of which were enriched in the pole cells. One of the recovered
MRNA was mei-P26 with a known function in GSC differentiation (Neumuller et al., 2008; Page
et al., 2000). Vas directly interacts with 3" UTR of mei-P26, depending on a stretch of 10
consecutive U residues, and activates Mei-P26 translation (Liu et al., 2009). The polyuridine
tracts are not overrepresented among the mRNAs purified with Vas compared to whole
Drosophila mRNAs; however, germ cell enriched mRNA appear more frequently when the Vas-
bound mRNA are filtered for the presence of (U)-rich motif, an approach which may identify
other direct targets of Vas. It is further demonstrated that the preferential binding of Vas to the
(U)-rich motif compared to the neighboring motifs depends on sequences in its N- or C-terminal
regions, as the Vas core protein (VCP: residues 200-623) does not exhibit such discriminatory

affinity.

1.13 Rationale for experiments

The Vas crystal structure provides detailed information about the conformation of the
helicase domain in complex with RNA and ATP molecules. However, similar to most other
DEAD-box proteins, much remains unknown about the role of N- and C-terminal flanking
regions in Vas function. Nevertheless, data from in vitro assays suggest that these terminal
sequences contribute to the sequence specificity of Vas for its mRNA targets (Sengoku et al.,
2006; Liu et al., 2009). In the work presented in this thesis | undertook a systematic mutagenesis
approach to functionally characterize Vas N- and C-terminal domains through different in vivo

and biochemical assays. Furthermore, this work aimed to uncouple various Vas functions by
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individual mutations or deletions throughout Vas sequence, including the conserved helicase

core domain.

The Gly-rich N-terminus in most Vas orthologs contains multiple RGG motifs which are
arranged within tandem repeats. The RGG box is proposed to function as an auxiliary motif to
enhance RNA binding, and is shown in some cases to confer sequence specificity (Darnell et al.,
2001; Thandapani et al., 2013). However, functional significance of RGG motifs in Vas
orthologs has not been experimentally tested. Through different N-terminal truncations and point
mutations, | show that the divergent N-terminal region, and in particular the RGG motifs, are
critical for germline functions of Vas in Drosophila. These results are presented in chapter 2. A
previous study indicates that VVas promotes germline stem cell divisions, independent of its role
as a translational regulator. Extending this notion, through mutations in the conserved core
motifs, | indicate that some functions of Vas in oogenesis, which contribute to female fecundity,
are independent of its helicase activity. Furthermore, | show that two motifs in Vas C-terminus
are essential: one for the efficient localization of Vas to pole plasm and the other for several

functions in oogenesis and germ cell formation.

The C-terminal end of Vas orthologs is distinct among DEAD-box proteins, by the presence
of multiple acidic residues and a highly conserved tryptophan (Trp660 in Drosophila). CRISPR-
Cas9 induced homologous recombination was used to generate an endogenous allele of vas,
replacing Trp660 with glutamic acid (Glu). Through comparative analyses with wild type allele,
presented in chapter 3, | provide insights into the role of invariant Trp660 for different functions
of Vas. This work also shows that, despite being highly conserved, Trp660 could be replaced
with phenylalanine (Phe), another aromatic hydrophobic residue, without major effects on

various Vas functions.

Multiple functions of Vas, which are described in this literature review, are likely linked to
different RNP complexes that contain Vas. To separately study these functions, which are poorly
understood at the molecular level, it is advantageous to test different alleles with mutations that
only affect a subset of these RNPs. Among the nine vas alleles with point mutations, which have
been previously characterized, eight affect the helicase core domain and one maps to R170 in the

N-terminal region (Liang et al., 1994). In the majority of these mutants localization of Vas to
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pole plasm is abolished, complicating analyses of their potential defects in specific germ cell
formation pathways. Several of the transgenic alleles generated in my study exhibit normal
localization, but they show defects associated with particular aspects of vas function. The next
step is to explore protein or RNA interactions impaired by these mutations, to potentially provide
further insights into mechanisms of Vas function. In this study | applied a yeast two hybrid
(Y2H) assay to particularly investigate significance of the C-terminal acidic motif and the
conserved Trp on the interactions between Vas and its known protein partners as well as putative
interacting proteins identified in a new Y2H screen. These experiments are discussed in chapter
3 and appendixB.
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Chapter 2: In vivo mapping of the functional regions of the
DEAD-box helicase Vasa

Reproduced with minor modifications from

Dehghani and Lasko (2015). In vivo mapping of the functional regions of the DEAD-box
helicase Vasa. Biol Open. 20; 4(4):450-62.

Abstract

The maternally expressed Drosophila melanogaster DEAD-box helicase Vasa (Vas) is
necessary for many cellular and developmental processes, including specification of primordial
germ cells (pole cells), posterior patterning of the embryo, piRNA-mediated repression of
transposon-encoded mMRNAs, translational activation of gurken (grk) mRNA, and completion of
oogenesis itself. Vas protein accumulates in the perinuclear nuage in nurse cells soon after their
specification, and then at stage 10 Vas translocates to the posterior pole plasm of the oocyte. We
produced a series of transgenic constructs encoding eGFP-Vas proteins carrying mutations
affecting different regions of the protein, and analyzed in vivo which Vas functions each could
support. We identified novel domains in the N- and C-terminal regions of the protein that are
essential for localization, transposon repression, posterior patterning, and pole cell specification.
One such functional region, the most C-terminal seven amino acids, is specific to Vas orthologs
and is thus critical to distinguishing Vas from other closely related DEAD-box helicases.
Surprisingly, we also found that many eGFP-Vas proteins carrying mutations that would be
expected to abrogate DEAD-box helicase function localized to the nuage and posterior pole, and
retained the capacity to support oogenesis, although they did not function in embryonic
patterning, pole cell specification, grk activation, or transposon repression. We conclude from
these experiments that Vas, a multifunctional protein, uses different domains and different

molecular associations to carry out its various cellular and developmental roles.
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Introduction

The maternally-expressed Drosophila melanogaster gene vasa (vas) encodes a DEAD-box
RNA binding protein that is required for posterior patterning and germ cell specification (Hay et
al., 1988b; Lasko and Ashburner, 1990). Vas orthologs are expressed in the germ cell lineage,
and linked to germ line development, in many other animals including mammals (Castrillon et
al., 2000; Fujiwara et al., 1994; Komiya et al., 1994; Kuznicki et al., 2000; Lehmann and
Nusslein-Volhard, 1991; Olsen et al., 1997; Yoon et al., 1997). The first vas alleles that were
studied in Drosophila have a recessive maternal-effect lethal phenotype, in that homozygous
females produce non-viable embryos that lack primordial germ cells (pole cells) and most
posterior segmentation (Schupbach and Wieschaus, 1986a). Subsequent study of null vas alleles

such as vas‘H1e®

revealed earlier functions in oogenesis; vas-null females produce very few
mature eggs, and the eggs that are produced have dorsal appendage defects resulting from a
failure to activate gurken (grk) translation in the oocyte (Styhler et al., 1998; Tomancak et al.,
1998). Grk is an epidermal growth factor receptor (Egfr) ligand that in normal development is
secreted from the anterodorsal corner of the oocyte, activating Egfr in the adjacent follicle cells
and thus specifying dorsal fate (Gonzélez-Reyes et al., 1995; Roth et al., 1995). Vas interacts
with the translation initiation factor elF5B, which is necessary for ribosomal subunit joining
(Carrera et al., 2000). A mutant form of Vas, Vas"®!, that has a greatly reduced ability to interact
with elF5B does not activate translation of grk (Johnstone and Lasko, 2004) or of mei-P26, the
product of a gene involved in differentiation of germ line stem cells whose expression is also
dependent on Vas (Liu et al., 2009). These results suggest a model whereby Vas activates
translation of target mRNAs through preferential recruitment of this initiation factor (Lasko,

2013).

Other studies, however, have implicated Vas in processes that do not appear to involve
regulation of translation. In early oogenesis, Vas accumulates in nurse cells in a structure called
the nuage, then at stage 10 it is transferred to the oocyte where it accumulates in the posterior
pole plasm (Hay et al., 1988a; Hay et al., 1988b; Lasko and Ashburner, 1990). Vas is also
required for the assembly of the nuage (Liang et al., 1994), which is the cytoplasmic site for
processing of Piwi-associated RNA (piRNA) precursors (Pek et al., 2012b). Vas co-
immunoprecipitates with  RNA precursors produced from major piRNA clusters, and in
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cooperation with a nuclear DEAD-box helicase, UAP56, facilitates the transport of piRNA
precursors from the nucleus through nuclear pores to the cytoplasmic nuage (Zhang et al., 2012).
pIRNAs target transposon-encoded mRNAs and thus protect the genome against the deleterious
effects of uncontrolled transposition events (Klattenhoff and Theurkauf, 2008; Pek et al., 2012b).
Vas physically interacts with some components of the piRNA pathway thereby assembling an
amplifier complex on the transposon-encoded transcripts and promoting the ping-pong cycle
(Xiol et al., 2014). In vas™*®* ovaries, many transposon-encoded mRNAs are overexpressed,
consistent with an essential role for Vas in piRNA biogenesis (Zhang et al., 2012). Another
recent study links Vas to regulation of mitotic chromosome condensation in the Drosophila germ
AB17

line, and shows that this function can be carried out by Vas
association (Pek and Kai, 2011a).

, and thus is independent of elF5B

These many Vas functions make it difficult to study each individually, especially in the case
of later functions such as pole cell specification that depend upon earlier events such as posterior
localization. Thus, mutants affecting only a single Vas-dependent process would be valuable.
To identify such mutants, and to carry out a structure-function analysis of Vas, we generated a
set of mutant egfp-vas transgenes, and examined their activity in both a maternal-effect lethal vas
(vas') background and in a vas-null background. The Vas protein is organized into three
domains: a central region of approximately 400 amino acids that is conserved in all DEAD-box
helicases, a rapidly evolving N-terminal region of approximately 200 amino acids that contains
numerous RGG motifs, and a short C-terminal region. In other RNA-binding proteins RGG
motifs act as ancillary motifs, which increase affinity to RNA or confer sequence specificity for
RNA binding (Burd and Dreyfuss, 1994; Darnell et al., 2001; Lamm et al., 1996). The C-
terminal region contains some amino acids that are conserved in Vas orthologs in other
Drosophila species and terminates with a stretch of highly acidic residues, conserved in Vas

orthologs in Drosophila and beyond, but not in other DEAD-box helicases.

In this study we generated several egfp-vas constructs with deletions in the N-terminal
region and one that additionally abrogates remaining RGG motifs. By expressing these eGFP

PHI®S or a vas® background, we tested the significance of the N-terminal

fusion proteins in a vas
sequence, in general, and the RGG motifs, in particular, for localization of Vas and for its

different cellular and developmental functions. Similarly, we investigated the importance of a
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conserved motif near the C-terminus as well as the highly acidic sequence at the C-terminal end.
In addition, we examined the effects on Vas function in vivo of non-conservative missense
mutations in canonical DEAD-box helicase motifs that would be expected to render the protein

catalytically inactive.

Materials and Methods

Fly stocks and transgenic lines

vas' ™% js a null allele, lacking the entire coding region of vas, which was generated by

imprecise P-element excision (Styhler et al., 1998). vas® is a hypomorphic allele in which there is
no amino acid substitution in the coding region but Vas expression is limited to the germarium
(Lasko and Ashburner, 1990; Liang et al., 1994; Schupbach and Wieschaus, 1986b). To generate
egfp-vas constructs, the open reading frame (ORF) of vas was first cloned into a pENTR vector
(Life Technologies) with Xhol and Notl restriction sites added to the 5’ and 3’ ends, respectively.
This construct was used to generate deletions or point mutations in the vas sequence by PCR-
based site-directed mutagenesis. The Xhol/Notl digested vas ORF from this construct was then

4617

inserted into P[w+;Pvas-egfp] (Nakamura et al., 2001). egfp-vas™ and egfp-vas™®'’, which were

previously generated (Johnstone and Lasko, 2004), and all the N-terminally deleted egfp-vas

constructs were based on a cDNA clone that lacks one copy of a 39 nucleotide tandem repeat,

encoding amino acids 141-153 (Lasko and Ashburner, 1988). The egfp-vas®*** E400A

D554A

, egfp-vas
and egfp-vas constructs also lack these 39 nucleotides as well as the sequence encoding
amino acids 15-75. P element-mediated germ-line transformation was performed using a

standard technigue (Rubin and Spradling, 1982).

Western blots

To compare protein levels between different transgenic lines, ovary lysates from 2-5 day-old
females were resolved on 10% SDS-PAGE gels. Proteins were then transferred onto
nitrocellulose membranes for immunoblotting. Primary antibodies were anti-Vas (1:10000), anti-
a-tubulin (1:15000, Sigma) or anti-GFP (1:2500, Life Technologies). To examine stability of
eGFP-Vas in the pole plasm, protein lysates were prepared from 0-2 h old embryos and

processed as for the ovary lysates.
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Egg-laying assay

For each experiment four or five females, after eclosion, were paired with the same number
of males and allowed to lay eggs on grape juice plates supplied with yeast for 3 days at 25°C.
Eggs were collected and counted once per day. The embryos were also scored for dorsal

appendage morphology.

Hatching assay

For this assay, virgin vas® females, expressing different egfp-vas transgenes, were paired
with Oregon-R males and allowed to lay eggs on yeasted grape juice plates. Overnight embryo

collections were incubated at 25°C for 48 h, and then larvae and unhatched eggs were counted.

Immunostaining and in situ hybridization

Ovaries from 2-4 day old females were dissected in PBS and fixed for 20 min in 200 pl of
PBS containing 4% paraformaldehyde and 0.5% NP-40, plus 600 pl heptane. To immunostain
embryos they were collected for 5 h and then fixed in 3 ml PBS containing 4%
paraformaldehyde, plus 3 ml heptane. The fixed embryos were stored in methanol at -20°C.
Immunostaining was performed according to the protocol described by (Liu et al., 2009). Anti-
Vas (1:1000) and anti-Grk (1:500) were used as the primary antibodies. Fluorescent in situ
hybridization on the embryos was carried out according to the protocol described by Lécuyer et
al. (2007). fushi tarazu (ftz) cDNA was amplified by PCR from total cDNA synthesized from
embryonic mRNA, using gene-specific primers with T3 or T7 promoter sequences added to their
5’ ends. This PCR product was then verified by sequencing and used as a template to produce a
digoxigenin (DIG)-labeled probe. Horseradish peroxidise-conjugated anti-DIG (Jackson
Immunoresearch) and Alexa Fluor 555 tyramide (Life Technologies) were used to detect the
probe after hybridization. Samples were examined under a fluorescent Leica DM6000B
microscope. Confocal images were captured using a Zeiss LSM510 microscope.

Reverse transcription quantitative PCR (RT-qPCR)

Total RNA was extracted from ovaries of 1-2 day-old females, using TRI reagent (Sigma).
Samples were then treated with Turbo DNase (Ambion) and the RNA was precipitated using

acid phenol: chloroform (Ambion). cDNA was synthesized from 2 pg RNA using Maxima H
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Minus First Strand cDNA synthesis kit (Thermo Scientific). Random hexamers were used for
reverse transcription, and to enrich rp49 cDNA a specific RT primer (TTGGAGGAGACGCCG)
was added to the mixture. The resulting cDNA was used for RT-gPCR using HeT-A-1, 18S
rRNA and pre-rp49 primers described by (Zhang et al., 2012). RT-gPCR was performed in a
CFX96 Real-Time machine (Bio-Rad) using DyNAmo Flash SYBR Green (ThermoScientific).
The expression level of HeT-A was quantified relative to 18S rRNA and pre-rp49. A minimum of
three biological replicates were tested for each genotype. The graph shows the average and the
error bars indicate the standard error of the mean (SEM).

Live imaging

Embryos were collected for 30 min, then dechorionated using 5% bleach for 1 min and
rinsed with water. Embryos were then aligned in a Fluorodish cell culture dish (World Precision
Instruments) and covered with Halocarbon oil 400. Live imaging was performed using a
WaveFX spinning disk confocal system (Quorum) and a DM6000B inverted microscope (Leica).
Images were captured and processed using Volocity 3D image analysis software (PerkinElmer).

Statistical analyses

A two-tailed t-test was used to calculate the p-values in each assay. The difference between
two constructs was considered significant if the p-value was less than 0.05. To assess the effect
of different deletions or point mutations on Vas function, the mutated egfp-vas constructs were
compared to the wild type control (egfp-vas™), unless otherwise specified.

Results

A series of eGFP-Vas proteins with mutations in the N-terminus, conserved
helicase domains and the short C-terminus

The N-terminal region of Vas evolves rapidly; there are numerous sequence changes even
between D. melanogaster and the closely related species D. simulans (Fig. 2.1 A). Nearly all
Vas orthologues contain several RGG repeats within this region, although the number of such

motifs and their spacing vary considerably. To examine the role of the variable N-terminal
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Fig. 2.1 Summary of the deletions and point mutations examined in this study. A. An
alignment of the N-terminal ends of predicted Vas proteins from several Drosophila species. The
N-terminal vas open reading frame is often incorrectly annotated in species that have not
undergone extensive cDNA sequencing because of confounding factors such as poor sequence
conservation, nested genes and the solo alternative splice form (Yan et al., 2010). Therefore, to
produce this alignment, vas open reading frames were manually annotated from three-frame
translations of genomic DNA, using the short highly-conserved amino-terminal end to identify
the putative translational start site. Asterisks, colons and periods indicate full conservation,
strong similarity and weak similarity, respectively. RGG motifs are shown in red. B. Schematic
representation of the N-terminal deletions used in this study. The hash box marks amino acids
141-153, which are encoded by a copy of a 39-nucleotide tandem repeat that is absent from some
vas cDNA clones (Lasko and Ashburner, 1988). This segment is absent in eGFP-Vas" and all the
N-terminally deleted proteins as the constructs were built from such a cDNA clone. Vas*'" ™
XAGE contains a deletion of amino acids 17-110 and three mutations that convert RGG motifs to
AGG. C. The amino acid substitution mutations in conserved DEAD-box helicase motifs that
were produced for this study. Motifs are identified as previously defined (Rocak and Linder,
2004). D. Sequence alignment of the C-terminal region of Vas from D. melanogaster with
orthologs from other species. The red box depicts amino acids 636-646, which are conserved
among Drosophila species but not beyond. The purple letters show the conserved highly acidic
residues found at the C-terminal ends of Vas orthologs from Drosophila and non-Drosophila
species. A tryptophan residue (presented in blue) is also highly conserved.
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domain in Vas function, we produced egfp-vas transgenic constructs deleted for different

AI5-75 A17-110 A94-127 A3-139
, egfp-vas , egfp-vas , egfp-vas ,

egfp-vas™?"; Fig. 2.1 B). In addition, to specifically test the role of RGG motifs, we mutated

segments of the N-terminal region (egfp-vas

arginine to alanine in the three RGG motifs that remain present in egfp-vas™' """ (egfp-vas™! """
3XAGG); the three arginines mutated are R115, R122, and R163.

To examine the role of the conserved DEAD-box domains, we produced egfp-vas transgenic
constructs with the following point mutations: G294A, K295N, T296V, R378A, E400A, T546A,
and D554A (Fig. 2.1 C). Nine highly conserved motifs have been identified in DEAD-box
helicases (Rocak and Linder, 2004). The first three of these mutations affect motif I, which is
the Walker A motif, a well-established ATP binding domain conserved throughout evolution
(Cordin et al., 2006; Walker et al., 1982). R378A affects motif Ib; E400A affects motif II, the
DEAD-box; and the final two mutations affect motif V.

Near the C-terminal end, Vas contains a region (amino acids 636-646) that is conserved
among closely related Drosophila species and that includes a potential arginine methylation site
(R644). The C-terminal sequence also ends with a highly acidic region (amino acids 655-661),
which is found in many Vas orthologs. To examine the functional significance of these
sequences in the C-terminal regions we generated egfp-vas"*%, egfp-vas™**** and egfp-vas*®

57 transgenic lines (Fig. 2.1 D).

The egfp-vas* wild-type control and all the constructs with N-terminal deletions were
generated from a vas cDNA that lacks one copy of a 39 nucleotide tandem repeat, encoding
amino acids 141-153 (Lasko and Ashburner, 1988). The G294A, E400A and D554A constructs
also carried the A15-75 deletion. Neither the deletion of amino acids 15-75 nor 141-153 has any
measurable effect on Vas localization or function (Lasko and Ashburner, 1990; Styhler et al.,

1998; this work). All the other constructs were generated from a full-length vas cDNA.

Most non-null mutations of vas, including some affecting residues highly
conserved in DEAD-box helicases, can support egg production.

Females homozygous for vas deletions produce very few mature eggs (Styhler et al., 1998).

To examine which domains of Vas are essential for oogenesis we expressed eGFP-Vas proteins
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with various mutations in a vas'H16®

mutant background, and counted the number of eggs
produced (Fig. 2.2 A). For these and subsequent experiments, we selected individual transgenic
lines that gave comparable to or higher levels of eGFP-Vas expression than the egfp-vas* wild-

type control (Fig. 2.2 B, Fig. 2.51).

In this manner, we found that deletion of the first 200 N-terminal amino acids, or of smaller
segments within the N-terminal region, had less than a two-fold effect on female fecundity (Fig.
2.2 A). This indicates that sequences in the N-terminal region of Vas are largely dispensable for
completion of oogenesis. Quite surprisingly, we also only observed modest effects (2-3 fold
reduced from the egfp-vas* wild-type control) on egg production from females that expressed
eGFP-Vas bearing one of three non-conservative mutations in the Walker A motif (G294A,
K295N, T296V) or either of two mutations (R378A and T546A) in other highly conserved
DEAD-box helicase motifs (Fig. 2.2 A). A slightly larger effect (around 5-fold) was observed

PHISS mutant

from E400A. All these mutant forms of eGFP-Vas rescued egg production to vas
females at a statistically significant level (Table 2.S1). The Walker A and B motifs comprise a
very well characterized and widespread ATP-binding domain (Cordin et al., 2006; Walker et al.,
1982), and the four non-conservative substitutions in residues 294-296 and 400 would be
expected to abrogate its function. R378A impacts DEAD-box helicase motif Ib, which in elF4A
is essential for RNA binding (Rogers et al., 2002), while T546A affects motif \V, which is shown
to couple the ATPase and helicase activities in other DEAD-box helicases (Caruthers et al.,
2000; Sengoku et al., 2006). Taken together, these results indicate that mutant forms of Vas with
non-conservative amino acid substitutions in motifs implicated in ATP binding, and thus also in
its RNA helicase activity that depends on ATP hydrolysis, can nevertheless rescue oogenesis to
vas-null females to a substantial degree. The sole point mutation that did not restore fecundity to

vas" ™ females was D554A, which affects a highly conserved residue of motif V.

We also examined mutants affecting C-terminal residues well conserved among Vas
orthologs but not among other DEAD-box helicases for their effects on oogenesis. Similar to the
N-terminal deletions, these mutant forms of eGFP-Vas were able to restore fecundity to vas"

females 50-100% as effectively as a wild-type eGFP-Vas fusion (Fig. 2.2 A).
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Fig. 2.2 Fecundity of vas’ ®® females carrying different egfp-vas constructs, and expression
levels from those constructs. A. Fecundity. The y-axis indicates the number of eggs laid by
individual females in the first three days after eclosion, and the x-axis identifies each egfp-vas
construct that was tested. Data from vas™™% and vas™™®*/Df(2L)A267 controls are presented at
the far right. Asterisks indicate a significant increase compared to vas™ % (p<0.05). Error bars
indicate the standard error of the mean (SEM), n (number of females tested) >50 for all
genotypes. B. Western blots (WB) comparing the expression level of eGFP-Vas in the ovaries
from vas'/+ flies carrying the different constructs, using an anti-Vas antibody. a-Tubulin (a-Tub)
serves as a loading control. egfp-vas® was included in each blot for comparison. The eGFP-Vas
bands migrate at different positions depending on the deletions that they carry. No Vasa protein
was detected in the ovary lysate from vas™ %, The Vasa antibody raised | against the full-length
protein reacts with some mutant forms of Vasa such as vas**** and vas***® less strongly than
with vas™ (see also Fig 2.51).
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Vas requires the conserved DEAD-box domains as well as the acidic C-
terminus for the translational activation of Grk.

Females null for vas function fail to translate grk mRNA at wild-type levels (Styhler et al.,
1998; Tomancak et al., 1998), and the consequent reduction of secreted Grk ligand available to
adjacent follicle cells results in ventralization of their patterning, which can be observed through
effects on the structure and position of the dorsal appendages of the eggshell. As patterning
becomes more ventralized, the dorsal appendages move closer together, then fuse, and then
become absent altogether. We compared the percentages of eggs produced from each line

expressing a different eGFP-Vas mutant in a vas™ %

mutant background that had two dorsal
appendages (separate or partly fused), a single fully fused appendage, or no appendages, as an
index of Gurken (Grk) expression (Fig. 2.3 A). Using this assay, we found that most N-terminal
deletions of eGFP-Vas had only modest, but nevertheless statistically significant, effects on
dorsal appendage formation (Fig. 2.3 A, Table 2.51). Larger N-terminal deletions had somewhat
larger effects with greater statistical significance, and fewer than 20% of eggs produced from
females expressing only eGFP-Vas deleted for amino acids 3-200 had two dorsal appendages
(Fig. 2.3 A, Table 2.S1). In contrast to what we observed for oogenesis, all mutations in the
conserved helicase domains severely compromised dorsal appendage formation (less than 10%
of embryos with two dorsal appendages; Fig. 2.3A), and again D554A had the most extreme
effect (no embryos with two appendages). The three C-terminal mutations we examined behaved
divergently in this assay; deletion of amino acids 636-646 or a point mutation in a conserved
residue within this segment (R644A) had only modest but statistically significant effects, while
deletion of the seven most C-terminal amino acids (655-661) produced nearly as severe a

phenotype as some of the mutations in conserved DEAD-box domains (Fig. 2.3 A, Table 2.S1).

We also examined Grk expression directly in these mutants by immunohistochemical
staining of stage 8 egg chambers, where in wild-type a prominent crescent of Grk is apparent
adjacent to the nucleus in the anterodorsal corner of the oocyte. We counted the percentage of
stage 8 oocytes with a visible Grk crescent, and obtained results that were consistent with those
we observed for dorsal appendage formation (Fig. 2.3 B). Again, mutations affecting conserved
DEAD-box helicase residues, and deletion of amino acids 655-661, showed strong effects (>85%
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Fig. 2.3 Dorsal-ventral patterning in eggs produced by vas™™'® females carrying different
egfp-vas constructs. A. Dorsal appendage formation. The green bars indicate the percentage of
the embryos with two separate or partly fused dorsal appendages. The beige and yellow bars
represent the portion of the embryos with fused or no dorsal appendages, respectively. Data from
vas™™% controls are presented at the far right. Error bars indicate SEM, n (number of females
tested) >50 for all genotypes. Asterisks indicate a significant difference compared to vas"
(p<0.05) B. Grk expression. Red bars indicate the percentage of stage 8 egg chambers positively
stained for localized Grk. Error bars represent SEM from three different replicates. n (number of

stage 8 egg chambers in each replicate) >50 for all genotypes.
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decrease in the number of stage 8 egg chambers with a Grk crescent compared to vas®). The

other constructs could largely rescue Grk expression in vas~ %

A3-200
egfp-vas

compared to egfp-vas’). The Grk crescent was typically less pronounced in mutants where it was

oocytes with the exception of

where a Grk crescent was visible in only 36 + 6.6% of the oocytes (p = 0.029 when

visible in a smaller proportion of oocytes (Fig. 2.S52). Both the indirect dorsal appendage assay
and the direct immunohistochemical assay indicated that Vas requires its conserved DEAD-box
helicase motifs, as well as its seven most extreme C-terminal amino acids, for translational
activation of Grk. This is consistent with our earlier hypothesis that Vas actively promotes grk

translation (Johnstone and Lasko, 2004).

The N-terminal and C-terminal domains as well as the conserved core region
contain important elements for Vas localization.

Next, we analyzed our collection of egfp-vas mutants in a vas' genetic background to assess
phenotypes that manifest themselves at later developmental stages. Expression of Vas in the
vas' mutant is restricted to the germarium stage, and this mutant produces wild-type numbers of
eggs, which however do not support germ cell specification or posterior patterning (Hay et al.,
1990; Lasko and Ashburner, 1990; Schupbach and Wieschaus, 1986a). For simplicity we will

refer to embryos produced by vas' mothers as “vas* embryos”.

First, we examined the spatial distribution of each mutant form of eGFP-Vas. In early
oogenesis, wild-type Vas accumulates in the perinuclear nuage of the nurse cells. Beginning at
stage 10, Vas is then transported into the oocyte where it accumulates in the posterior pole
plasm. This localization pattern is recapitulated by transgenically expressed wild-type eGFP-
Vas, and by eGFP-Vas deleted for amino acids 3-139 or for several smaller segments within that
interval (Fig. 2.4 A). However, a more extensive N-terminal deletion of amino acids 3-200 made
the association of Vas with the perinuclear nuage weaker and reduced Vas localization to the
pole plasm (Fig. 2.4 A).

Mutations affecting conserved DEAD-box residues had different effects on Vas localization.
Surprisingly, most of the eGFP-Vas mutants we analyzed retained some ability to localize to the
nuage in stage 5 nurse cells and to the posterior pole of the stage 10 oocyte (Fig. 2.4 B). The
single exception was T546A, which presented an almost completely uniform distribution. For
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Fig. 2.4 Localization of eGFP-Vas proteins in vas® ovaries. A. N-terminal deletions. B.
Mutations in conserved DEAD-box helicase motifs. C. C-terminal mutations. For each genotype
the left, the top right and the bottom right images show a stage 5 egg chamber (confocal image),
an early stage 10 egg chamber, and a stage 14 oocyte. Scale bars (50 um) are included on the
top set of images; all corresponding images from other genotypes are at the same magnification.
D. Higher magnification confocal images comparing distribution of eGFP-Vas at the posterior
pole of vas'; egfp-vas™ and vas®;egfp-vas?®®* stage 14 oocytes. eGFP-Vas***®® distribution
is more diffuse. For each genotype the top image shows the middle focal plane whereas the
bottom image illustrates the maximum intensity projection of the z stack. Scale bars= 50 pum.
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most other mutations affecting conserved DEAD-box residues, nuage-associated eGFP-Vas was
distributed in a far more punctate pattern than in wild-type or in all N-terminal deletions except
for A3-200 (compare Fig. 2.4 B with A). Posterior localization of most mutant eGFP-Vas
proteins affecting conserved DEAD-box residues was transient and did not persist through the
end of oogenesis. The R378A allele is an exception in that nuage localization appeared relatively
normal and posterior localization was stable, persisting into stage 14 oocytes (Fig. 2.4 B). To a

K295N

lesser extent, localized eGFP-Vas was also apparent in embryos produced from vas mothers

(Fig. 2.4 B).

None of the C-terminal mutants we analyzed had drastic effects on localization; however,
posterior accumulation of eGFP-Vas deleted for amino acids 636-646 was less robust and more
diffuse than in wild-type (Fig. 2.4 C, D).

The role of Vas in repressing transposon-encoded mRNASs requires its helicase
function and is also dependent on some N-terminal and C-terminal motifs.

Females lacking vas function overexpress mRNA from a subset of transposon families in
their ovaries (Zhang et al., 2012). We examined levels of HeT-A, a retrotransposon that is highly
expressed in vas deficient ovaries, in vas™ % females carrying different egfp-vas constructs.
Consistent with a previous report (Zhang et al. 2012), quantitative RT-PCR (RT-gPCR) analyses

indicated that the expression level of HeT-A in the ovaries of homozygous vas® ® or vas™ 16>/

Df(2L)A267 females is more than 100-fold higher than in wild-type controls (Fig. 2.5). eGFP-

Vas®, as well as the N-terminally truncated proteins lacking the interval 17-110 or shorter, could

PH165

suppress HeT-A expression in the vas ovaries to within an order of magnitude of the wild-

type level. On the other hand, expression of HeT-A in ovaries expressing the largest N-terminal
deletion (eGFP-Vas*2") was about 50-fold higher than wild-type (p = 0.0039), indicating some
requirement for N-terminal sequences between amino acids 111-200 in repression of transposon-

encoded gene expression. HeT-A expression in vas-null ovaries expressing constructs that delete

A3-139 A94-127)

part of this region (egfp-vas was highly variable from experiment to

or egfp-vas

experiment, ranging from near wild-type levels to levels similar to vas 3200

, and because of this

variability the difference from egfp-vas™ was not statistically significant (Table 2.51). We
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Fig. 2.5 HeT-A expression in ovaries of vas''% females carrying different egfp-vas
constructs. Red bars indicate the expression level of HeT-A normalized to that of wild-type
ovaries. Data from vas™™* and vasPH165/Df(2L)A26 7 controls are presented at the far right.
Asterisks indicate a significant increase compared to vas' (p<0.05). Each bar represents the
average of at least three biological replicates, error bars indicate SEM.
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observed that HeT-A expression in vas™'%; egfp-vas

variable (Fig. 2.5).

A0 34GG - ovaries was also highly

Overexpression of HeT-A by 50- to 100-fold was found when ovaries expressing any of
three mutant forms of eGFP-Vas affecting conserved DEAD-box domains (G294A, K295N, or
D554A) were examined (p < 0.05 in all three cases). Surprisingly, Vas“®*’, a mutant that reduces
the interaction with elF5B and thus affects the role of Vas in translational activation (Johnstone
and Lasko, 2004; Liu et al., 2009), also could not rescue suppression of HeT-A expression (p =
0.0024). We further found that deletion of the interval 655-661, covering the highly conserved
C-terminal acidic residues, reduces the ability of eGFP-Vas to support HeT-A silencing. While
all individual data points for this construct showed elevated HeT-A expression (32-261 fold over
wild-type), this high degree of variability rendered this difference not statistically significant
(Table 2.S1).

In addition to its core helicase domain, Vas requires motifs in the N-terminus
and C-terminus regions to support germ cell specification.

eGFP-Vas deleted for amino acids 15-75, 17-110, or 94-127 retained the ability to induce
germ cell formation in vas’ embryos to a similar or even greater extent to eGFP-Vas® (Fig. 2.6).
However, deletion of amino acids 3-139 clearly impacted the ability of eGFP-Vas to restore pole
cell formation to vas' embryos (p = 0.018 when compared with eGFP-Vas"), with only 7 *
1.18% of embryos from females expressing this construct forming pole cells. This was not due
to low expression level from this construct (Fig. 2.S1), but we did find that this protein is
unstable in embryos (Fig. 2.S3). Next, we examined embryos produced from vas® females

expressing eGFP-Vag"! 7110 xAGG

(Fig. 2.6 and Fig. 2.S3). In this line the frequency of embryos
forming germ cells was only 14 + 4.9% (p = 0.022 when compared with eGFP-Vas"), suggesting
that the RGG motifs in the N-terminal region of Vas play a role in germ cell formation.
Importantly, all of these forms of eGFP-Vas localize normally to the posterior pole plasm (Fig.

A3-200

2.4 A). vas' embryos expressing eGFP-Vas never produced germ cells, further implicating

N-terminal motifs in pole cell specification.

Despite the ability of some to localize to the pole plasm, all mutant forms of eGFP-Vas that

affect conserved DEAD-box residues completely failed to restore the ability to form pole cells to
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Fig. 2.6 Germ cell formation in embryos from vas’ females expressing different eGFP-Vas
proteins. Red bars indicate the percentage of the embryos with germ cells. Data from the vas’
control is presented at the far right. Asterisks show a significant difference from vas” (p<0.05).
Error bars represent SEM from at least three biological replicates each with more than 50
embryos.
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vas' embryos. This implies that Vas must be catalytically active to mediate germ cell
specification.

One C-terminal mutant, eGFP-Vas"***%°

, When expressed at levels comparable to the wild-
type control, restored almost no pole cell formation activity to vas' embryos (Fig. 2.6). When
examined in more detail, however, its phenotype is novel in that pole buds begin to form but then
regress. Unlike in wild-type, mitotic divisions remain synchronous in the somatic and posterior
pole region of embryos expressing eGFP-Vas“®*®®® (Fig. 2.7, Movie 2.51 and Movie 2.52). We

hypothesize that the more diffuse localization of eGFP-Vas"%%%%4

at the posterior region results
in an insufficient concentration of Vas at the extreme posterior to catalyze pole cell formation,
and as mitosis remains synchronous, the eGFP-Vas that is present gets divided into a larger
number of foci than in wild-type. Supporting this hypothesis, higher expression of eGFP-
Vas"#% enables many more vas® embryos to produce pole cells, however the number of pole
cells each embryo produces is highly variable, and on average is much lower than that for

A15-75

example in vas'; egfp-vas , Which is expressed at a comparable level (4.3 £ 0.3 versus 9.9 +

R644A

0.2; Fig. 2.54). We did not observe a similar phenotype for eGFP-Vas , @ point mutation that

affects a potential arginine methylation site within the 636-646 interval.

Lastly we found that the conserved sequence at the C-terminus of Vasa is required for germ
cell formation (p = 0.013; Fig. 2.6). vas'; eGFP-vas*®**®®" embryos produce almost no germ

cells despite the normal localization of eGFP-Vas to the posterior pole.

Posterior patterning activity of Vas is abolished by removing the entire N-
terminal domain or by point mutations in conserved DEAD-box helicase
domains.

vas embryos fail to hatch because they lack posterior segments and thus die. We tested the
ability of the various eGFP-Vas constructs to rescue embryonic viability to vas' embryos.
Proteins with N-terminal deletions within the interval 15-127 differ little from wild-type eGFP-
Vas in their ability to restore viability to vas' embryos (Fig. 2.8 A). However, embryonic
viability decreased about 37% by removing amino acids 3-139 (p = 0.044) and was almost

completely abolished by a more extensive N-terminal deletion (A3-200). We also found that all
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B vasl;vasi636-646

Fig. 2.7 Time course of pole cell development in eGFP-Vas" and eGFP-Vag #0646 expressing

embryos. A. A series of still shots from live imaging of pole cell formation in eGFP-Vas"
expressing embryos. eGFP-Vas is tightly localized at the posterior pole and then concentrates in
foci within pole buds. Posterior nuclear divisions become asynchronous with somatic nuclear
divisions, and eGFP-Vas positive pole cells completely form. B. A series of still shots from live
imaging of pole cell formation in eGFP-Vas“®%%* expressing embryos. eGFP-Vas is less tightly
localized at the posterior pole and forms more foci than in wild type. Mitosis remains
synchronous throughout the embryo. eGFP-Vas is then lost from the posterior region and pole
cells fail to form. Scale bar= 50pm.
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Fig 2.8 The ability of various egfp-vas constructs to restore abdominal segmentation in vas*
embryos. A. Hatching rates: The red bars indicate the percentage of embryos hatched after 48
hours, error bars indicate SEM from at least five plates. Between 500-1000 embryos in total were
scored for each genotype. B. fiz expression in vas' embryos containing various egfp-vas
constructs: The y-axis indicates the average number of fz stripes for each genoptype. Error bars
show SEM calculated from more than 50 embryos examined for each genotype. In both A and B

. . . . +
asterisks show a significant increase or decrease from vas ™ (p<0.05).
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seven mutations in the conserved core motifs abrogated the function of Vas with regard to

embryonic viability.

Interestingly, eGFP-Vas“®*%*  despite its inability to restore pole cell formation to vas*
embryos, was fully able to restore viability even through to adulthood; thus the vas'; egfp-

vas“®30% allelic combination produces a robust grandchildless phenotype, when the transgene is

expressed at the level of the wild-type transgenic control. As in the other assays, eGFP-Vas™*

was fully functional with respect to restoring viability to vas* embryos, while eGFP-Vas"®>>%%*

rescued viability at a substantially lower rate than wild-type (p = 0.0005).

To determine whether these effects on viability correlate with defects in anterior-posterior
patterning, we performed in situ hybridization for ftz mRNA on vas' embryos expressing the
different egfp-vas transgenes (Fig. 2.8 B). In wild-type blastoderm-stage embryos ftz mRNA is
expressed in seven transverse stripes along the anterior-posterior axis, while in vas' embryos ftz
MRNA is usually expressed in only four stripes, with loss of stripes 4, 5, and 6 that correspond to
future abdominal segments. For all N-terminal deletions within the interval 15-127, the average
number of ftz stripes was above six and the embryos with seven stripes represented the most
frequent class. However, the average number of ftz stripes in vas****° decreased to 5.69 + 0.2 (p
= 0.037) which was associated with about a 30% decrease in the number of embryos with seven
stripes. For A3-200 and all mutations in conserved DEAD-box residues, similar to vas' the
average number of ftz stripes was less than four, and embryos with four ftz stripes were
predominant, indicating a failure of these constructs to rescue posterior patterning and thus
embryonic viability. Seven ftz stripes predominated in embryos expressing each of the
constructs mutated at the C-terminal end, except for A655-661 where the average was 5.47+0.19
(p = 0.0028) and in approximately 60% of these embryos fewer than seven ftz stripes were

present.

Taken together, these results indicate that the conserved domains that VVas shares with other
DEAD-box helicases are essential for posterior patterning, and that other residues in the intervals

between amino acids 140-200 and 655-661 also contribute to this function.
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Discussion

Mutant forms of Vas with abrogated DEAD-box motifs can support oogenesis
and can localize to the posterior pole of the stage-10 oocyte, but RNA helicase
activity of Vas is required for most of its cellular and developmental functions

This comprehensive analysis of the in vivo activities of a series of eGFP-Vas proteins allows
us to draw several conclusions as to how its various functions are related to different motifs
within the protein. Surprisingly, we found that most mutant eGFP-Vas proteins carrying non-
conservative amino acid changes that would be expected to abrogate fundamental DEAD-box
helicase functions such as ATP binding or RNA binding can nevertheless restore fecundity to a
vas-null mutant. Furthermore, most of these same mutant proteins can localize to the posterior
pole of the stage-10 vas® oocyte. This argues that whatever role Vas performs to allow oogenesis
to progress to completion, and also its posterior localization, does not require it to function as an
RNA helicase. We speculate that these functions of Vas may be fulfilled through it operating as
an inert scaffolding molecule. The exceptional mutations that do not localize or rescue
oogenesis (T546A and D554A, respectively) both affect motif V. Consistent with this, an early

study mapped vas®®, an allele with a phenotype of similar severity as vas~H®

and that produces
a protein that fails to localize, to a point mutation in motif V (Liang et al., 1994). Perhaps motif
V is within an important region for a scaffolding function, or alternatively mutations in this
domain produce alterations in protein folding that abrogate the ability of Vas to serve as a
scaffold. Notwithstanding the above, however, most functions of Vas require it to be an active
RNA helicase, as translational activation of grk, posterior patterning, pole cell specification, and
repression of transposon-encoded mRNAs are all not supported by any mutant with alterations in
the conserved DEAD-box motifs. We observe as well in many conserved DEAD-box residue
mutants (and in A3-200) that the nuage appears punctate, and does not fully encircle the nurse
cell nuclei. vas has previously been implicated in nuage formation in electron microscopy studies

(Liang et al., 1994).
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A highly acidic Vas-specific C-terminal motif is required for many Vas
functions

At the extreme C-terminal end of Vas orthologues throughout the animal kingdom is found a
5-7 amino acid motif that contains several acidic amino acids and a tryptophan residue at the
penultimate or ultimate position (Fig. 2.1 D). This motif is not conserved in other closely related
DEAD-box proteins. The C-terminal seven amino acids of human DDX3 or Drosophila Belle,
DEAD-box proteins that are most closely related to Vas, both include two consecutive
tryptophan residues but include only one aspartate residue each, thus their C-terminal ends have
substantially diverged from Vas and the human Vas orthologue DDX4. The C-terminal ends of
Drosophila RM62 or human DDX5, the next most closely related DEAD-box proteins to Vas,
include neither tryptophan residues nor acidic residues. In this study we show that this Vas-
specific C-terminal motif is nearly as essential to its function in vivo as the conserved DEAD-
box domains. The mutant form of eGFP-Vas deleted for this motif does not support translational
activation of grk, pole cell specification, and its activity with respect to posterior patterning and
repression of transposon-encoded mRNAs is clearly reduced. These results indicate that this C-
terminal domain is a key feature of Vas that distinguishes it functionally from other closely
related DEAD-box helicases.

We made two other noteworthy observations concerning the C-terminal region of Vas.
First, we identified a motif (636-646) that is essential for fine-tuning the distribution of Vas at
the posterior pole of the early embryo. When this motif is deleted, posterior localization of Vas
is more diffuse, affecting pole cell specification. It is possible that VVas, depending on motif 636-
646, plays a role in maintaining integrity of pole plasm, and thus ensuring sufficient
concentration of germ cell components at the posterior region. Indeed our further analyses

A636-646

indicate that localization of Vas in a wild type background is comparable to Vas’,

suggesting that deletion of motif 636-646 primarily affects Vas function, which in a vas'
background will ultimately result in the protein mislocalization. Moreover, when Vas*®*¢%4 js
expressed at high enough levels it can induce germ cell formation, indicating that it is not
inherently defective for this function. Second, we found that deletion of amino acid 617,
previously shown to affect the Vas-elF5B interaction, also results in a failure to repress

transposon-encoded mRNAs. This could suggest that the role of Vas in transposon silencing
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involves translational regulation, but the accumulation of Vas in the nuage and the direct
association of Vas with piRNAs support a more direct role (Xiol et al., 2014; Zhang et al., 2012).
We speculate that deletion of amino acid 617 disrupts not only the elF5B interaction but another

interaction as well that is involved with piRNA processing.

The rapidly-evolving N-terminal region contributes to Vas function

After the first eight or nine amino acids at the extreme N-terminus, which are highly
conserved among Vas orthologues in different Drosophilids, there is a rapidly evolving segment
of the protein that extends for approximately the next 170 amino acids in D. melanogaster (Fig.
2.1 A). Strong sequence conservation among species begins again near the DINNN motif
(amino acids 184-188) that binds to two Cullin-RING E3 ligase specificity receptors, Gustavus
(Gus) and Fsn (Kugler et al., 2010). We found that eGFP-Vas proteins with deletions within the
region 15-110 are able to support all functions of Vas that we examined. Analysis of more
extensive deletions, however, reveals several roles for the N-terminal domain. Deletions
affecting the region between amino acids 110-139 produce inconsistent effects on transposon
MRNA silencing, suggesting that these forms of Vas are close to a threshold level of activity
with respect to this function, and that this region of the protein has at least an accessory role in
piIRNA processing. Rapid evolution of some germ line-expressed genes must contribute to the
reproductive isolation of species, and derepression of transposon activity has been observed in D.
melanogaster/D. simulans Hmr/+ hybrid females (Kelleher et al., 2012). It is interesting in this
context that a segment of the rapidly evolving region of Vas might be implicated in transposon

silencing, as it suggests a potential mechanism underlying hybrid sterility.

Complete deletion of the N-terminal region (A3-200) abrogates the ability of eGFP-Vas to

support posterior patterning and pole cell specification, while eGFP-Vas*3***

supports these
functions to some extent. The larger deletion includes the DINNN motif, which may contribute
to these functions. However, as gus and Fsn mutations do not completely abrogate posterior
patterning and pole cell specification (Kugler et al., 2010), other motifs probably contribute as

A17-110

well. Our analysis also indicates that the integrity of three RGG motifs in Vas IS necessary

for its function in pole cell specification.
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Our results indicate that different functions of Vas require different domains of the protein,
which in turn implies that its different functions involve a diversity of molecular associations.
DEAD-box helicases often function as components of ribonucleoprotein particles (RNPs), and it
is likely that each mutation in eGFP-Vas which affects particular functions might also affect its
ability to assemble into some RNPs but not into others. The eGFP-Vas transgenes that we have
generated open the door for future proteomic analysis that could address this issue and link

specific molecular associations with cellular and developmental functions.
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Fig. 2.S1 The same western blot as in Fig. 2.2B stained with anti-GFP to compare expression
levels of eGFP-Vas proteins in ovaries from vas'/+ females carrying the different constructs.
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Fig. 2.52 Representative confocal images of Grk immunostaining in the subset of stage 8 egg
chambers that were positively stained in each genotype. Scale bar=50 um
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eGFP-Vas

a-Tub

Fig. 2.53 A comparison between eGFP-Vas®, eGFP-Vas*' 10 A5G ang eGFP-Vas**™** for
their stability in 0-2 h embryos from vas'/+ females. Top panel; western blot using a GFP
antibody. Bottom panel: the same blot was stained for a-tubulin as a loading control. In the
rightmost lane of each pair half as much lysate was loaded. The low level of eGFP-Vas™*™* in
embryos suggests that this protein may be unstable.
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Fig. 2.54 vas'; egfp-vas and vas'; egfp-vas are compared for their variability in the
number of pole cells per stage 4-5 embryos. The numbers of pole cells have a normal distribution
between vas'; egfp-vas”’’*"® embryos (A), whereas in a vas'; egfp-vas’™*®*® [ine (B) that has a
similar expression level of eGFP-Vas, the number of pole cells in embryos is highly variable
with a bias toward zero. Error bars represent SEM from three replicates with more than 50
embryos each. (C) Western blots from 0-2 h embryos compare expression levels of eGFP-Vas in
egfp-vas?”’ " and egfp-vas?®*®® lines. In the rightmost lane of each pair half as much lysate was
loaded. A Vas antibody was used to detect both the eGFP-Vas and the endogenous Vas.

82



Table 2.S1 Results of the statistical analyses: The p-values calculated in each assay are listed. Different genotypes were compared to
vas' "% for egg-laying assay, and to egfp-vas® for all the other assays.

AT7-110,

e vasts7s vasho-iz? | yaghl7110 ;/X%ge vashiiso vaghi200 vas®2o4A
Number of eggs produced/female’ 1.056-07 | 1.22E-05 | 1.13E-11 | 1.43E-07 | 1.64E-07 | 9.71E-09 | 8.46E-10 | 6.44E-08
Embryos with two dorsal appendages (%)’ — 0.0910 | 7.78E-08 | 5.91E-08 | 0.0047 | 0.0001 | 1.50E-12 | 1.07E-20
Stage 8 egg chambers with Grk crescent (%)’ — 0.0473 0.8568 0.4981 0.9018 | 0.2094 0.0291 | 0.0037
HeT-A overexpression® — 0.3878 0.2320 0.5582 0.4822 0.1823 0.0039 0.0402
Embryos with germ cell (%) — 0.0262 0.5819 0.7785 0.0221 | 0.0181 0.0128 | 0.0128
Embryonic viability (%)* — 0.0390 0.6891 0.5599 0.8610 | 0.0443 | 1.66E-05 | 1.52E-05
Average number of stripes/embryo’ — 0.1402 0.2807 0.5552 0.8248 | 0.0376 | 9.33E-18 | 2.29E-23

1: compared to vas™%

2: compared to vas®
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VaSK295N VaSTZQGV VaSR378A VaSE400A VaST546A VaSD554A VaSA617 VaSA636-646
Number of eggs produced/female” 1.64E-07 | 0.0002 | 1.86E-06 | 0.0001 | 6.32E-08 | 0.0846 — 9.28E-08
Embryos with two dorsal appendages (%)’ 6.64E-10 | 3.24E-20 | 1.48E-21 | 1.71E-17 | 1.70E-20 | 4.29E-15 — 2.81E-06
Stage 8 egg chambers with Grk crescent (%)° | 0.0025 0.0043 0.0009 | 0.0045 0.0041 0.0043 — 0.7973
HeT-A overexpression® 0.0237 — — — — 0.0101 | 0.0024 | 0.7551
Embryos with germ cell (%) 0.0128 0.0128 0.0128 | 0.0128 0.0128 0.0128 — 0.0130
Embryonic viability (%)* 1.52E-05 | 1.52E-05 | 1.52E-05 | 1.52E-05 | 1.52E-05 | 1.52E-05 0.1930
Average number of stripes/embryo” 7.01E-20 | 3.28E-19 | 3.20E-18 | 1.89E-19 | 1.05E-19 | 2.13E-19 — 0.7425
vasth | vast®et | vasP® orvas' | vast®/Df(2L)A267
Number of eggs produced/female’ 1.04E-09 | 3.95E-10 — 0.8269
Embryos with two dorsal appendages (%)* 4.13E-15 | 8.63E-19 3.07E-15 —
Stage 8 egg chambers with Grk crescent (%)> 0.2671 0.0018 0.0037 —
HeT-A overexpression’ — 0.1422 0.0216 0.0239
Embryos with germ cell (%)’ 0.8308 0.0131 0.0128 —
Embryonic viability (%) 0.6114 | 0.0005 1.52E-05 —
Average number of stripes/embryo® 0.2970 0.0028 7.62E-22 —
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Appendix A

A.1 Mapping the structural domain in the N-terminus of Vas for
sequence-specific binding to RNA

Despite the extensive knowledge of Vas, little is known about its mRNA targets and their
recognition motifs. To approach this issue, mMRNAs co-purified with Vasa from extracts of the
early Drosophila embryos were screened (Liu et al., 2009). One of the identified MRNAs was
mei-P26. Further analyses indicated that a (U)-rich motif in the mei-P26 3' UTR is necessary for
its translational activation by Vas. Although transcripts bearing a polyuridine motif were not
over-represented among the recovered mRNASs, the number of pole cell-enriched transcripts
among them was four to five-fold higher than that in a random sampling (Lecuyer et al., 2007;
Tomancak et al., 2007), indicating that VVas may specifically recognize its targets by the presence
of a (U)-rich motif in their 3" UTR. This uncovers a novel RNA binding mechanism for Vasa,
which was previously thought to be non-sequence specific in its interaction with RNA.
Nonetheless, the Vas domain(s) responsible for its specific interactions with the mRNA still
remains unknown. Previous studies suggest that the specificity arises from the part of the Vas
sequence outside of the conserved motifs among DEAD-box proteins (Liu et al., 2009; Sengoku
et al., 2006).

One hypothesis is that the sequence-specific binding is associated with one or more RGG
motifs in the N-terminus of Vas. The RGG box, defined as closely spaced Arg-Gly-Gly repeats,
often mediates RNA-protein or protein-protein interactions (reviewed by Thandapani et al.,
2013). In addition, RGG motifs could contribute to sequence specificity of RNA binding
proteins, the best example of which is the Fragile-X Mental Retardation Protein (FMRP) which
binds a G-quartet in its mMRNA targets via the RGG box (Darnell et al., 2001; Lamm et al., 1996).

To investigate this possibility, | generated glutathione S-transferase (GST)-Vas constructs
with progressive deletions in their N-terminus that eliminate different numbers of RGG domains.
Fusion proteins, produced from these constructs, were used in a cross-linking assay to study their
interaction with fragments of the mei-P26 3’ UTR. | predicted that some of these constructs
would lose their ability to bind the (U)-rich fragment from the mei-P26 3’ UTR, and thus

uncover the region(s) responsible for the sequence-specific binding.
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Plasmid construction and UV cross-linking assays

Different constructs of vas were generated encoding various lengths of the N-terminus (N)
plus the Vas core protein (VCP: amino acids 201-623). These fragments were amplified from a
vas coding sequence (CDS) clone, which lacks one copy of a 39 nucleotide tandem repeat,
including one RGG motif, but which has been previously used successfully to rescue vas-null
defects (Johnstone and Lasko, 2004). A GST-tag was also included at the N-terminus of each
construct. As controls, GST-Vas™ (containing the full-length Vas) and GST-VCP fusions were

prepared from the previously generated constructs (Liu et al., 2009).

UV cross-linking assays were performed according to Liu et al. (2009). Each protein
construct was tested against four different probes which were 30-nt fragments derived from the
mei-P26 3’ UTR and radiolabelled by *P:

521-550; UUAACUACGAAUACGUGAAAAUGAAAAGGU,

551-580; CGAGC UCCUAUUUUUUUUUUCCCCGUUUAU,

581-610; CUGUAUAGUCCCCUAUCAACGUUCGAAUUC

and 611-640; UUAAAGCUGAUCAAAUCUGCGGCUGCACAG. Purified GST was tested as a

negative control in the cross-linking assays.

Results: the in vitro assays map a sequence-specific RNA binding motif to
amino acids 183-200 of Vas.

In the first round of experiments six GST-Vas fusion proteins including Vas™ and VCP
were bacterially expressed and purified (Fig. A.1 A, B). The UV cross-linking assays using these
proteins show that N+VCP, N*'3*+VvCP |, N*'®+VCP and N*'"™*+VCP fusions all have a
stronger affinity to the (U)-rich oligonucleotide than the other three probes; this is similar to the
pattern observed for Vas™- (Fig. A.1 C). Consistent with the previously published data the VVCP
did not display a preferential binding to the (U)-rich fragment (Liu et al 2009). Furthermore, a
basal affinity to all four RNA probes that is observed for N*'™** + VCP and VCP possibly

reflects the non-sequence specific RNA binding of the core helicase domain, which becomes
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Fig. A.1 Mapping sequence-specific RNA-binding domain in Vas through an in vitro cross-
linking assay, A. The N-terminally tagged GST fusion proteins contained the full length Vas
(Vas™), the minimum Vas core protein (VCP) or a fragment composed of VCP and different
lengths of Vas N-terminus (N+VCP, N**+VCP, N*"8+VvCP and N*Y'**+VCP). Asterisks
show positions of the RGG motifs. The hashed box indicates a tandem repeat composed of 13
amino acids, including an RGG motif, which is missing in all GST-Vas constructs. B. Bacterially
expressed GST-Vas fusions, after purification, were resolved by SDS PAGE and visualized by
Coomassie staining. C. Each GST-Vas protein was tested through cross-linking assays against
four different RNA probes derived from mei-P26 3’ UTR (Liu et al., 2009): RNAT1; 521-550,
RNAZ2; 551-580, RNA3; 581-610 and RNA4; 611-640. A stretch of nine uridines is located
within nucleotides 551-580 of mei-P26 3’ UTR. The preferential binding of GST-Vas persists
upon deleting a.a. 1-153, but disappears in GST-VCP. As a negative control GST was tested
against RNA2. Non-specific binding of GST-Vas proteins to RNA1, RNA3 and RNA4 increases
by deleting a.a. 1-153 (N****3+VCP and VCP). Rectangles, each, correspond to two cross-
linking reactions containing 3 or 1.5 pg of GST-Vas'-. D. The schematics depict N-terminal
amino acids in N*****+VCP and the deletions in N**%+VCP and N*"*%2+V/CP. E. N*"1%+vCP
and N*Y*824v/CP, unlike GST-VCP, retain a preferential affinity to the (U)-rich RNA2.
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progressively detectable in vitro by N-terminal truncations. In these assays one puzzling

NA1-34

observation was that all the fusion proteins smaller than +VCP, once cross-linked,

migrated similarly to the larger polypeptides, visualized on the SDS-PAGE by Coomassie

staining. Similar assays showed that a histidine (His)-tagged N*'*®®

+VCP also migrates higher
than the expected size, and ruled out the possibility that GST-dimerization is responsible for this

effect (data not shown).

To further map the sequence responsible for preferential binding of Vas to the (U)-rich
motif, | generated two additional constructs: N*'"'®+VCP and N*'"**2+VCP (Fig. A.1 D). The
first one lacks all the RGG motifs and, in addition to that, the second one lacks a potential RNA
binding motif composed of four arginines. The UV cross-linking assays comparing these two
proteins with Vas™ and VCP indicate that the preferential affinity of Vas to the (U)-rich motif
persists upon removing the first 182 amino acids including all of the RGG motifs (Fig. A.1 E).
The N-terminal region of Vas proximal to VCP contains more conserved residues among
different Vas orthologs, compared to the upstream sequence. For example, a five-amino-acid
motif in this region (184-188; DINNN) is required for binding of Gustavus (Gus) and Fsn, two
ubiquitin Cullin-RING E3 ligase specificity receptors, to Vas and for regulation of its stability
(Kugler et al. 2010). Fine-mapping of the residues within a.a. 183-200, that are important for

specific Vas-RNA binding, awaits analyses of additional constructs with deletions in this region.

A.2 In vivo mapping of functional domains in the N-terminus of Vas
using a site-specific transgenesis system

To exclude variations in gene expression caused by the insertion position of the transgene, |
used a PhiC31 mediated site-specific integration method and a unique landing site (ZH-attP-
86FDb) for generating different egfp-vas alleles (Fig. A.2 A; Bischof et al., 2007). However, this
system proved inefficient for the functional analyses that involve protein truncation. eGFP-
Vas* "0 and other eGFP-Vas fusions, with the same size or smaller, were expressed at lower

levels than eGFP-Vas®, detected on western blots (Fig. A.2 B). This could be due to decreased
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Fig. A.2 Functional comparisons between different egfp- vas alleles substituting RGG with

AGG or KGG A. Schematics of the N-terminal region in vas*, vas*!’ 0 vag?l/H10IACE ya5hl7-

HO2HAGCE ;A MT-LI02KGG g \ahLT-HI0IACE Hashed hox indicates a 13 amino acid tandem repeat
that is absent in all constructs. R, A and K indicate RGG, AGG and KGG, respectively. B.
Expression levels of eGFP-Vas proteins were compared between different transgenic alleles
established using a site-specific integration system: egfp .vas*, .vas®"* vas***%® vas*t’2%®
and three alleles encoding eGFP-Vas*!"**? proteins with AGG replacing RGG motifs. eGFP-Vas
and endogenous (end.) Vas are both detected on the western blots by a Vas antibody. For all the
alleles tested the ovarian lysates were prepared from vas'/+ females carrying two copies of egfp-
vas except for vas® with only one copy. C. Western blot using a GFP antibody compares
expression levels of eGFP-Vas from vas®, vas**"™ and vas*'"?® alleles generated by Phi-C31
integration, versus vas®™ and vas**?% alleles generated by P-element transgenesis methods. The
fold differences (2x or 3x) in the total proteins loaded are shown at the top. All eGFP-Vas fusion
proteins are tested from two copies of the transgene. D. Different egfp-vas constructs, integrated
in the same genomic site, were compared for their ability to increase the number of eggs
produced by vas™™ females. Asterisks indicate a significant difference from egfp.vas*. Error
bars represent SEM. Number of females tested (n) >20. E. Some of the same egfp-vas alleles
shown in D were compared for their ability to induce germ cell formation. All constructs were
tested in a vas' background carrying an additional copy of egfp.vas™ inserted in a different region

within genome. Each bar indicates the average from three replicates.

91



stability as a result of protein truncation. By using a p-element transgenesis, on the other hand,
one could screen through multiple lines and select those that give an optimal expression of the
transgene (Fig. A.2 C). For this reason, P-element transgenesis was used to generate the majority

of transgenic alleles in this project, unless specified otherwise. Among the site-specifically

A17-110 A17-110,1xAGG A17-110,2xAGG A17-110,2xKGG
1 )

vas . vas and vas*'’”

PH165

integrated egfp- alleles vas vas

1103xAGG axpressed similar levels of eGFP-Vas. Thus these alleles were tested, in a vas

background, to specifically examine the role of RGG motifs for Vas function in female fecundity

(Fig. A.2 D). Although removal of a.a. 17-110 significantly decreased the number of embryos

A17-110

(P<4.0E-06), later analyses with a different vas allele, which was comparable to vas™ for

the level of eGFP-Vas, indicated that this effect is largely associated with the low expression of

Vas (Fig. 2.2; Fig. A.2 A, B). This experiment also shows that replacing RGG motifs in Vas*"

19 non-conservatively, with AGG or, conservatively, with KGG does not have a significant

A17-110

effect on female fecundity, consistent with the results from similar analyses using vas and

A17-110, 3AGG

vas , generated by P-element transgenesis (Fig. 2.2). Further examination in a vas

background indicated that egfp-vas**"**

and its counterparts bearing KGG or AGG, unlike egfp-
vas®, produce embryos that lack germ cells and are not viable. The insufficient levels of Vas,
however, could account for this result; thus to follow up, |1 examined these constructs in a
sensitized background where vas' females carried an additional copy of egfp.vas® in a different

location of the genome. By this approach 7.3% of egfp-vas™ '™

embryos produced germ cells,
in contrast to 5% or less of the embryos carrying vas™'"**° with AGG motifs (P<0.05 for vas*!"”
HOLAGE and vas’1103¥4ACG. Eig A2 E). This experiment indicates that substitution of the first
RGG motif in Vas*"*' has a similarly significant effect on germ cell formation as substitution
of all three. To confirm these results additional experiments are required using transgenic lines

with higher expression levels of eGFP-Vas.

A.3 Further analysis of vas“®®®* for

formation

its defects in germ cell

Vas %% \when examined in vas® background, displays a less condensed localization in the

posterior region compared to Vas®. This is associated with the failure of pole buds in these
mutants to develop into germ cells. To investigate if the abnormal localization of Vas"®*¢%* js

the primary reason for these phenotypes, versus inherent defects in protein function, | examined
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Fig. A.3 When examined in a wt background eGFP-Vas

A636-646

segregation into the germ cells

and its stability is comparable to eGFP-Vas*™>" (wt control). Still images demonstrate germ cell

formation at different time points in vas'/+ embryos carrying egfp.vas

(B).
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germ cell formation through live imaging of embryos expressing egfp-vas® or egfp-vas*®**®% in

A636-646

a wt background (Fig. A.3). These analyses indicated that localization of Vas and its

segregation into the germ cells, in the presence of a wt copy of vas to support pole plasm

A15-75 A636-646

assembly, is similar to Vas (wt control). Thus diffusion of Vas in the posterior region
of vas' embryos is caused by its defects possibly in maintaining pole plasm integrity, which in

turn is essential for sufficient concentration of germ cell components at the posterior region.

AB36-646 hroduce very few germ cells compared to egfp-vas*

vas' embryos expressing egfp-vas
(Fig. 2.6, 2.7); however, abdominal segmentation and embryonic viability of these mutants, are
comparable to the wt control (Fig. 2.8). To examine localization pattern of a few pole plasm
components, that are required for germ cell specification but are dispensable for posterior
patterning, | performed in situ hybridization for polar granule component (pgc) and germ cell-
less (gcl) mMRNA and immunostaining for Tudor (Tud) protein (Jongens et al., 1994; Nakamura
et al., 1996; Thomson and Lasko, 2004). These experiments show that pgc, gcl and Tud localize

to the pole plasm of vas*®3©%4

vas"®®® as also observed in wt embryos (Fig. A.4 A, B, C). This experiment excludes the

embryos and their localization persists into the pole buds of

possibility that an initial failure of gcl, pgc or Tud localization is responsible for the inability of
vas"®®® mytants to form germ cells. In the pole plasm osk mRNA localizes and its protein acts
upstream of Vas (Breitwieser et al., 1996; Ephrussi and Lehmann, 1992). However, Vas is
essential for stable accumulation of Osk protein in the posterior region (Ephrussi and Lehmann,
1992). Vas may play this role directly through translational regulation of Long Osk, which is
required for anchoring both osk mRNA and Short Osk, or indirectly through its functions in pole
plasm assembly (Vanzo and Ephrussi, 2002). Consistent with the role of Vas in stable

A636-646

localization of Osk, in vas embryos Osk and Vas colocalize in a similarly diffused domain

at the posterior cortex, which is distinct from that in vas® (Fig. A.4 D).

Taken together these observations suggest that in vas*®%¢-%4

embryos pole plasm integrity is
not stably maintained. This causes germ plasm components, including Vas itself, to gradually
diffuse along the posterior cortex. Diluted amounts of pole plasm that segregate into the posterior
pole buds in these mutants are insufficient for germ cell determination, and thus mitotic divisions
in the posterior remain synchronous with the soma. In contrast to germ cell formation, abdominal

patterning, which depends on a posterior anterior gradient of Nos, appears not to be affected by a
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Fig. A.4 Localization of germ cell components in the posterior region of vas“®**®** embryos.

gel (A) and pgc (B) mMRNA and Tud protein (C) localize to the pole plasm and pole buds of vas*;
egfp-vas*®*®®* stage 2 and 3 embryos, respectively. wt (OrR) embryos are used as a control for
gcl and pgc in situ hybridization and Tud immunostaining. D. Osk protein exhibits a diffuse
localization pattern similar to Vas itself at the posterior region of vas'; egfp-vas*®**®*® early
embryos. vas'; egfp-vas® serves as a positive control.
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slightly more diffuse pole plasm. The germ cell specific defects of vas“®**** also suggest that the
role of motif 636-646 is limited to particular interactions in the pole plasm, perhaps in
association with the cortical microtubules, motor proteins and actin cytoskeleton, which are

implicated in stable anchoring of germ plasm to the posterior cortex (Sinsimer et al., 2013).
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Connecting text

Data presented in chapter 2, provides a comprehensive analysis examining numerous motifs
and residues in Vas sequence with respect to the protein functions in oogenesis, germ cell
development and embryonic posterior patterning. Among these elements there is a seven amino
acids long motif at the end of Vas sequence containing five acidic residues, which in different
numbers are often found at the end of Vas orthologs. This motif, covering amino acids 655-661,
also includes a highly conserved tryptophan, Trp660, in the penultimate position. Our analyses
showed that deletion of motif 655-661 abolishes germ cell formation and has severe effects on
Grk translation and posterior patterning. To specifically study the role of Trp660 in Vas
functions, | generated different endogenous and transgenic alleles of vas encoding non-
conservative or conservative substitutions for this residue, and studied their functions in vivo.

4655-661 and VaSWGGOE

Furthermore, | extended our analyses on vas to examining the protein
interactions between Vas and its different partners. Results of this study are presented in chapter

3 and appendix B.
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Chapter 3: Studying the functional role of an invariant
tryptophan residue in the C-terminus of Vas

Manuscript to be submitted as:

Mehrnoush Dehghani and Paul Lasko (2016)

Abstract

The DEAD-box RNA helicase Vasa (Vas) has been implicated in germ cell development in
many species. In Drosophila, females homozygous for a hypomorphic allele, vas®, produce
embryos which do not form germ cells and are not viable due to the defects in abdominal
segmentation. Furthermore, vas-null females, which rarely complete oogenesis, exhibit defects in
mitotic progression of germline stem cells, transposon silencing and Gurken (Grk) translation. In
addition to the conserved helicase core, Vas contains N- and C-terminal sequences, which vary
among species and are not shared with the other DEAD-box proteins; however they play
important roles for Vas functions in vivo. Vas orthologs from many species carry an invariant
tryptophan in the penultimate or ultimate position, Trp660 in Drosophila melanogaster, whose
functional significance has not been studied. By modifying the endogenous allele of vas we
found that Trp660 has a critical role in Vas function and its substitution with glutamic acid
abolishes germ cell formation and embryonic patterning. In addition, this single amino acid
substitution significantly reduces Vas activity in transposon silencing and Grk translation
without decreasing the number of embryos produced by females. On the contrary, a conservative
substitution to phenylalanine has only minor effects on germ cell formation without impairing
anterior-posterior or dorsal-ventral patterning. Our study suggests that the conserved Trp in the
C-terminal end of Vas plays a critical role in protein structure or in the interactions between Vas
and other molecules, and that this function could be mostly supported by another hydrophobic

aromatic amino acid.
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Introduction

In many different species germ cells are set aside from somatic cells in very early stages of
embryogenesis. Animals are divided into two groups according to their mode of germ cell
specification which could be from maternally inherited determinants or as a result of inductive
signals; nonetheless, in all of these species germ cells share many qualities that distinguish them
from the soma. Work in a variety of animals reveals that the DEAD-box helicase Vasa (Vas) has
a conserved role in specification of primordial germ cells (Castrillon et al., 2000; Ikenishi and
Tanaka, 2000; Knaut et al., 2000; Kuznicki et al., 2000; Tanaka et al., 2000; Voronina et al.,
2008), and is also involved in the function of somatic multipotent stem cells (Alie et al., 2011;
Shibata et al., 1999; Yajima and Wessel, 2015). vas has been most extensively studied in
Drosophila, where it is required for the assembly of pole plasm, a specialized cytoplasmic region
at the posterior pole of oocyte containing all the germ cell determinants (Lasko and Ashburner,
1990). In the posterior pole, Vas also mediates abdominal segmentation through establishing a
nanos (nos) gradient (Hay et al., 1988a; Lasko and Ashburner, 1990; Wang et al., 1994). Thus
many alleles of vas cause females to produce embryos which lack germ cells and are not viable
due to the defects in abdominal formation (Liang et al., 1994). In addition, in Drosophila ovaries
Vas regulates translation of Grk, an Egfr ligand involved in dorsoventral patterning of the

PHIS 3 null allele, have

oocyte. As a result, embryos produced by females homozygous for vas
severe defects in dorsal appendage formation (Tomancak et al., 1998). vas™®* females also
produce a small number of embryos, which is mostly associated with the role that vas plays in
progression of germline mitotic divisions and in differentiation of germline stem cells (Liu et al.,
2009; Pek and Kai, 2011a). Furthermore, germ cells in many animals contain a unique structure
in the perinuclear cytoplasm, termed the nuage, which is a compartmentalized site for piRNA
processing to safeguard genome integrity against deleterious effects of transposable elements
(Pek et al., 2012b). It has been shown that vas plays an essential role both for the nuage assembly
and for the piRNA biogenesis (Liang et al., 1994; Xiol et al., 2014; Zhang et al., 2012). Two
recent studies present evidence that vas is involved in the transfer of piRNA precursors across
the nuclear envelope, and that together with some other components of piRNA pathway, such as
Ago3 and Aub, form an amplifier complex participating in the ping-pong cycle (Xiol et al., 2014;
Zhang et al., 2012).
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The DEAD-box family of RNA helicases, which Vas belongs to, has crucial roles in a wide
range of cellular processes including ribosome biogenesis, translation initiation, pre-mRNA
splicing and mRNA decay (Jankowsky, 2011). Vas has been shown to interact with elF5B, a
translation initiation factor required for ribosome subunit joining (Carrera et al., 2000). This role
of Vas, as a translation activator, is also required for the expression of mei-P26, whose product is
involved in stem cell differentiation in Drosophila ovaries (Liu et al., 2009). Through coupling
ATP binding and hydrolysis with RNA unwinding, DEAD-box proteins catalyze melting of the
secondary structures in the RNA, and promote strand separation (Cordin et al., 2006; Jarmoskaite
and Russell, 2011; Luking et al., 1998). In the helicase core these proteins are composed of two
tandemly repeated RecA-like domains which share a set of highly conserved motifs. Motif 11, in
the N-terminal RecA-like domain, contains the D-E-A-D sequence which gives the name to this
group. Aside from their conserved helicase domain DEAD-box proteins also have flanking N-
and C-terminal sequences which vary significantly in their length and content. Many crystal
analyses have excluded these, often disordered, terminal sequences (Carmel and Matthews,
2004; Caruthers et al., 2000; Kim et al., 1998; Korolev et al., 1997; Sengoku et al., 2006;
Subramanya et al., 1996; Zhao et al., 2004); therefore, little is known about their contribution to
the protein structure. A fragment composed of residues 200-623 was used to determine the
crystal structure of Vas (Sengoku et al., 2006). This truncated form of Vas, which is essentially
composed of the helicase core, exhibits RNA unwinding in vitro; however, in vivo analyses
indicate that the conserved core domain is not sufficient to restore all Vas functions in a vas-null

or -hypomorph background (Dehghani and Lasko, 2015).

The C-terminal region of Vas contains some conserved motifs including sequence 636-646
which is shared between closely related Drosophila species and is required for fine-tuning Vas
localization to the pole plasm (Dehghani and Lasko, 2015). In addition, the most C-terminal
amino acids from even distant Vas orthologs are highly acidic. In Drosophila deletion of the last
seven amino acids, including five acidic residues, results in severe defects in different functions
of Vas (Dehghani and Lasko, 2015). In the second last position of this sequence there is a highly
conserved tryptophan, which is sometimes found as the last amino acid in other Vas orthologs.
This conserved Trp is absent from the sequences of most other DEAD-box proteins in
Drosophila and beyond. Thus it seems unlikely that this residue contributes to the general

helicase activity of Vas orthologs; rather it might be involved in specific interaction between Vas
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and the other proteins or mRNA targets. To gain insight into those Vas functions that are
dependent on the conserved Trp660, we mutated this residue in the endogenous or transgenic
alleles of vas and studied the effects in vivo. Results of our analyses show that a non-
conservative substitution of Trp660 abolishes germ cell formation, posterior patterning,
transposon silencing and dorsal-ventral axis formation but it does not affect female fecundity.
Interestingly, although Trp has remained invariable through evolution we found that a transgenic
allele encoding eGFP-Vas with phenylalanine, as a conservative substitution to Trp660, could

PHIES ovaries or vas® embryos. The severe effects of

effectively restore Vas functions in vas
W660E, but not W660F, on the majority of Vas functions suggest that Trp660 plays a
fundamental role in the protein structure. Yet it is also possible that the conserved Trp mediates
critical interactions between Vas and other molecules, which are efficiently supported by Phe in

this position.

Materials and Methods

Endogenous vas alleles

vas' ™% is a null allele in which the entire coding sequence of vas has been deleted (Styhler

et al., 1998). vas' is a hypomorphic allele, generated by ethyl methanesulfonate (EMS)
mutagenesis (Schupbach and Wieschaus, 1986b). This allele does not carry any mutation in the
coding sequence of vas; however, expression of Vas in the ovaries is undetectable after the

germarium stage (Lasko and Ashburner, 1990; Liang et al., 1994).

vas"®®® was generated using CRISPR-cas9 mediated homologous recombination (HR).

Three target sequences from the genomic region within 50 base pairs up- or down-stream of
Trp660 codon were compared for their efficiency to induce small deletions. To do this, the
oligonucleotides corresponding to these sequences were ligated into pCFD3 plasmid and injected
into nos::cas9 embryos (Port et al., 2014). In the second generation, flies were screened using a
T7 endonuclease assay, and the genomic modifications were confirmed by sequencing. The most
efficient guide RNA (gRNA), targeting a sequence encompassing Trp660 codon
(AGCAATGGGATTGAAATGTA) was then used for PhiC31 integrase-mediated transgenesis
(Bischof et al., 2007). The resulting transgenic males were then crossed to nos::cas9 females to
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produce embryos expressing both the gRNA and Cas9 in their germline. These embryos were
then used to inject a donor DNA encoding the W660E mutation. The donor DNA was composed
of a synthetic sSDNA oligonucleotide (Integrated DNA Technologies inc.) corresponding to 80
base pairs on either side of Trp660 codon and substituting it with GAA (Glu). The PAM
sequence was mutated from TGG to TGA in the donor DNA to prevent its degradation by Cas9

in the cells.

Transgenic vas alleles

egfp-vas” and egfp-vas?”" have been described previously (Dehghani and Lasko, 2015).

W660E W660F

egfp-vas and egfp-vas were generated from a vas cDNA construct according to a

method described before.

in vivo analysis

All the functional assays including egg-laying and hatching tests as well as the statistical
analysis of the data were conducted according to Dehghani & Lasko (2015). Immunostaining, in
situ hybridization and reverse transcription quantitative PCR (RT-qPCR) tests, were also

described previously.

Yeast two-hybrid assays

The Matchmaker Gold Yeast Two-Hybrid System (Clontech Inc.) was used to test direct

interactions between vas and other candidate genes. The coding sequences of vas®, vas?7%%!

WEEOE \vere cloned between Ndel and Pstl restriction sites in pGBKT7 vector. The entire

and vas
coding sequences of gus, aret, dlic, fsn, piwi, bar, cap-D2, spn-E, aub, ago3, csul and vls were
amplified and inserted between Ndel and BamHI restriction sites in PGADT7 AD vector. For
osk short isoform, elF5B and qin fragments encoding amino acids 5-468, 491-1144 and 275-
1857 were cloned, respectively. Media preparation and yeast handling were performed according
to Clontech Yeast Protocol Handbook (Clontech Laboratories, Inc. 2009). The interaction assays

were conducted according to the instructions for Matchmaker Gold Yeast Two-Hybrid System.
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Results

Vas orthologs from different species contain an invariant tryptophan in their
C-terminal region

A comparison between amino acid sequences from different VVas orthologs, as far apart as
sea urchins and humans, reveals that a Trp residue (W660 in Drosophila) is highly conserved
within the last two amino acids of these sequences (Fig. 3.1 A). This Trp is also surrounded by
several acidic residues in the C-terminal end; for example, in D. melanogaster there are four Glu

and one Asp preceding and following the conserved Trp, respectively.

Such a conserved Trp however, is rarely found among the other DEAD-box proteins outside
of the Vas orthologs (Fig. 3.1 B). In D. melanogaster, for example, Belle (Bel), which has the
highest sequence similarity to Vas is the only other DEAD-box protein that contains Trp in its C-
terminus. Rm62 is another DEAD-box protein in D. melanogaster which contains a
phenylalanine (Phe; F), another aromatic amino acid in the similar position of its sequence.
However, this Phe is not conserved across species; for example DDX5 (P68), the human or

mouse orthologs of Rm62, do not carry a Phe within the last five amino acids of their sequences.

Taking advantage of the CRISPR/Cas9 technology together with the homologous
recombination, we generated an endogenous allele of vas which encodes for Glu substituting

W660E

Trp660. We also generated a transgenic allele of vas , Which encodes a protein N-terminally

tagged with eGFP, to examine localization pattern of the mutant protein in the ovaries. Similarly,

W660F

we constructed an egfp-vas allele which encodes Phe as a conservative substitution for

Trp660.

Substitution of Trp660 with Glu abolishes germ cell formation and embryonic
viability.

The successful substitution of TGG (W) with GAA (E) in vas"®®F allele, generated by
CRISPR/Cas9, was verified through sequencing. Moreover, the expression of a full length
protein was confirmed by western blots (Fig. 3.2 B).
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.sapiens FSSSQAPNPVDDE
.musculus ISSSQAPNPVDDE
.rerio ISAPSARRAAADDE

.elegans -SSVPTQVPQDEE
.laevis AVITPSFAQEELA,
.simulans YVNDATNVE-ADEL

WhObbbbooxnb=Emdm

.sechellia YVNDATNVE-ADEL
.melanogaster YVGDATNVE-EEE
.erecta AVAEATYAE-ADE
.pseudoobscura VIQEASAVE-DQQ
.virilis KNGHIENLE-DEE
.purpuratus GGGGGGGGAADDE )
%k
B
Vas YVGDATNVEEEEQWD
Bel GSASHSSNAPd@ﬂAQ
Rmé62 GGGGGGGEGRHSRFED
Abs NIGRRDYLSNTAADY
elF4n HTTIEEMPANIADLI
UAPS56 ELPEEIDLSTYIEGR
me31lB SDLNNSANEEGNVSK
DDX55 EEDFDKAMGIEGNND
Dbp45Aa PVAQKGRADVKKDKA
Hlc FGKRRPAHRRKKKAL
DDX1 LELOSQSLFLKRLKV

Fig. 3.1 Vas orthologs share a conserved tryptophan (W) in their C-terminal end, which is not
common between the other DEAD-box proteins. A. Sequence alignment of the last 15 amino
acids in Vas orthologs from different species indicates an invariant Trp in the penultimate or
ultimate position. B. The last 15 amino acids in the C-terminal end from different DEAD-box
proteins in Drosophila melanogaster are compared. Bel is the only other DEAD-box protein
containing two consecutive Trp residues in its C-terminus, which also exhibits the highest
sequence homology to Vas.
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Fig. 3.2 Substitution of tryptophan (W) with glutamic acid (E), which is an abundant residue in
the C-terminus of Vas, is associated with the failure in germ cell formation and abolished
viability. A. the number of pole cells in stage 5-6 embryos is compared between OrR (wt control)
and homozygous vas"“®®*€. A similar difference is also observed between +/vas"®® and
vas"*®%/ vas"™% B. Western blot indicates a band corresponding to the full-length Vas for the
four genotypes shown in A, a-Tubulin (a-Tub) and Coomassie Blue staining are shown as the
loading controls. C. Embryos produced by vas"®**/vas"®®% or vas"®®%/vas""'®® females have
severely reduced hatching rates compared to OrR and +/vas™ %, respectively. D. A significant
decrease is also observed in the number of ftz stripes in vas"®*F/vas"**°t embryos compared to
wt. Three and two asterisks represent P<0.0005 and P<0.005, respectively.
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We investigated the significance of Trp660 for Vas function in germ cell development by
counting germ cells in the embryos produced by vas“*®*® homozygous females. Stage 5-6
embryos with two copies of wild type vas (OrR) contain an average of 35 pole cells (Fig. 3.2 A).
We found that vas"*®* homozygous embryos (referred to by the maternal genotype) have an

average of only 1.7 pole cells (n=83). To confirm that this is specifically associated with the vas

W660ElvaSPH165

mutation we also counted the number of germ cells in vas embryos, and observed a

similarly significant decrease compared to +/vas™ % (P= 2E-53).

Vas is also involved in abdominal segmentation by mediating a Nanos (Nos) gradient to be

established across the posterior-anterior axis. Therefore, most vas alleles produce embryos that

do not hatch. We also tested the viability of vas“®t homozygous and vas"®®*%/vas™®

heterozygous embryos (Fig. 3.2 C). Our analyses show that no more than 1% of the embryos

PH165

from either of these two groups are viable; whereas +/+ or +/vas embryos have a hatching

rate of 90% and 60%, respectively (n>1000). We confirmed this result by examining the

expression pattern of fushi tarazu (ftz), a paired rule gene, in vas"®F embryos (Fig. 3.2 D). The

W660E

average number of ftz stripes in stage 5-6 vas embryos was 5.4 which is significantly less

than the average of 6.7 stripes in wt (P=0.001). According to these analyses, 43% of vas" ¢

embryos, undergoing development, contained less than 6 ftz stripes which is consistent with the

low viability of these mutants. However, we also found that the majority of vas"“®®*® or

SW66OE/V8.SPH165

va embryos do not undergo any development suggesting that vas"®®°F females

have additional defects in oogenesis and many of their embryos are not fertilized.

Vas localization is independent of Trp660.

Since early stages of oogenesis Vas localizes to the perinuclear region of the nurse cells,
also known as the nuage. From stage 10 Vas starts to be transported to the oocyte and
accumulates at the pole plasm. In this study we used eGFP-tagged Vas fusions to examine

localization pattern of Vas"/°°°F W660E

in the ovaries. Confocal images illustrate that eGFP-Vas
localizes to the nuage and to the pole plasm similar to eGFP-Vas®. Also when examined in a wt

background this localization persists through oogenesis (Fig. 3.3 A).

WE60E ~ould maintain its localization in the absence of wt

W660E

To further examine if eGFP-Vas

Vas, we inspected vas' oocytes expressing egfp-vas and found that the GFP signal was
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Fig. 3.3 eGFP-Vas"® mimics the localization pattern of eGFP-Vas® in ovaries. Vas"/**°
remains stable through oogenesis in a wt background, but stage 14 oocytes or early embryos
from females who do not carry a wt copy of vas exhibit reduced levels of Vas"®*°F. A. eGFP-
Vas"® |ocalization in a wt background is comparable to eGFP-Vas®, B. However, a
comparison between stage 13 and stage 14 oocytes from vas'; egfp-vas"'*®* females indicates
that the pole plasm localization of eGFP-Vas decreases over time; whereas, this level is
relatively stable for eGFP-vas®. C. Similarly immunostaining of early embryos with anti-Vas
shows that vas"®*F/vasV®E embryos contain a reduced amount of Vas in their posterior region
compared to the wt embryos, scale bars indicate 50 um. D, E. A Comparison between transcript
and protein levels of egfp-vas* and egfp-vas"°®° (RT-gPCR and western blot) also indicates that
Vas"*®% protein level is relatively stable in a vas'/+ background. a-Tubulin were used as the
loading control for western blot; actin-5C and rp-49 were used as the reference genes in RT-
qPCR.
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reduced in stage 14 oocytes compared to the stage 13 (Fig. 3.3 B). This was on the contrary to
egfp-vas™ which maintains its localization throughout oogenesis. Similarly a vast majority (94%)

WG660E

of stage 1-2 embryos from vas contained no detectable Vas in their posterior region while

the others had a considerably decreased levels compared to wt (Fig. 3.3 C). This data suggests

WG660E

that the functional defects of Vas ultimately compromise its localization during the late

stages of oogenesis.

We also verified if W660E affects protein stability by quantifying levels of egfp-vas™ and

WG660E

egfp-vas transcripts, using RT-gPCR, and comparing that with the protein levels on the

western blot (Fig. 3.3 D,E). These experiments show that the level of egfp-vas"*°F

transcript is
about two times higher than egfp-vas™ in the corresponding transgenic lines which were tested. A
similar difference is also observed between eGFP-Vas levels through western blots indicating
that the mutation does not have major effects on protein stability. As we have also noticed
inconsistent decreases in the amount of Vas in ovary extracts from vas"°°°5/+ compared to +/+,

we cannot exclude the possibility that this mutation has subtle effects on protein stability.

Mutation of Trp660 to Glu reduces Vas function in piRNA pathway

Vas is required for the nuage assembly, and its critical role in piRNA biogenesis has been
confirmed both in Drosophila and in mammals. Females homozygous for a vas null allele,
vas" ™%, over-express several transposable elements including Het-A (Zhang et al., 2012).
Elevated levels of HeT-A also have been reported for most vas alleles with mutations in their
conserved helicase domains (Dehghani and Lasko, 2015). To investigate whether substitution of
Trp660 with Glu affects Vas function in piRNA pathway, and therefore transposon silencing, we

compared levels of HeT-A in the ovaries of wt and vas"®®

(Fig. 3.4 A). These analyses indicate
that HeT-A expression in the ovaries of vas"°®°F females is more than ten times higher than in wt
(P=0.006). The HeT-A levels in vas"®F fall within the same range as those observed for
females which carry mutations in the conserved helicase motifs of Vas, or carrying a deletion of

the seven C-terminal amino acids (Dehghani and Lasko, 2015).

We confirmed this result by measuring the levels of HeT-A in ovaries of vas’ ° females

expressing either eGFP-Vas* or eGFP-Vas"*®* (Fig. 3.4 B). In contrast to the wt construct,
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Fig. 3.4 Substitution of Trp660 with Glu impairs Vas function in transposable element
silencing. A. The retrotransposon, HeT-A, is dramatically over-expressed in vas™ % ovaries
compared to wt. A consistent over-expression, albeit to a lesser extent than in vas™ %, was also
observed in vas"°®° ovaries. HeT-A levels in different genotypes are normalized to the wt level.
Pre-rp49 and 18s-rRNA are used as the reference genes. B. an egfp-vas construct is able to fully
suppress HeT-A over-expression in vas’ % ovaries. On the contrary, ovaries expressing egfp-
vas"°®%E still exhibit a significant over-expression of HeT-A. Each bar represents the average

from at least three biological replicates. Error bars indicate the SEM.
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PH165 W660E

which is able to fully suppress HeT-A over-expression, vas ovaries expressing egfp-vas

exhibit increased levels of HeT-A at about ten times higher than wt (P=0.005).

vas"*°F females produce a similar number of embryos to wild type; these
embryos however, have defects in dorsal appendages.

Vas has a critical role in oogenesis progression by regulating multiple processes including
germline mitotic divisions, stem cell differentiation and dorsal ventral patterning of the oocytes
(Liu et al., 2009; Pek and Kai, 2011a; Tomancak et al., 1998). In vas’® females all of these
pathways are perturbed; these mutants produce very few eggs and their eggs do not form normal
dorsal appendages. In addition, our previous analyses indicate that several mutations in the
conserved motifs of Vas that are critical for its enzymatic activity do not abolish female
fecundity, even though these residues are indispensable for other functions of Vas such as

piRNA biogenesis or germ cell formation (Dehghani and Lasko, 2015).

To examine if W660E mutation, similar to its effect on germ cell formation, embryonic

patterning and transposon silencing, abrogates female fecundity, we counted the number of eggs

laid by individual females within the first 3 days from eclosion (Fig. 3.5 A). vas"®®

PH165

homozygous or hemizygous (over vas ) produce embryos in numbers comparable to OrR

females. However, we observed that more than 50% of the embryos produced by vas"®®F
homozygous females do not produce two separate dorsal appendages (P=5.4E-09; Fig. 3.5 B).
This phenotype was aggravated in hemizygous vas"®®® females in that only 15% of the eggs had
two separate dorsal appendages versus 90% in +/ vas~ % (P=2.4E-05). This indicates that
Vas"®®%E has a significantly decreased activity in establishing dorsal-ventral axis, which unlike
Vas, results in a dosage sensitive situation. Immunostaining of ovaries shows that the defects in

WG660E

dorsal appendages of vas are correlated with decreased amounts of Grk in stage 8 oocytes

W660E

(Fig. 3.5 C). Impaired dorsal-ventral patterning in vas embryos could also account for the

large number of these embryos which remain unfertilized.

110



>
w

160

Y —~ 90

> 140 = e
= g S 50

~ 1

a 120 g_ §' 70
2 100 “w @ 60

— N T
5 80 < 5 50
g 60 - e
£ | e 3
s =™ 20

2 ] 8 =
20 £ © 10

] w ©

\N()()Q% ‘(\\6‘3 Q\'\\b V\r\(:c’
€00 3 05 « s 3 S
\‘1660 \\10 W (,0 \\'l 66() ‘\10 X\ @660 \\\0‘
\105 \305 \‘0‘: \‘05
C

Fig. 3.5 vas"®®* females produce a wild type number of embryos. The W660E mutation,
however, has a significant effect on the formation of dorsal appendages. A. females carrying two
copies of wild type vas (OrR), two copies of vas"“*®* or only one copy of vas"*®* (over
vas" ™) produce a comparable number of embryos. B. The percentage of embryos with two
separate dorsal appendages is significantly reduced in vas"°°°c compared to wt; this effect is even
more pronounced when females are hemizygous for vas"®®® (over vas™%). n (the number of
females tested)>20, error bars represent SEM, asterisks represent significant differences
(P<0.05). C. representative images of Grk immunostaining in OrR and homozygous vas"®®%
oocytes. Error bar indicates 50 um.
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Phenylalanine in position of Trp660 supports germ cell formation, abdominal
segmentation and dorsal-ventral patterning.

We next investigated if Phe, a different hydrophobic amino acid with an aromatic ring,

could replace Trp in position 660 of Vas. To address this question we used an egfp-vas"°*°F

transgene to rescue germ cell formation in a vas' background.

A15-75

We compared this construct with egfp-vas , as a positive control, since both lines

expressed eGFP-Vas at the similar levels (Fig. 3.6 A) and it has been shown previously that egfp-

vas“*>" mimics full-length vas in various in vivo functional assays (Dehghani and Lasko, 2015).

Our analyses indicate that the average number of pole cells in vas' embryos expressing egfp-

W660F W660E

vas is 8.2 (Fig. 3.6 B; n=114) which is significantly different from egfp-vas embryos

(n=185) with no germ cells (P=0.01E-27). In contrast, the number of germ cells present in egfp-
vas"*®F is much closer to, if still significantly lower than, those in egfp-vas*!>"

(n=323, p=0.01). We conclude that Phe can substitute for Trp660 with respect to the function of

control embryos

Vas in germ cell specification, and that the residual decrease in pole cell numbers in egfp-
vas"*®®" embryos can be attributed to the reduced expression level of this transgene.

W660F

We also investigated whether egfp-vas can support posterior patterning similar to egfp-

vas“*>" control. Since homozygous vas';egfp-vas”*®°" exhibited 90% lethality that we suspected

to be non-specifically associated to the transgene insertion site, we decided to compare only one

W660F A15-75 + W660E

with egfp-vas in a sensitized background of vas'/vas
W660F

copy of egfp-vas . ftz staining

of stage 5-6 embryos indicates that egfp-vas and egfp-vas*™>" both significantly increase

the number of ftz stripes from 5.5 in vas*/vas"*°°F embryos to about 6.5 (P<4.9E-12; Fig. 3.6 C).

To determine whether egfp-vas™®®F

PH165

can support dorsal-ventral patterning we examined the

dorsal appendages in vas
WG660E

embryos expressing different egfp-vas transgenes (Fig. 3.6 D).

However, unlike egfp-vas embryos, which in 70% of the cases do not produce two separate

W660F

or semi-fused dorsal appendages, 84% of egfp-vas embryos have two dorsal appendages

comparable to 70% observed for egfp-vas*'>"

WG660F

(n; number of females tested >20). Consistent

could restore Grk expression in the ovaries of vas”® females similar to
W660E

with this, egfp-vas

A15-75

egfp-vas and more effectively than efgp-vas , Indicating that Phe can mostly
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Fig. 3.6 Conservative substitution of Trp with Phe does not affect the vas functions in germ cell
formation, embryonic patterning or Grk translation. A. Western blot shows the expression levels
of different eGFP-Vas proteins, detected by a GFP antibody. egfp-vas’>™ is considered as a
positive control. a-Tub is used as the loading control. B. vas* embryos expressing egfp-vas?*> "
contain an average of 9.9 pole cellslembryo (n=323). Substitution of Trp with Glu, non-
conservatively, abolishes germ cell formation (n=185). However, an egfp-vas encoding Phe
instead of Trp is able to induce formation of 8.2 pole cells per embryo (n=114). One or three
asterisks indicate P<0.05 or P<0.0005, respectively. C. Expression of egfp-vas’*>" or egfp-
vas"®F in vas'/vas"®®° embryos both result in similarly significant increases in the number of
ftz stripes. D. The percentage of embryos with two separate or semi-fused dorsal appendages
increases from 0 to 70% by expression of egfp-vas’>” in the vas"® background. Similarly,
vas' ™% females expressing egfp-vas"®®°" produce 84% embryos with two dorsal appendages.
On the contrary, the population of such embryos from vas™™°; egfp-vas"°®°® females comprises
only 29% of the total, n (number of females tested)>20. E. Representative images of Grk
immunostaining in stage 7-8 egg chambers of vas® * females with egfp-vas”*>", egfp-vas"°*"

or egfp-vas"®". Error bar indicates 50 um.
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substitute Trp660 in this regard (Fig. 3.6 E). Taken together, these results reveal that vas
functions in germ cell formation, dorsal-ventral patterning and abdominal segmentation could

tolerate a conservative substitution of Trp660 to Phe.

The direct binding of Vas to its known interacting partners is independent of
Trp660.

Previous studies, using different in vitro and in vivo assays, have identified several proteins
that are associated with Vas in the same complexes (Table. 3.S1). To investigate possible

correlations between these protein interactions and the functional defects observed for vas'/®®%®

and VaSA655-661

we first tried to co-immunoprecipitate Vas-protein complexes from ovaries or
embryos. With this method, however, the known interacting partners of Vas, such as Aubergine
(Aub), Oskar (Osk) and Valois (VIs), were not detected in the IP eluates of either eGFP-Vas or
the endogenous Vas. We reasoned this might be due to weak or transient nature of the
interactions or their low abundance in the whole ovary/embryo lysates. Thus as an alternative

WG660E and VasA655-661 were

approach we used a yeast two-hybrid (Y2H) assay, by which Vas
compared to Vas® for their interactions with sixteen other proteins. Our experiments confirmed
direct binding of Vas to Osk, Gus and elF5B, which have been previously reported (Breitwieser
et al., 1996; Carrera et al., 2000; Styhler et al., 2002). These interactions, nevertheless, remained

WG660E and VaSA655-661

unchanged for vas (Fig. 3.S1). For the other thirteen genes, which were
mostly tested as full length proteins, we did not find a direct interaction with vas through yeast

two-hybrid assays.

Discussion

A recent structure function analysis of vas revealed that a motif composed of the last seven
amino acids (655-661) in Vas sequence is critical for its activity in germ cell formation and
posterior patterning (Dehghani and Lasko, 2015). In addition, deletion of this motif dramatically
reduces Vas functions in piRNA pathway and Grk translation. Motif 655-661 exhibits two
conserved features among vas orthologs: it contains several acidic residues, ranging from three in
humans to five in D. melanogaster, and it also harbors a highly conserved Trp in its penultimate

position. In the current study we found that a non-conservative substitution of Trp to Glu, similar
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to the deletion of motif 655-661, severely compromises most functions of Vas including germ
cell specification, oocyte axis determination and transposon silencing. This mutation alone,

however, did not decrease the number of embryos produced by females.

Trp660 has a fundamental role in Vas activity: a non-conservative
substitution of this residue abolishes germ cell formation and embryonic
viability.

In this study, for the first time, we edited the endogenous allele of vas, and this allowed us to
examine the effect of a point mutation by direct comparisons with the wt allele. Our analyses

indicate that vas'/®%%¢

phenotypes mimic some of the vas' defects in that females produce a wt
number of embryos; however, these embryos do not form germ cells and are not viable. On the
contrary to vas' females though, we observed that vas"®®* females have increased levels of
HeT-A retrotransposon in their ovaries indicating that vas"°®° fails to fully support piRNA

WG660E

biogenesis. Similarly, vas oocytes display defects in their dorsal appendages suggesting that

this mutant form of VVas does not activate Grk translation at sufficient levels.

We also found that W660E is slightly different from A655-661 in that it has no effect on the
number of embryos produced by females. Vas role in oogenesis progression is exerted during
several stages which include regulation of the germline mitotic divisions, stem cell
differentiation, piRNA biogenesis and dorsoventral axis formation in the oocyte (Liu et al., 2009;
Pek and Kai, 2011a; Tomancak et al., 1998; Zhang et al., 2012). Our previous study showed that
many vas alleles that contain mutations in their conserved helicase domains still produce a
number of eggs, which is significantly higher than vas null (Dehghani and Lasko, 2015). This
suggests that for some of the functions during early oogenesis, perhaps for germline mitotic
progression, vas acts as an inert scaffold, which does not require an enzymatic activity. Such

W66OE mutants. In addition, and unlike

scaffolding function of Vas must be also preserved in vas
vas core mutants, which although higher than vas null still produce significantly fewer eggs than
wt, the number of embryos produced by vas"*®°F females remains comparable to wt. This might
be due to the fact that Trp660 is not a conserved feature of DEAD-box proteins and presumably

not critical for the enzymatic activity of Vas. Therefore, Vas"°°°

still confers more activity than
an enzymatically dead protein merely acting as a scaffold, which supports a wt number of

oocytes completing oogenesis.
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Non-conservative substitutions, such as Trp to Glu, which might be unfavorable for the
protein conformation, could result in fast degradation of the mutant protein. Our analyses
exclude the possibility that W660E mutation has a dramatic effect on protein stability, although
we observed a slight decrease in the level of Vas protein when comparing ovarian extracts from
heterozygous +/vas"®°°® with +/+ (data not shown). The mild effect of W660E on protein

WE60E  mutants as

stability, however, cannot explain the severe phenotypes observed for vas
heterozygous females for vas null, which express nearly half the wt levels of Vas in their ovaries,

still produce embryos with a similar number of germ cells to wt.

A vas transgene encoding Phe instead of Trp660 could restore Vas functions
in the mutant background.

Our study using an egfp-vas*°®F

indicates that many Vas functions in oogenesis and germ
cell formation could tolerate a conservative substitution of Trp to Phe. Hydrophobic residues
such as Trp are often buried in the protein core, where they contact other non-polar amino acids
(Betts and Russell, 2003; Santiveri and Angeles Jimenez, 2010). In addition, Trp could interact
with the other amino acids containing an aromatic side chain inside the protein or on the surface
of other proteins (Betts and Russell, 2003). Phe and Tyrosine (Tyr) are the two other amino
acids, containing an aromatic ring, which resemble Trp in many of its biochemical properties.
However, presence of a nitrogen atom in the indole side chain of Trp confers some unique
properties to this residue; for example, Trp occasionally mediates interactions with non-protein
molecules such as lipid components of the cell membrane (de Jesus and Allen, 2013; Dougherty,

2007).

Since Trp660 has remained invariant through evolution we predicted that some of the
functions shared between vas orthologs will be impaired by even a conservative substitution to

Phe. Surprisingly, such mutation did not result in a dramatic decrease in the number of germ

W660F PH165

cells. Similarly the ability of egfp-vas to restore Grk translation in vas ovaries, or

embryonic patterning in vas hypomorph embryos was comparable to the wt construct. Yet, it is
possible that W660F results in small but biologically significant changes in Vas functions, which

W660F

remain to be examined through other approaches. An endogenous allele of vas would allow

accurate quantitative comparisons with the wild type vas allele.
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The nature of interactions between Trp660 and other parts of Vas and its possible role in
protein conformation remains to be investigated through crystal structure analyses that would
include the C-terminal region. We observed, however, that the non-conservative substitution to
Glu, despite its severe effects on most Vas functions, had mild or no effect on female fecundity,
suggesting that the mutant protein still retains a conformation that supports some function. Yet it

is possible that a subtle change in Vas folding affects certain functions more than the others.

The yeast two-hybrid assays confirmed direct binding of Vas to a small number of other
proteins, which are however not affected by either A655-661 or W660E. On the other hand the
wide spectrum of Vas functions suggests that Vas is engaged in many more protein complexes
than what is currently known and leaves it possible that W660E compromises some of these

interactions.

It also remains unknown whether the acidic residues in the C-terminal region of Vas have a
functional significance, although mutation of Trp660 alone resulted in the defects that were
almost as severe as those in vas’™7 %! (Dehghani and Lasko, 2015). Among the other DEAD-
box proteins the C-terminal region of Bel, which exhibits the highest sequence homology to Vas,
contains two consecutive Trp, but only one acidic residue within the last ten amino acids.
Therefore, one possible experiment is to replace the last seven amino acids of Vas with those

from Bel and study the resulting chimeric protein in vivo.
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Supplementary figures

Osk elF5B Gus

Fig. 3.S1 Interactions of Vas with Osk, Gus and elF5B are not abolished by A655-661 or
W660E. A. A p-Galactosidase filter assay shows similar results for vas®, vas*®*>*®* and vas"°*°
in terms of interactions with Osk, Gus and elF5B. B. Positive interactions would enable colonies
to grow on the quadruple drop-out (-Trp, -Leu, -His and —Ade) media containing 200 ng/ml
Aureobasidin A. This test further confirmed that the interactions with Osk, Gus and elF5B are
not notably different among vas*, vas“®>>" and vas"®F,
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Table 3.S1 The list of the proteins that have been previously found to associate with Vas
through different assays, including yeast two-hybrid (Y2H), GST pull-down or co-
immunoprecipitation (co-1P). The latter has been performed using the endogenous or tagged
proteins from Drosophila ovaries or Bombyx mori BmN4 cell lines. We expressed each one of
these candidates in yeast, either as a full length protein or a fragment. Our Y2H assays only
showed a direct interaction between full-length Vas and Osk, Gus and elF5B, consistent with the
previous studies. 1) Breitwieser et al., 1996, 2) Anne, 2010, 3) Styhler et al., 2002, 4) Kugler et
al., 2010, 5) Carrera et al., 2000, 6) Webster et al., 1997, 7) Lerit and Gavis, 2011, 8) Patil and
Kai, 2010, 9) Megosh et al., 2006, 10) Pek and Kai, 2011a, 11) Anand and Kai, 2012, 12) Xiol et
al., 2014
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Interacting Previous Cellular process The fragment Direct interaction
protein evidence expressed in
yeast

Oskar Y2H !, Embryonic patterning, Short isoform (aa Yes
Pull-down 2 germ cell formation 5-468)

Gustavous Y2H, Regulation of Vas Full length Yes
pull-down 3, stability
tagged co-IP*

elF5B Y2H, Translational control aa 491-1144 Yes
Pull-down >

Arrest/Bruno Pull-down® Qogenesis, embryonic Full length No

patterning

Dynein Endogenous Transport of germ Full length No

Intermediate co-IP” plasm

chain (Dlic)

F-box synaptic Tagged co-IP 4 Regulation of Vas Full length No

protein (FSN) stability

Tejas Tagged co-IP8 piRNA processing Full length No

Piwi Tagged co-IP? piRNA processing Full length No

Barren Endogenous Chromosome Full length No
co-Ip 10 condensation in GSCs

CAP-D2 Endogenous Chromosome Full length No
co-Ip 10 condensation in GSCs

Spindle-E Endogenous piRNA processing Full length No
co-Ip 10

Qin Tagged and piRNA processing aa 275-1857 No
endogenous co-
|p 11,12

Aubergine endogenous co- piRNA processing Full length No
Ip12

Argonaute3 endogenous co- piRNA processing Full length No
Ip 12

Capsuleen endogenous co- Arginine Full length No
Ip 12 methyltransferase

Valois endogenous co- Co —factor of Full length No
Ip 12 Capsuleen
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Appendix B

Introduction

The germline specific RNA helicase, Vas, is essential for several steps of oogenesis and for
germ cell specification. This suggests Vas involvement in numerous RNP complexes associated
with different pathways, a subset of which have been explored so far through different genetic
and biochemical approaches. However, to fully understand mechanisms of Vas functions much
needs to be learned about other interacting partners of Vas, the nature of interactions with the
known partners and the domains of Vas being involved.

To investigate the effect of different VVas mutations, which have been phenotypically studied
before, on the interactions of Vas with other proteins | first applied a co-immunoprecipitation
(co-IP) approach. This technique, however, could not efficiently capture Vas interactions with
the known partners, most likely, due to the transient nature of these interactions. Therefore, |
next applied yeast two-hybrid (Y2H) assays to verify direct interactions between Vas and its
previously known partners. Among sixteen proteins tested only Osk, Gus and elF5B, were found
to directly bind Vas through Y2H system, as previously reported. To identify additional Vas
partners, whose binding could be examined by Y2H, | carried out an Y2H screen using a
Drosophila cDNA library. This screen resulted in identification of several new putative
interactions, which need to be further investigated by other assays and to be functionally

characterized.

Materials and methods
Co-IP

Ovary and embryo extracts were prepared using a lysis buffer composed of 20mM HEPES-
KOH pH 7.5, 150 mM KCI, 4 mM MgCl,, 0.15% NP-40 and 1x HALT protease inhibitor
(Thermo Scientific). This lysis buffer was used in all co-IP experiments shown, unless otherwise
specified. For protein cross-linking, lysis buffer was supplemented with 3 mM DSP, and extracts
were incubated at room temperature for 30 min with mixing. Cross-linking was stopped by
adding 50 mM Tris-HCI pH 7.8 and 15 min incubation. Lysates were pre-cleared with Protein A
beads (Roche) for 1 h. For immunoprecipitation, extracts were incubated either with pre-blocked
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GFP-Trap (Chromotek) for 3 h or with anti-Vas (1:400; Liu et al., 2003), anti-GFP (Invitrogen,
1:250) or anti-elF4E (1:50; Lachance et al., 2002) overnight at 4°C with mixing. When antibody
used, lysates were incubated with pre-blocked Protein A beads for 3 h. The beads were washed
four times, 10 min each, with wash buffer (20 mM HEPES-KOH pH 7.5, 150 mM KCI, 4 mM
MgCl, and 1x HALT protease inhibitor). The beads were boiled in 1X SDS buffer (2% SDS,
62.5 mM Tris base, 10% glycerol, 35 mM DTT) for 10 min. Antibodies against Aub (1:10000; P.
Lasko’s lab), Osk (1:2000; Yoshida et al., 2004), o-Tub (1:15000, Sigma), PABP (1:5000;
Nishihara et al., 2013), Cup (1:500; Nelson et al., 2004) or elF4G (1:2000; Ghosh and Lasko,

2015) were used for western blots.

To prepare samples for mass-spectrometry analyses, proteins were loaded onto a 10% SDS
polyacrylamide gel and run for only 2 cm. The entire area containing the proteins was excised as

one sample and sent for LC-MS/MS analysis.

Yeast two-hybrid

Plasmids: To amplify the coding sequence of different vas partners, the following cDNA
clones were used: bru: LD29068, fsn: LD47425, qin: AT14886, barr: RE15383, CAP-D2:
LD40412, ago3: LD15865, vis: AT09449, dlic: GH06357, piwi: RE21038. The open reading
frames of csul and tej were amplified from the total cDNA generated from ovaries. aub and spn-
E were sub-cloned into pGADT7-AD from the plasmids generated by Patil and Kai (2010).
Similarly the plasmids described by Carrera et al. (2000) and Kugler et al. (2010) were used for

cloning osk, elF5B and gus. Further details of construct preparation could be found in chapter 3.

Protein expression test: To verify expression of AD-fused proteins in yeast by western
blots two protein extraction methods were applied. These two protocols use different lysis
buffers: 1- 200 mM NaCl, 1ImM EGTA, 5mM MgS04, 50mM Tris-HCL, 5% glycerol, 2%
TritonX-100 and 0.1% SDS (Vogel et al., 2001) and 2- 8M Urea, 40mM Tris-HCL, 0.1mM
EDTA, 5% SDS (Printen and Sprague, 1994). A rat anti-HA (Cat No. 11867423001, Roche) was

used to probe fusion proteins on the western blots.

Interaction assays: Protein interactions were tested according to the Matchmaker Gold
Yeast Two-Hybrid System (Clontech Inc.). The mating culture was incubated at 30°C, 250 RPM,
for 24 h, and then spread on double drop-out (DDO) SD medium lacking Trp and Leu, and
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containing X-a-Gal (DDO/X). Positive interactions were further tested through an X-p-gal filter
lift assay (Breeden and Nasmyth, 1985) as well as by the growth on medium lacking Trp, Leu,
His and Ade (quadruple drop-out; QDO) but containing 200 ng/ml Aureobasidin A (QDO/A).

Library screen: A Mate & Plate Universal Drosophila Library, which is normalized to
reduce the amount of highly abundant transcripts (Cat No. 630485, Clontech Inc.), was used to
screen for the interacting partners of Vas. The library screens were carried out according to the
instructions for Matchmaker Gold Yeast Two-hybrid System (Clontech Inc.). The mating
cultures were examined under the microscope for the presence of 3-lobed zygotes after 22-24 h.
DDO/X medium containing Aureobasidin A (DDO/X/A) or triple drop-out (TDO) medium,
lacking Trp, Leu and His but containing X-a-Gal (TDO/X) was used for spreading the overnight
culture in the first and the second screens, respectively. To identify positively interacting genes,
plasmids were extracted from yeast by inoculating yeast colonies in 30 ul NaOH (20 mM) and
incubating at 95°C for 45 min. After centrifugation the supernatant was directly used in a PCR
reaction with Matchmaker AD LD-Insert Screening Amplifier primers. The PCR product was

sequenced using T7 primer.

Results

The co-immunoprecipitation approach to identify Vas-interacting partners is
Impeded by weak or transient nature of the interactions.

To explore molecular mechanisms underlying the defects observed in various vas mutants |
used a co-IP approach. With this method, proteins that co-IP with wild-type and mutant forms of
Vas could be compared through western blot or mass-spectrometry analyses; the former is
limited by the availability of the antibodies while the latter identifies novel proteins in an

unbiased manner.

To purify eGFP-Vas from the ovarian extracts | tested a polyclonal anti-Vas and reagents
against the GFP tag: a polyclonal anti-GFP antibody and GFP-Trap beads. For simplicity
immunoprecipitation is used as a general term, which refers to affinity purification where GFP-

A15-75

trap beads are used. In all the following experiments egfp-vas refers to egfp-vas , Which was
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used due to its higher expression level compared to egfp-vas™ (Dehghani and Lasko, 2015). As
shown in Fig. B.1, the GFP-Trap beads were considerably more efficient in immunoprecipitating
Vas (enrichment >15%, Fig. B.1 C) as compared with the two antibodies (Fig. B.1 A, B). The
GFP-Trap beads consist of a GFP binding protein covalently coupled to the surface of agarose
beads. This is also advantageous for the western blot and mass spectrometry analyses as the
immunoprecipitate is devoid of the 1gG chains; thus all subsequent IPs were carried out using the
GFP-Trap beads.

To determine if the immunoprecipitate contains protein interactions that exist in known Vas-
containing complexes, | stained the blot for the presence of Aub and Osk, two proteins that have
been previously identified to be associated with Vas (Xiol et al. 2014, Breitwieser et al. 1996).
However, these proteins were not detected in the immunoprecipitate from the ovarian lysates
(Fig. B.2 A). As a control for the co-IP conditions | used the same procedure to precipitate some
of the proteins associated with the eukaryotic initiation factor 4E (elF4E; Nelson et al., 2004;
Richter and Sonenberg, 2005; Tarun and Sachs, 1996; Zapata et al., 1994). This method could
efficiently precipitate elF4G and Cup as proteins which interact with elF4E in an RNA-
independent manner, as well as PABP whose interaction with elF4E is through RNA (Fig. B.2
B).

One possible reason for the failure to co-IP proteins in a complex could be due to weak or
transient interaction among the partners. To overcome this, protein interactions can be stabilized
through chemical cross-linking methods (Mattson et al., 1993). | chose dithiobis [succinimidyl
propionate] (DSP) which is a membrane-permeable homobifunctional N-hydroxysuccimide ester
(NHS-ester), commonly used to cross-link intracellular or intramembrane proteins (Baskin and
Yang, 1982; Hordern et al., 1979; Joshi and Burrows, 1990; Lomant and Fairbanks, 1976). DSP
reacts with primary amines, found at the N-terminus of each polypeptide chain and in lysine
residues, to form thiol-cleavable bonds. For this procedure tissues were homogenized in the
presence of DSP in the lysis buffer, and IP was performed as before. As a control for cross-
linking efficiency | compared migration of elF4G, elF4AE and Vas through a 10% SDS
polyacrylamide gel among non-cross-linked, cross-linked, and cross-link reversed samples (Fig.

B.2 C). In this control experiment elF4G band was absent in the lane corresponding to the cross-
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Fig. B.1 A comparison between a Vas antibody (A), a GFP antibody (B) and GFP-Trap beads
(C) for their efficiency to immunoprecipitate eGFP-Vas from embryos. All three methods
immunoprecipitated eGFP-Vas specifically compared to a-Tub. The IP efficiency was higher
using GFP-Trap beads or anti-GFP (notably higher than 15% or 10% recovery, respectively)
compared to anti-Vas (~10% recovery). The input fractions are relative to the amount loaded in
the IP lanes. u.b.: unbound fraction
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Fig. B.2 A co-IP approach to isolate Vas associated protein complexes from Drosophila
ovaries and embryos A. IP using ovaries from vas'; egfp-vas (egfp-vas) or OrR control females,
western blots are stained with anti-Vas to control for the IP efficiency. Osk and Aub are
examined as the two known partners of Vas. a-Tub serves as the negative control for the co-IP,
u.b.: unbound fraction, B. Co-IP conditions were tested with an IP from wt ovary extracts using
elF4E antibody. A control IP was performed using normal rabbit serum (IgG). elF4G, Cup and
PABP are detected in the elF4E co-IP. Vas and a-Tub are included as the negative controls. C.
elF4G, elF4E and Vas complexes were tested between samples, prepared in the presence (+) or
absence (-) of DSP. 35 mM DTT was used to cleave the disulfide bonds resulted from cross-
linking. Arrows indicate the band corresponding to the size of the specific protein tested in each
blot. The red arrowhead shows a Vas complex slightly larger than free Vas protein. D. co-IP
using the same tissues as in B, and DSP as the cross-linking reagent: to ensure that the proteins
are efficiently extracted by the extraction buffer, the tissue pellets were also tested by western
blots. Except Osk, the other proteins tested were efficiently solubilized. Silver staining compares
the same co-IP eluates tested by western blots. Arrow indicates eGFP-Vas. E. Similar co-IP as in
D but using vas'/+; egfp-vas or OrR embryos.
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linked sample, suggesting that cross-linking has stabilized elF4G in large complexes, which
cannot enter the gel matrix. Also Vas antibody, in addition to a band corresponding to Vas,
detected a prominent band about 10 kDa higher, and a smear of higher molecular weight
complexes specifically in the cross-linked sample. However, the eluates from vas®; egfp-vas
ovarian or vas'/+; egfp-vas embryo extracts, did not show the presence of Aub or Osk even after
cross-linking (Fig. B.2 D, E).

It was still possible that the amount of these proteins in the immunoprecipitate is below the
detection limit of the western blots. Therefore, to confirm this and to identify yet uncharacterized
proteins that interact specifically with Vas in the pole plasm, I performed IP using 0-2 h embryo
extracts from vas'/+; egfp-vas and OrR (wt control) under conditions as before and using DSP.
The immunoprecipitates were then subjected to LC-MS/MS analysis (Table B.1). This
experiment also did not detect any known interacting partners of Vas in the co-IP eluate from
egfp-vas embryos. However, the small number of peptide reads indicated that the samples did not

contain sufficient amounts of protein, and thus these analyses remained inconclusive.

A previous study demonstrated that substitution of a single amino acid (E to Q) in the
conserved DEAD box motif of Bombyx mori Vas (BmVas) reduces the dynamics of Vas in vivo,
thereby stabilizing complexes containing it (Xiol et al., 2014). When extracts from a B. mori

DQAD \vere used for co-IP, the

ovarian cell line, transfected with epitope-tagged BmVas or BmVas
piRNA pathway components Ago3, Siwi (Bombyx ortholog of Aub) and Qin (a Tudor domain
protein) immunoprecipitated with Vas®?*® but not with the wild-type Vas. This suggests that
Vas in its ATP-bound closed conformation provides a platform for stable assembly of a piRNA
amplifier complex. To test if a similar approach could stabilize Vas-containing complexes in the

ovaries | used a DEAD-box mutant allele, egfp-vas®**-

DQAD

, which I had generated previously and
which should have the same characteristics as vas . With this approach and also following
the same co-IP protocol as Xiol et al. (2014), only a faint band corresponding to VIs, another
protein previously shown to interact with Vas, was detected on the western blots. However, Aub
and Osk remained undetectable (Fig. B.3 A). Although silver staining indicates many bands in
egfp-vas®>*®" lane, which are absent in wt, western blots using anti-GFP suggest that egfp-

Vas**" is highly unstable and that many of these bands may correspond to the truncated forms
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Table B.1 The top 27 proteins identified by LC/MS/MS analyses in the co-IP elutes from OrR
(wt control) and egfp-vas embryos using GFP-Trap beads. For this list of proteins peptide
threshold and protein threshold were set at 90% and 95% confidences, respectively. Values
displayed for each sample are the total number of peptide counts for the corresponding proteins.

22/CG2852-PB, isoform B
23|CG6203-PD, isoform D

24(Zinc finger protein on ecdysone puffs
25/CG3213-PA

26/CG1821-PC, isoform C
27|CG3762-PB, isoform B

1|ATP-dependent RNA helicase vasa 0 2
2|Heat shock protein 83 6 0
3\Vitellogenin-2 precursor 1 0
4\Vitellogenin-3 precursor 3 1
5[*REV* Protein 4.1 homolog 1 0
6Vitellogenin-1 precursor 0 1
7*REV* Kinesin-like protein Klp68D 2 0
8CG8977-PB, isoform B 2 0
9Netrin-B precursor 1 0
10Transitional endoplasmic reticulum ATPase TER94 2 0
11|CG1721-PA, isoform A 1 0
12[Tropomyosin-1, isoforms 9A/A/B 1 0
13|CG10701-PE, isoform E 1 0
14/CG13389-PB, isoform B 1 0
15/40S ribosomal protein S18 1 0
16/IP15838p 1 0
17/CG2512-PB, isoform B 1 0
18/CG12101-PB, isoform B 1 0
19126S proteasome regulatory complex subunit p48B 1 0
20GH07384p 1 0
21)LD42771p 1 0
1 0

1 0

1 0

1 0

1 0

1 0
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Fig. B.3 an egfp-vas allele with mutation in DEAD motif (D399L) was used to form stable
interactions in the RNP complexes (Xiol et al. 2014). A. Western blot indicates a band
corresponding to VIs in the IP eluate from vas'/+; egfp-vas™>*°" ovaries that is not present in
OrR sample. The band detected by Aub antibody in the IP from egfp-vas®**°" (arrowhead) is non-
specific and corresponds to the size of eGFP-Vas**" bait. Also both western blot and silver

staining (B) indicate that a significant portion of eGFP-Vas**"in the IP eluate is degraded.
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of protein (Fig B.3 A,B). It remains possible that D399, in addition to its known ATP-binding
role (Sengoku et al., 2006), is critical for Vas folding and stability, and thus DQAD, which does

not have this additional function serves as a better substitution for stabilizing Vas complexes.

Y2H confirmed previously known interactions of Vas with Osk, Gus and
elF5B, but did not indicate direct interactions with the other 13 partners

Since co-IP experiments did not effectively capture interactions between Vas and its known
protein partners, and also due to the limited number of the reagents available, | chose yeast two-
hybrid (Y2H) as an alternative. This method is widely used to examine direct protein-protein
interactions, which are likely to be affected by mutations or deletions in the proteins. A previous
study used Vas as the bait in an Y2H screen against an ovarian cDNA library (Carrera et al.,
2000). The putative interactions identified in that screen mostly fell into five classes, each being
composed of different fragments from: osk, elF5B, gus, DNA polymerase interacting tpr
containing protein of 47kD (Dpit47) and a Drosophila virus gene (Carrera et al. 2000; Styhler et
al. 2002; Paul Lasko, unpublished information). Moreover, the direct interaction between Vas
and Osk, which is an essential step in the formation of pole plasm, was found for the first time
through Y2H assays (Breitwieser et al., 1996). Several other proteins have been found associated
with Vas through different in vivo or in vitro assays; however for the majority of these proteins a
direct interaction has not been demonstrated (Table 3.S1). To investigate if different mutations in
Vas sequence, such as A655-661 or W660E, affect Vas binding to its partners 1 first verified the
direct interaction between vas” and all the other genes that vas is known to associate with. The
coding regions from 16 genes, including osk, elF5B and gus, were cloned into a pPGADT?7 vector
expressing the prey protein fused at the N-terminus to the activation domain (AD) of Gal4 and an
HA tag. The accuracy of the inserts was verified by sequencing, and expression of the HA-
tagged proteins in yeast was tested through western blots (Fig. B.4 A, B, C, D). Two yeast
protein extraction methods were applied with noticeable differences in their capacity to
solubilize various fusion proteins (Vogel et al., 2001; Printen and Sprague, 1994). Of the 16
proteins, AD-Barr was the only one whose expression was not detected following either of these
protocols. It is possible that Drosophila Barr could not be expressed in yeast or alternatively this
protein could not be solubilized using the standard protein extraction methods.
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S-Osk 68.8
Aub 113.6
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Fig. B.4 Candidate genes from Drosophila were N-terminally fused to the activation domain
(AD: 12.5 kDa) of Gal4 and expressed in yeast. Each fusion protein also contains an HA tag
following the AD sequence. Protein extracts used in A, C were prepared according to Vogel et
al. (2001), whereas for the western blot shown in B proteins were extracted according to Printen
& Sprague (1994). The two buffers significantly differed in their capacity to solubilize AD-Osk.
Actin is used as a loading control. D. Table indicates the expected sizes of different AD-HA-
fusion proteins. E. Western blot shows expression of Vas fused to the DNA binding domain
(BD) of Gal4. Protein expression was confirmed in four separate colonies.

132



Similarly, 1 expressed Vas N-terminally tagged with the binding domain (BD) of Gal4 in a
Y2H-Gold strain and verified its expression by western blots (Fig. B.4 E). | also confirmed that
neither vas™ nor any of the interacting fusion proteins could individually activate reporter genes
in the Y2H system to produce false-positive signals via X-a-Gal test or X-B-Gal filter lift assay.

Next | examined a direct interaction between vas™ and each one of the 16 candidate genes
(Fig. B.5). A robust interaction could only be observed for the previously reported genes: osk,
elF5B and gus. Some other genes, such as Cap-D2 and bru, were positive in the X-oa-Gal tests
but not in others. A direct interaction has been previously shown between Bru and Vas through
GST pull-down assays (Webster et al., 1997); it is however possible that certain interactions
remain undetectable in Y2H assays (Van Criekinge and Beyaert, 1999). Also noteworthy is that
the majority of these candidate genes were tested as full-length proteins. Large proteins
sometimes are not properly folded in yeast or may also contain inhibitory domains which affect
interactions (Auerbach and Stagljar, 2005; Van Criekinge and Beyaert, 1999). Therefore,

fragments of such proteins might reveal genuine interactions stronger than the full-length.

A Y2H screen identifies new putative interacting partners of VVas

To investigate if there are other proteins whose interactions with Vas are detectable through
Y2H assays | performed a screen using full-length Vas as the bait and a cDNA library prepared
from a pool of MRNA isolated from Drosophila embryos, larvae, and adults. This cDNA library
was expected to include genes that are specifically expressed in the ovaries. Furthermore a Gal4-
based Y2H system, such as the one used in these experiments and a LexA system used by
Carrera et al. (2000) have different capacities for detecting various types of interactions (Van
Criekinge and Beyaert, 1999). Thus, | anticipated this screen would identify interactions which

might have remained unknown in the previous study.

In the first round of screening | spread the mated culture on DDO/X/A medium. Only two
potential interactions were captured by this screen, from two genes identified as pasha and
CG33978. Since none of the known interacting partners of vas including osk, gus and elF5B
were found, | repeated the screen using a less stringent condition by spreading the overnight
culture on TDO/X plates. HIS3 reporter gene produces high levels of His as a result of

interaction between bait and prey proteins; however, in many yeast strains this construct also
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Fig. B.5 Direct interactions between candidate genes (Table 3.51) and vas™ were tested through
a yeast two-hybrid assay. A. Alpha-galactosidase (MEL1) is expressed in yeast cells as a result of
interaction between bait and prey fusion proteins; thus, the positive colonies turn blue in the
presence of X-a-Gal in the medium. B. An X-Gal filter lift assay confirmed positive interactions
of Vas® with Osk, Gus and elF5B. C. The yeast cells containing Osk, elF5B or Gus together with
Vas" are the only ones able to grow on QDO/A plates.
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expresses some background levels of His, which result in false positive signals. For this reason |
further relied on the MEL1 reporter gene and selected the blue colonies on the X-a-gal
containing medium. By this method, together with the results from the first screen, | detected 70
potential interactions, which were subjected to additional confirmation tests (Fig. B.6).

Thirty five colonies among these were also found to be -gal positive or/and to grow on the
highly stringent QDO/A medium. Through colony PCR and sequencing | identified 19 different
genes as candidates with potentially genuine interactions with vas (Table B.2). From this list nine
genes have a high or moderate expression, whereas the remaining genes exhibit low or no
expression in ovaries (Cherbas et al., 2011; Chintapalli et al., 2007; Graveley et al., 2011). As in
the first screen, however, | did not find osk, gus or elF5B among the interacting genes. Three
different DNA samples isolated from cDNA library in yeast were tested through PCR for the
presence of vas, osk, gus and elF5B (Fig. B.7). Results of this experiment suggest that the library
is mostly composed of full-length cDNA from short transcripts or 3' end cDNA fragments of 1kb
or smaller. As colony PCR from positive interactions identified in our screen shows, the library
also contains cDNA between 1.5-2 kb, which however might constitute a small subset of the
colons corresponding to each gene, and thus are only detectable for highly expressed genes. This
could account for our failure to detect interaction between Vas and elF5B or Osk in the current
screen, since the cDNA clones that encode necessary motifs for these interactions may not be
sufficiently present in the library. The mating efficiency of the bait and the library strains was
calculated by counting the number of haploid cells, only able to grow on single drop-out plates (-
Trp or —Leu) and the diploid cells being able to also grow on DDO plates. With the mating
efficiency of 1.8%, this screen was estimated to have tested 1.4x10° diploids, which is above the
minimum number recommended by the library supplier (Clontech Inc.). However, given the
complexity of the library used in this screen, low abundant or weak interactions may still require
a larger number of diploids to be tested by repeating the screen. Alternatively a tissue specific
library, which is enriched for the potential partners, could be generated and used.

Furthermore | tested mRpl44, Rpp20, CG2678, pasha, CG2091, CG1239, eas, Pka-C1 and
cip4, the genes identified in the screen, which are also reported to be expressed in the ovaries, for
their interaction with vas*®>®. The pGADT?7 plasmids containing these genes were isolated

from diploid yeast cells, and following amplification in E. coli they were transformed back to the
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Fig. B.6 Three different assays were used to confirm positive interactions identified in the
yeast two-hybrid screen using vas® as the bait and a Drosophila cDNA library as the prey. A.
Expression of a-galactosidase is visualized on DDO/X plates for the majority of these clones
consistent with their initial identification in the screen. Clones 14 and 15 were from the first
round of screening, whereas the remaining clones were identified in the second screen. B.
Majority of these clones were -gal positive to various degrees. A number of clones are missing
in this test: clones 47, 53, 64, 65 and 69 did not grow on DDO plates when re-streaked, possibly
due to the toxicity of the library gene, and therefore were eliminated from further analyses.
Clones 41, 42, 54 and 55 (later found similar to 20) although missing from B-gal filter-lift assay
have been tested by the two other assays. C. Interactions were further tested on QDO plates.
Colonies 57-70, which did not exhibit a strong interaction through X-o-gal or p-gal filter-lift
assays, and were mostly not viable on DDO plates, were not further tested on QDO plates.

136



Table B.2 list of the genes identified in a yeast two-hybrid screen using the full-length vas as
the bait and a Drosophila cDNA library (Clontech Inc.) as the prey, the clone numbers
correspond to the numbers shown in Fig. B.4. A relatively high expression refers to a moderate
expression level that is higher than in most other tissues tested. 1: FlyBase Curators et al., 2004-,
2: FlyBase Genome Annotators, 2012, 3: Koc et al., 2001, 4: Pho et al., 1996, 5: Palm et al.,
2012, 6: Duncan et al., 1999, 7: Sisson et al., 2000, 8: Panakova et al., 2005, 9: Hua and Zhou,
2004, 10: Ayme-Southgate et al., 2004, 11: Clark et al., 1998, 12: Denli et al., 2004, 13:
Landthaler et al., 2004, 14: Martin et al., 2009, 15: Smibert et al., 2011, 16: Azzam et al., 2012,
17: Lagueux et al., 2000, 18: Stroschein-Stevenson et al., 2005, 19: Pavlidis et al., 1994, 20:
Engel and Wu, 1994, 21: Wojtowicz et al., 2004, 22: Watson et al., 2005, 23: Kalderon and
Rubin, 1988, 24: Lane and Kalderon, 1995, 25: Nahm et al., 2010, 26: Chintapalli et al., 2007,
27: Graveley et al., 2011, 28: Cherbas et al., 2011
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ene

Clonest |[symbol olecular function Expression in the ovaries
1,15,16,
30,32,33 [CG33978 |Predicted EGF-like calcium ion binding 1 No expression 20
5,21,36, Probable long-non-coding RNA gene; may encode small No expression 27
37,46  |CR44309 |polypeptide(s) 2
Structural constituent of mitochondrial large ribosome
24,27,34, subunit 3 & Relatively high 2°
48 mRplL44
Lipid transporter activity * 2
Heme binding ©
Microtubule binding 7
Required for morphogens wingless (wg) and hedgehog (hh)
13,17,29[Rfabg diffusion 8 Low 26
Predicted ribonuclease P activity ?; tRNA and rRNA
4,56 Rpp20 processing 1 Very high 27
10,19 agrs Predicted serine-type endopeptidase activity, proteolysis 1 INo expression 26
20,55 bt Structural constituent of muscle 19 protein kinase activity 1 [Low2®
7 CG2678 |DNAbinding transcription factor activity 11 Relatively high 2°
Primary miRNA processing 1213 1415 (implicated in
processes such as germarium-derived female germ-line cyst
14 pasha formation 1°) Relatively high 26
2 CG42808 [No experimental evidence; no prediction No expression 28
22 CG31886 [No experimental evidence; no prediction Low2®
Predicted hydrolase activity; deadenylation-dependent
26 CG2091 |decapping of nuclear-transcribed mRNAL Relatively high 26
Predicted endopeptidase inhibitor activity L(implicated in
28 Tep2 anti-bacterial defense and phagositosis 17:18), No expression 26
Predicted methyltransferase activity, with bicoid interacting
35 CG1239 |3 features! Relatively high 2°
39 CG14696 [No experimental evidence; no prediction No expression 26
54 eas Ethanolamine kinase activity 17, choline kinase activity 29  |Vloderate 2°
23 Dscaml |Axon guidance receptor activity 21 antigen binding 22 No expression 26
cAMP-dependent protein kinase 1 %3 (implicated in several
25 Pka-C1  |processes including oogenesis 2%) Moderate 26
GTPase activating protein binding (implicated in several
50 cip4 processes including cellular protein localization 2°) Relatively high 2°
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Fig. B.7 The cDNA library was tested for the presence of vas and its known interacting
partners. Three DNA samples (I, Il, I11), independently extracted from the cDNA library were
tested for presence of vas (A), osk (B), gus (C) and elF5B (D). Schematics illustrate position of
the primers used in different PCR reactions relative to the coding sequence of the tested isoform.
DNA extracted from Y187 yeast cells with or without the corresponding cDNA plasmid was
used as positive (+) or negative (-) control, respectively.

139



prey yeast strain, Y187. Additional sequencing revealed that all but one of these plasmids
contained the same genes identified in the initial screen. One of the colonies, identified by PCR,
to contain CG2091, appeared to also carry another plasmid encoding uncl13, which was the only
plasmid recovered. To confirm that the initial interactions observed in our screen can be
reproduced, | first reexamined the interactions with vas® (Fig. B.8 A, B). Next these nine genes
were tested against vas®®®: however no difference was observed between vas® and vas*®> %%
for their interactions with these genes (Fig. B.8 C). I further confirmed that the interactions of
Pasha, mRpl44, CG2678, Rpp20, CG33978 and CR44309 with Vas is specific by testing them

against DB-fused p53, as a negative control (Fig. B.8 D).

Discussion
Examining Vas interactions through a co-1P approach

The co-IP approach that | applied to isolate proteins interacting with Vas from Drosophila
ovaries or embryos, although could efficiently purify eGFP-Vas, did not detect known
interactions with Aub or Osk. This could be due to the transient nature of interactions that RNA
helicases, such as Vas, have with other components of the RNP complexes (Xiol et al. 2014),
supported by a control experiment showing that the same protocol could efficiently isolate other
protein complexes. As a solution to this, a mutant form of Vas, defective in ATP hydrolysis,
which stably clamps RNA and remains in a closed conformation, has been successfully used to
co-1P several components of piRNA pathway in a B. mori ovarian cell line (Xiol et al. 2014). A
similar approach with Drosophila ovaries enabled me to visualize VIs, one Vas-interacting
protein, but did not detectably co-precipitate others that would be expected such as Aub or Osk.
It is however not surprising that the interacting proteins are easier to isolate from a homogenous
population of cells compared to more heterogeneous tissues, especially if only a small fraction of
the tissue is composed of the cells containing particular protein complexes. For example,
interactions between Vas and components of condensin | complex, such as Barren (Barr), which
together with piRNA components Spn-E and Aub regulate mitotic progression in the germline
stem cells (GSC) and cystoblasts (CB), are restricted to germanium (Pek et al. 2011). These Vas-
containing complexes however were identified in bag-of-marbles (bam) mutant ovaries, which
are enriched for GSC-like cells. Furthermore, the RNA-clamping mechanism described by Xiol

et al. (2014), which provides a closed conformation of Vas thereby nucleating the assembly of an
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Fig. B.8 Among the genes identified to interact with vas through my yeast two-hybrid screens,
nine that are expressed in the ovaries (mRpl44, Rpp20, CG2678, pasha, CG2091, CG1239, Pka-
C1, eas and cip4) were isolated from yeast, amplified in E. coli and transformed back into Y187
yeast strain to subsequently test their interactions with vas mutant proteins. CG33978 and
CR44309, which are not reported as being expressed in ovaries, are also shown. gus was
included as a positive control. Note that the original colony containing CG2091 appeared to
contain another plasmid, unc13, which was the only | could recover from yeast. A., B. To test if
the initial results from my library screens are reproducible, | first tested each one of the
interactions with vas® by growing colonies on QDO plates (A), and by an X-Gal filter lift assay
(B). C. These genes could also interact with vas*®®® similar to vas®, inferred from their
growth on QDO/A/X plates. The difference between vas* and vas*®*>®* for their interactions
with cip4, observed here, was not found reproducible. D. Rpp20, mRpl44, CG2678, pasha,
CG33978 and CG44309 did not interact with P53, as the negative control.
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amplifier complex, may not be a general mechanism for the interactions between Vas and its
other partners such as Osk. Vas binding to Osk is proposed as the primary mechanism for
anchoring Vas to pole plasm, suggesting that the two proteins have a relatively stable interaction
(Breitwieser et al., 1996). Although, the difficulty to co-IP Osk with Vas, argues against this
model, it is also worth mentioning that only a fraction of Vas in the ovaries is localized to the
pole plasm, and maintenance of localization after initial anchoring may not require Vas to remain
bound to Osk. Consistent with this, localization of RNP particles in the pole plasm is maintained
through persistent trafficking on cortical microtubules mediated by motor proteins (Sinsimer et
al., 2013). In addition, a large number of Vas interactions occur inside the pole plasm, which due
to its distinct structure provides a separate cytoplasmic phase for localization of germ cell
determinants (Mahowald, 1962). The same mechanism that prevents RNP complexes, inside the
pole plasm, from being diffused into the surrounding cytoplasm may also prevent them from
becoming soluble in most of the co-IP buffers that are designed to protect protein-protein
interactions. A relatively high amount of Osk consistently found in the pellet following tissue

lysis supports this hypothesis (Fig. B.2 D).

To stabilize transient complexes and weak interactions, in vitro, | used DSP. By having two
reactive end groups and a spacer arm of 12A°, DSP cross-links two proteins that are in close
proximity (Lomant and Fairbanks, 1976). The primary amines, which DSP reacts with, have a
positive charge in the physiological pH, and therefore are predominantly found on the surface of
proteins readily accessible to cross-linking reagents. This cross-linking method, however, did not
significantly improve co-IP of Vas with its known interacting partners. There are still a wide
range of other cross-linking reagents which have different properties mostly based on their
reactive groups, spacer arm length and water solubility, and thus could be advantageous for
stabilizing different interactions (Kluger and Alagic, 2004). It should be also noted that in most
in vitro protocols tissues are exposed to the cross-linking reagent at the homogenization step. If
the complexes are transient or require the native environment of the cells for their assembly, an
in vivo cross-linking procedure could stabilize them before the cell membrane is broken
(Vasilescu et al., 2004). An in vivo cross-linking method using low concentrations of
formaldehyde on permeabilized Drosophila embryos, for example, has been used to purify Tudor

protein complexes (Gao et al., 2014).

142



In addition, my preliminary mass-spectrometry analyses on eluates from eGFP-Vas co-IP,
which due to insufficient materials remained inconclusive, suggest that 35-70 mg total protein in
the embryo lysates (instead of 7 mg), under the same co-IP protocol, would allow identification
of low abundance proteins and accurate quantitative analyses.

The Y2H screen suggests new functions for Vas in miRNA pathway and
ribosome biogenesis

Through a yeast two-hybrid screen using vas as the bait and a Drosophila cDNA library, |
found 19 genes encoding proteins with putative interactions with vas. Among this list there are
nine candidates, which are also expressed in the ovaries and thus more likely to be genuine
partners of Vas in different RNPs. As the next experiment the physical interaction between these
proteins and Vas could be further tested through co-IP from ovaries. Similarly genetic interaction
assays could reveal if these genes are involved in the same pathways as Vas. Two genes, pasha
and Rpp20, are particularly interesting as, similar to vas, they are implicated in RNA processing
(Eder et al., 1997; Han et al., 2006; Martin et al., 2009; Stolc et al., 1998).

Pasha (DGCRS in human) and its partner Drosha have a central role in miRNA maturation
process. Pasha specifically binds the double-stranded stem in the hairpin of the primary miRNAs
and acts as an anchor to recruit Drosha, an RNAse Il enzyme, which then cleaves the hairpin
from its single stranded flanks. The resulted pre-miRNA is then exported to the cytoplasm for
further processing (Han et al., 2006; Martin et al., 2009). pasha mutants in Drosophila die
mostly as third-instar larva (Martin et al., 2009). In addition, germline clones homozygous for
null alleles of pasha, similar to some other genes involved in miRNA pathway, exhibit defects in
germline cell divisions, and produce egg chambers often composed of only 8 nurse cells and no
oocyte (Azzam et al., 2012). Further examination of mutants for other components of miRNA
pathway such as agol indicates severely reduced germ cell divisions in the ovaries, resembling
the phenotype observed in vas™'®® females with atrophied germarium (Azzam et al., 2012;
Styhler et al., 1998). Although egg chambers with only 8 nurse cells are rare in vas~ ® females,
these mutants more often produce egg chambers with 16 nurse cells and not containing any
oocyte (Styhler et al. 1998). vas has been shown to bind piRNA precursors and facilitate their
handover between components of piRNA pathway for further maturation (Xiol et al. 2014). The
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possible role of vas in miRNA pathway, which is suggested by the direct interaction between vas
and pasha, has never been explored. Pasha however is mostly found in the nucleus where the
first step of mMiIRNA maturation occurs. Thus cooperation between Vas and Pasha in this process
would require co-localization of these two proteins in the nucleus. Such nuclear localization of
Vas in the germline stem cells remains to be investigated by high resolution microscopy.
Alternatively Pasha might have an unknown cytoplasmic function, which is associated to its
interaction with Vas. It would be also important to quantify the canonical miRNAs for their

PH165

decreased levels in vas ovaries similar to that in pasha null mutants (Martin et al., 2009).

Rpp20 in human and its yeast homolog Rpp2 co-immunoprecipitate with the components of
RNase P and RNase MRP, involved in processing of precursor tRNA and rRNA, respectively
(Eder et al., 1997; Jarrous et al., 1998; Stolc et al., 1998). These two processes occur in the
nucleus, whereas Vas is mainly found in the cytoplasm, making the association between Vas and
Rpp20 rather puzzling. However, another study indicates that there are also small fractions of
Rpp20 diffusely distributed throughout the cytoplasm, which, in response to stress, aggregate
into granules (Hua and Zhou, 2004). The function of Rpp20 in cytoplasm is not known, but is
proposed to be important for protection of RNA under stress condition, or in the cytoplasmic
regions, such as axonal growth cones where mRNA is transported for local protein synthesis.
Therefore, it would be interesting to further investigate the association of Vas with Rpp20 in
Drosophila ovaries, which are another classical example of RNA localization and localized

translation.

The previously known genes interacting with vas, namely osk, gus and elF5B, were not
found in the current Y2H screen. However, when these genes were directly tested against vas,
using the same Y2H system, | observed a robust interaction. Our further examinations of the
cDNA library also suggest that osk and perhaps some other ovarian partners of vas, are not
enriched in this library. To effectively screen, through the ovarian cDNA clones, for the genes
interacting with vas, a tissue specific cDNA library could be constructed and used. The cDNA
libraries designed to be used with a Gal4 based Y2H system, may result in discovering new
proteins associated with Vas which have not been found in the previous screen using a LexA-
based version of Y2H (Carrera et al., 2000; Sobhanifar, 2003; Van Criekinge and Beyaert, 1999).
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Chapter 4: Conclusion and future directions

The research presented in this thesis addresses the role of different motifs of Vas in its
various functions. We found that the least explored N- (amino acids 1-200) and C- (amino acids
623-661) terminal regions, despite being highly divergent, contain critical motifs for Vas
functions in vivo. These studies confirm significance of the N-terminal RGG motifs for Vas
function in germ cell development. Our analyses of eGFP-Vas“®**®* acking a C-terminal motif
conserved among closely related Drosophila species, suggest that Vas plays a role in pole plasm

condensation at the posterior region. vas”®**%%

mutants exhibit a diffused localization of Vas and
other components of pole plasm at the posterior cortex, which does not allow pole buds to adopt
the germ cell fate. Furthermore, we investigated the functional significance of a highly conserved
Trp in the second last position of Vas sequence. These experiments using endogenous alleles of
vas indicate that substitution of Trp660 with Glu abolishes germ cell formation and embryonic
viability, and significantly reduces DV patterning and piRNA biogenesis. Our analyses also
reveal that females carrying mutations in conserved helicase motifs of vas produce a number of
eggs significantly higher than vas null, suggesting that Vas plays some functions in oogenesis
independent of its helicase activity. In the following sections | will discuss some of the

unanswered questions related to this research and propose directions for future studies.

Additional quantitative analyses on the role of RGG motifs

Our study shows that RGG motifs in the N-terminal region greatly contribute to Vas
function in germ cell development; however, the specific RGG motifs being involved are not
mapped. A systematic mutagenesis approach that targets different RGG motifs in the full length
protein and changes those to AGG or KGG could address this question. The repeat-rich nature of
the N-terminal sequence causes a challenge in site-directed mutagenesis, or CRISPR-Cas9
targeting; thus a more efficient approach would be to use synthetic DNA fragments encoding
these mutations for generating transgenic alleles. To accurately quantify functional contribution
of single RGG motifs, which could be subtle but significant, proteins need to be compared at the
same expression level. Site-specific transgene integration is a popular method, which overcomes

variability of position effects by inserting the transgene in a predefined site in the genome
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(Bischof et al., 2007). In our initial experiments using this method egfp-vas®, which was inserted
in the commonly used landing site, ZH-attP-86Fb (Bischof et al., 2007), did not allow sufficient
expression of the protein to support germ cell formation at levels approaching wild-type. Other
studies, which have compared 20 different landing sites, using a ubiquitously expressed
luciferase reporter, show that the expression differences among the majority of available lines are
less than two fold (Markstein et al., 2008). This study further shows that expression levels in
most tissues are boosted several fold when transgenes are flanked by a gypsy retrovirus insulator
(Markstein et al., 2008). However, | did not find a significant change in eGFP-Vas expression
upon inserting a gypsy insulator on both sides of the expression cassette (data not shown),
suggesting that specific features of egfp-vas construct, such as the lack of introns, are responsible
for the limited expression levels. Introns could regulate gene expression at different steps,
including transcription, nuclear export, protein translation and mRNA stability; thus genomic
constructs often result in more efficient gene expression than the cDNA constructs (Chorev and
Carmel, 2012; Liu, 2013). Indeed a vas construct cloned into p{Pmat-tub67c:gfp} vector, which
contains maternal tubulin 67c promoter followed by a 487 bp intron, has been shown to fully
rescue germ cell formation in a vas'/vas"® background (Micklem et al., 1997; Wang et al.,
2015; our unpublished observations). Further highlighting the role of introns in enhancing Vas
expression, | found that even using the maternal tubulin Gal4 to drive a UAS-egfp-vas, lacking

introns, does not result in a robust expression (our unpublished data).

Another interesting experiment is to directly test the effect of RGG motifs on the interaction
between Vas and its MRNA targets. | investigated the effect of different N-terminal truncations
on the specific interaction between Vas and a (U)-rich motif derived from mei-p26 3'UTR (Liu et
al., 2009). Similar in vitro assays using full-length mRNAs, containing all the sequences
involved in Vas interaction, could be informative but are technically challenging. An alternative
experiment is to quantify these target transcripts after co-immunoprecipitation with wild type or
mutant forms of Vas from ovaries. RGG motifs could be also involved in protein-protein
interactions, as several yeast proteins including Scd6, Sbpl and Npl3, which accumulate in P
bodies and repress mRNA translation, contain RGG motifs that mediate interaction with elF4G
(Rajyaguru et al., 2012). An interaction between Vas and elF4G is also possible, and might have
remained unknown due to technical limitation of co-IP and Y2H screens (Carrera et al., 2000;

Xiol et al., 2014; my current study).
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The role of Vas in pole plasm concentration

A636-646 i yas® background indicates that a focused localization of

Our analysis of egfp-vas
Vas, and perhaps the entire pole plasm, at the posterior region is essential for efficient germ cell
formation. Our further examination in a wild type background shows that the localization defects
of eGFP-Vas"®*®® are only observed in the absence of wild type Vas, and thus are due to the
impaired function of Vas“®**®*_ Two mechanisms could be envisaged, through which A636-646
affects pole plasm concentration at the posterior: according to the first mechanism pole plasm
components reach the posterior region of the embryo and their subsequent diffusion along the
cortex is inhibited through a process that involves Vas; the second model would propose that
pole plasm is initially diffuse in the posterior region but later becomes condensed through an
active mechanism which is impaired in vas"®*®®® Our preliminary live imaging of the early
embryos favours the second mechanism; however this needs to be confirmed through high
resolution live imaging of pole plasm in late stage oocytes combined with automated image
analysis techniques (Parton et al., 2011). Furthermore, and supporting either of the above
mechanisms, stable anchoring of pole plasm components at the posterior cortex is shown to be a
dynamic process, which requires persistent trafficking of germ plasm RNP particles on the

posterior microtubules (Sinsimer et al., 2013). A screen for modifiers of vas?®%4

phenotype
could help to identify other factors interacting with Vas in fine tuning pole plasm concentration.
In addition, immuno-electron microscopy analyses of VVas-containing particles in the pole plasm

4636-646

could compare vas with vas™ at ultrastructural level.

Exploring Vas-protein and -RNA interactions

A particular focus of future studies should be to further examine Vas interacting partners.
Our co-IP experiments did not efficiently capture Vas protein interactions in ovaries or embryos,
as judged by the absence of known interacting partners such as Osk and Aub in the co-IP eluate,
possibly due to the weak or transient nature of Vas interactions. One approach, which has been
successfully used to identify Vas partners in B. mori BmN4 cell line, is to stabilize Vas
complexes through mutations that impair ATP product dissociation, and thus generate an
immobile RNA clamp (Xiol et al., 2014). This method, however, may not be ideal for analyzing

the role of different motifs in Vas interactions, due to possible impact of the stabilizing mutation
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on the interactions. Using the same principle a non-hydrolyzable ATP analog may also stabilize
Vas complexes (Liu et al., 2014). The protocol then needs to be optimized as whether the ATP
analog is added to the lysis buffer before tissue homogenization or if ovaries need to be cultured

in a medium containing this compound.

Proximity-dependent biotin identification (BiolD) is another approach, developed to identify
neighboring and potentially interacting proteins that are targeted by a biotin-ligase fusion protein
(Roux et al., 2012). The biotin-ligase used in this system is a modified version of the E. coli
enzyme, BirA, which in its wild type form specifically biotinylates an acceptor peptide in the
target proteins (Beckett et al., 1999). Co-expression of BirA and the protein of interest tagged
with the biotin acceptor in mammalian cells, supplied with biotin, or Drosophila tissues, which
have endogenous levels of biotin, allows subsequent affinity purification of biotinylated
complexes using streptavidin conjugated resins (Kim et al., 2009; Struebbe et al., 2011). BiolD
uses a BirA mutant form (BirA*) that prematurely releases the highly reactive bioAMP and thus
allows promiscuous protein biotinylation (Roux et al., 2012). The biotinylated proteins could be
then purified and their identity could be determined by mass spectrometry. BiolD is a promising
technique for identifying novel interacting partners of Vas in ovaries or embryos expressing
BirA*-Vas compared to BirA* alone. This method could also compare different mutant forms of

Vas, which are fused to BirA*.

Some protein interactions are difficult to capture due to the low abundance of one or more
proteins involved. For example, Vas interacts with condensin I complex components, Barr and
Cap-D2, in only GSCs and CBs, which constitute a small portion of the ovaries (Pek and Kai,
2011a). These interactions have been identified through Vas co-IP from bam ovaries, which
contain a large population of GSCs and CBs. To biochemically examine the effect of different
vas mutations on such germarium-limited interactions, different egfp-vas transgenes need to be
expressed ideally in double mutant ovaries for bam and vas™ '®. Alternatively endogenous
alleles of vas could be generated by CRISPR-Cas9 method and tested in a bam mutant

background.

Our yeast two-hybrid assays only indicated direct interactions between Vas and previously
known partners, Osk, Gus and elF5B; however, it remains possible that certain interactions

strictly depend on the cellular environment in which they normally occur and thus are refractory
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to Y2H assays. To dissect specific pathways that are affected by each vas mutation, genetic
interaction assays could be carried out through a candidate approach. Depending on the
availability of endogenous alleles, vas mutations could be tested in transheterozygous females
also carrying a loss-of-function allele of the candidate partner.

The multiplicity of its functions suggests that Vas is involved in many RNP complexes
associated with various pathways, and thus targeting different RNAs. Strong evidence indicates
that Vas activates translation of grk and mei-P26 and it also binds piRNA precursors (Carrera et
al., 2000; Liu et al., 2009; Xiol et al., 2014; Zhang et al., 2012). In addition, a previous study,
using 0-2 h embryo extracts, has identified ~ 200 mRNAs that co-immunoprecipitate with Vas
(Liu et al., 2009). These mRNA targets include gcl, bicD, cib, Bsg25D, pxt and aret, which like
Vas localize to the posterior region of early embryos (Lecuyer et al., 2007; Liu et al., 2009;
Tomancak et al., 2007). The Vas core region alone confers helicase activity in vitro (Sengoku et
al., 2006), however, our data indicate that the flanking N- and C-terminal sequences contribute to
Vas function, possibly through unknown auxiliary motifs that regulate Vas affinity to mRNA
molecules. To investigate this, RNA immunoprecipitation (RIP) followed by deep sequencing
could compare different Vas mutants with wild type for their RNA targets in ovaries and
embryos. High sensitivity of the current RNA sequencing techniques would also allow
identification of new targets which might have remained unknown in the previous screen (Liu et
al., 2009).

Vas was initially thought to bind RNA in a non-sequence-specific manner (Sengoku et al.,
2006). However, Vas directly targets a (U)-rich motif in mei-p26 3’ UTR and this interaction is
required for translational activation of Mei-P26 by Vas (Liu et al., 2009). Similar (U)-rich motifs
are present in many mRNA co-purified with Vas, supporting that Vas is directly involved in
sequence-specific targeting of mRNAs. A combination of cross-linking immunoprecipitation
(CLIP) and RNase-mediated Vas footprint sequencing could help to further explore Vas-binding
sites across transcriptome (Silverman et al., 2014; Singh et al., 2014; Zhang and Darnell, 2011).
Yet, it is possible that the sequence specificity for a subpopulation of Vas targets is conferred by
other proteins interacting with Vas, as the 12-nt Vas footprints on TE transcripts lack any
nucleotide bias (Xiol et al., 2014).
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Post-translational modifications of VVas

Different post-translational modifications (PTMs) of Vas orthologs, are implicated in
regulating translational activity, localization and protein turn-over. Activation of meiotic check-
points, in response to unrepaired DSBs, results in decreased accumulation of Grk, mediated by
Vas phosphorylation, and causes dorsoventral patterning defects during oogenesis (Abdu et al.,
2002; Ghabrial and Schupbach, 1999). Vas phosphorylation may also have regulatory effects on
its other functions, which remains to be examined through phosphorylation site mapping and
phosphomimetic mutation analyses.

In addition, Vas orthologs from mouse, Xenopus, and D. melanogaster carry both
symmetrically and asymmetrically dimethylated arginines (SDMA, aDMA; Kirino et al., 2010).
In Drosophila sDMA modifications depend on arginine protein methyltransferase 5
(dPRMT5/Csul/Dart5); whereas, aDMAs are produced by type | PRMTs, such as dPRMT1
(Dartl) and dPRMT4 (Dart4). aDMA modifications often occur in RGG motifs, which are
abundant in the Vas N-terminus, and SDMAs occur in the motifs composed of an Arg flanked by
Ala or Gly (R17, R65, R588, R644 in Vas; Kirino et al., 2010; Bedford and Richard, 2005;
Krause et al., 2007). Methylarginine sites often serve as the binding motifs for Tud proteins; in
Drosophila, for example, SDMA modifications of Aub are required for its binding to Tud, which
in turn mediates localization of Aub to the pole plasm (Chen et al., 2011; Kirino et al., 2010b).
Csul co-immunoprecipitates with wild type Vas transiently expressed in BmN4 cells (Xiol et al.,
2014). In addition, Csul and its cofactor, VIs, are required for the assembly of the nuage and the
pole plasm; however, the initial localization of Vas to csul genetically null oocytes appears
normal (Anne and Mechler, 2005; Anne et al., 2007; Cavey et al., 2005; Kirino et al., 2010a). To
address the significance of Vas arginine methylation in germ cell formation, | studied embryos
maternally transheterozygous for vas' and a mutant allele of vls, csul or dartl. Combination of
vas and vls?, which encodes a truncated protein of 52 amino acids (Anne and Mechler, 2005),
resulted in embryos containing at least 22% fewer germ cells than either vis?/+ or vas'/+

1°997%7 "\which encodes

(p=2.2E-10; data not shown). Transheterozygous embryos for vas' and csu
a truncated protein missing the entire conserved methyltransferase domain (Gonsalvez et al.,
2006) or a dartl-null allele (Kimura et al., 2008) exhibited less dramatic but significant

decreases in germ cell numbers (13% and 10%, respectively). These results, however, should be

150



interpreted cautiously, as the combinatorial effects on germ cell number might be simply
associated with the additive defects in pole plasm assembly, which requires most or all of these
genes. Other preliminary experiments also show that the arginines 65, 73, 101, 108 and 150 are
the actual targets for the arginine methyltransferases, but as a result of insufficient sample, the
MALDI-TOF data are not statistically significant (Rappsilber, unpublished data). Thus in future,
large scale immunopurification of Vas from ovaries followed by mass-spectrometry could
accurately map methylated arginines in Vas. Moreover, our current functional analyses suggest
that possibly critical arginine methylations occur on R163 and/or R588 as deletion or mutation of

the other Arg residues did not have significant effects on Vas functions.

Vas accumulation in pole plasm depends on activities of Gus, Fsn, and Faf through
regulating its ubiquitination (sections 1.4.4). Furthermore, acetylation of mouse Vas homologue,
Mvh, modulates its RNA binding and is linked to its temporal regulation during spermatogenesis
(sections 1.9.5). A comprehensive post-translational modification map of Vas would not only
facilitate future mutation analysis but could also reveal yet unknown modifications regulating

Vas functions in different pathways.

Further investigation on the role of VVas in cancer

Several germ cell specific genes are upregulated in I(3)mbt brain tumors, and a subset of
those including vas significantly contribute to malignancy (Janic et al., 2010). Although the exact
mechanism by which Vas promotes tumor formation is not clear, it is shown that acquisition of
germline traits in somatic cells results in their increased fitness and survival consistent with the
immortality observed in both germ cells and cancer cells (Curran et al., 2009). Our structure-
function analyses provide useful information about different motifs of Vas with respect to its
various functions in oogenesis and germ cell formation. These analyses could be extended to the
role of Vas in tumor formation by expressing different mutant forms of Vas in 1(3)mbt*! and
vas' % double mutants, and testing their ability to restore brain tumor formation. A comparison
between the results of such analyses and our current data would provide useful links between vas
function in tumorigenesis and in various germ cell specific pathways. | approached these
experiments, however, | found highly variable brain overgrowths in 1(3)mbt"! homozygous
larvae raised at restrictive temperature, which does not allow using the brain size as an accurate

readout in these analyses. The first step in future studies would be to optimize the experimental
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condition for obtaining a consistent and robust phenotype in 1(3)mbt mutants. Alternatively,
I(3)mbt brains could be further characterized for expression of different tumor markers, such as
cell cycle regulating genes, which could be then used to assay Vas function in promoting
malignancy (Saini and Reichert, 2012; Whitfield et al., 2006).

To investigate if ectopic expression of Vas is sufficient to transform normal cells into cancer
cells the effect of Vas overexpression could be examined in different tissues using a Gal4/UAS
system. Based on the results from these experiments Vas could be then overexpressed in the
relevant cell lines to further study mechanism of its function at the molecular level. It would be
also interesting to examine different human cell lines for over-expression of germline specific
genes. The significance of these genes in malignancy could be then investigated through RNAI

knock-down experiments or CRISPR-Cas9 gene targeting.

Vas role in inter-specific hybrid dysgenesis

In Drosophila inter- and intra-specific hybrid sterility is associated with TE derepression in
F1 germline (Brennecke et al., 2008; Kelleher et al., 2012). The intra-specific hybrid sterility
often occurs when males carrying active copies of TEs mate with females from other strain in
which those transposons are absent or no longer active. In these cases the maternal piRNA
cannot silence the paternal-specific TEs in F1 germline (Brennecke et al., 2008). In contrast, the
hybrid dysgenesis observed between Drosophila species, for example D. melanogaster and D.
simulans, is mostly correlated with divergence of ping-pong amplification components, such as
Aub, and is not due to the differences in piRNA pool (Kelleher et al., 2012). The sequence
divergence of Vas, as another critical component of piRNA pathway, may also contribute to
sterility of D. melanogaster and D. simulans hybrids, although Vas localization to the nuage
appears normal. One possible experiment is to express vas orthologs from other Drosophila

species in vas~¢°

ovaries and examine their ability to suppress transposons, such as HeT-A. The
N-terminal region of Vas, which contains essential elements for its localization, is highly diverse
even among closely related Drosophila species, thus | would expect defects in piRNA pathway
at least due to mislocalization of some Vas orthologs in D. melanogaster ovaries. For those Vas
orthologs that fail to suppress TEs, despite their normal localization, chimeric constructs could

be tested, where different motifs are replaced by the counterpart domains from D. melanogaster
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vas. These analyses would provide valuable information about contribution of Vas to inter-
specific hybrid sterility, specifically associated with piRNA pathway, and about the critical
motifs of Vas being involved.
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