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Summary

Cultured motile cells show a highly enriched belt of actin at the tip of their lamellipodial
protrusions, termed the leading edge. It is at this leading edge that researchers have
uncovered pools of highly localized mRNAs encoding actin and actin-regulatory proteins,
i nc | u-dtim Brofiln, Cofilin and all seven subunits of the Arp2/3 complex, whose local
translation is then required for proper cell migration. The localization and local translation of
these mRNAs are regulated by RNA-binding proteins, including Imp, which localizes b-actin
MRNA at the leading edge. However, published studies have so far failed to determine if Imp
is required to localize b-actin mRNA and/or other mRNAs at the leading edge of migratory
cells in vivo.

Our examination of Drosophila embryonic macrophage migration in vivo revealed that actin is
not enriched at the leading edge, compared with cultured macrophages, demonstrating that a
single cell population employs different mechanisms of cytoskeletal arrangement when
migrating in vivo, compared with an ex vivo migration along a 2D substrate. It is therefore not
surprising that we did not observe Imp at the leading edge of macrophages in vivo. However,
overexpression of Imp reduced both the velocity and directionality of macrophages and
inhibited cell-to-cell contact inhibition, suggesting a defect in microtubule dynamics, although

we have yet to establish a mechanism for this.

We show that | mp bbraatid, rofitinh and Biitddrin RNRNMAE and reveal
three sites of primary sequence that are required for Imp binding to b-actin mRNA. Our
results suggest that, in contrast to cultured migratory cells, b-actin mRNA is unlikely to be
localized to, and locally translated, at the leading edge of macrophages in vivo. However,
cytoplasmic mRNA regulation is likely to play some kind of role in cell migration, as revealed
by overexpression of Imp, which impairs macrophage motility. This thesis highlights a crucial
requirement for studies to determine the mechanisms of cytoplasmic mMRNA regulation in

motile cells in vivo, which appear to be distinct from those employed in some cultured cells.
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CHAPTER 1: Introduction

1.1 Gene Expression Regulation

It is important that cells are able to regulate both the temporal and spatial expression of
proteins, which can be controlled through the regulation of gene expression. Control of gene
expression is a complex process that can be regulated at many levels, starting with
transcriptional regulation in the nucleus, which defines the timing and quantity of transcripts
generated. However, gene expression can also be regulated post-transcriptionally in both the
nucleus and cytoplasm (Latchman 2010). The regulation of RNA splicing, capping and
polyadenylation occurs in the nucleus before nuclear export of mRNAs into the cytoplasm
(Kong & Lasko 2012). Once in the cytoplasm, gene expression can be regulated through
control of MRNA localisation and translation (Besse & Ephrussi 2008). In this case, mMRNAs
are localised to a specific region of the cell, so that proteins are locally translated when and
where they are required in the cell (Gebauer et al. 2012). mRNAs can also be targeting for
degradation within the cytoplasm, to prevent protein expression at a time or cellular region
when it is not required (Glisovic et al. 2008) (Figure 1).

1.1.1 Role of RNA-binding proteins

RNA-binding proteins (RBPs) play an instrumental role in post-transcriptional gene regulation
and are the main players in RNA regulation, both within the nucleus and cytoplasm (Glisovic
et al. 2008). Often referred to as master regulators of gene expression by binding hundreds
of different RNA targets, they are involved in an extensive range of functions in RNA
processing including RNA splicing, stability, processing of the pre-mRNA 306
polyadenylation, nuclear export, mRNA localisation, translational repression and activation
(Dreyfuss et al. 2002; Bish & Vogel 2014) (Figure 1). However, despite their extensive and
important functions, many of the mechanisms by which RNA-binding proteins regulate RNA
processing remain largely uncharacterised (Carpenter et al. 2006).
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Figure 1. Five stages of gene expression regulation within the nucleus and cytoplasm.

Regulation of mRNA processing from transcription to translation is a complex process that is
controlled through many stages. The processes (highlighted in red) that are used within the cell to
regulate gene expression at the transcript level , including processing in the nucleus, nuclear export of
mRNAs and control of mMRNA localization, stabilization and translation to regulate both the spatial and
temporal distribution of proteins within the cell.

RBPs are modular in structure and often contain several or a combination of RNA-binding
domains, including RNA-recognition motifs (RRM), RGG (Arg-Gly-Gly) boxes and KH
domains (Lunde et al. 2007). It has been proposed that by having a combination of RNA-
binding domains which bind short sequences of RNA with low affinity, RBPs can bind many
transcripts with high specificity compared with a single domain alone, as the short sequences
are often non-unique. The relative position of these motifs to each other may also play a role
in achieving RBP specificity (Lunde et al. 2007).

Heterogeneous ribonucleoproteins (hnRNPs) are a family of RNA-binding proteins that bind
RNA transcripts both within the nucleus and cytoplasm to form RNP complexes (Carpenter et
al. 2005). The distinction between hnRNPs and other classes of RBPs has become unclear
as hnRNPs appear to share many of the same domains and functions as other RBP families

(Dreyfuss et al. 2002). However core hnRNPs have been identified and partially
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characterised (Table 1), although we still do not fully understand the mechanisms by which

they regulate RNA processing (Singh & Valcarcel 2005).

Table 1. RNA-binding domains of core mammalian hnRNPs and the short RNA sequences

to which they preferentially bind (Adapted from Singh & Valcéarcel 2005).

hnRNPs | Domains Preferred Sequences
Al 2x RRM, RGG | UAGGG(A/V)

A2/B1 2x RRM, RGG | (UUAGGG)n

c1l/c2 1x RRM U6

D 2x RRM, RGG AU rich

E1/E2 3x KH C rich

H/ HO6 /| 3Xx RRM GGGA

| (PTB) 4Xx RRM UCuucC

K 3xKH, RGG C rich

L 4XRRM CA repeat

M 3XRRM G or U rich (RRGGAGGRR)

1.1.2 Ribonuclearprotein complexes

From transcription to translation, the mRNAs within a cell are never naked, but are
associated with several RBPs and bound into a large ribonucleoprotein (RNP) complex.
However, mMRNAs are never associated with a single type of RBP, but with a variety of
different RBPs within these complexes (Miller-McNicoll & Neugebauer 2013). Many
regulatory RNA-binding proteins also bind a variety of mRNA transcripts to regulate
transcript-specific processing (Singh & Valcarcel 2005). One of the current challenges is to
determine how this specificity is achieved. A large variety of RNA-binding proteins can bind a
single transcript to form large RNP complexes, suggesting that a combination of proteins
may aid in achieving transcript specificity (Van De Bor & Davis 2004). These complexes are
formed within the nucleus to regulate RNA processing and can be re-modelled within the

cytoplasm upon nuclear export (Van Dusen et al. 2010).

Many studies have carried out protein-complex immunoprecipitation assays to determine the
composition of RNP complexes. However, these assays give little insight into the function of
bound RBPs and although an RBP may be bound within a complex it may not necessarily
play a direct role within that complex. For example, the Drosophila RNA-binding protein Imp

(Zipcode binding protein 1 (IMP1) has been shown to bind oskar mRNA within the oocyte but
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knock down of its expression has no effect on oskar mRNA processing, localisation or
translation (Munro et al. 2006). It is therefore possible that although several RBPs may bind
a single transcript, only a few are required for successful processing of the mRNA, or that
they regulate only very specific events in the regulatory life of the RNA molecule
(Shahbabian & Chartrand 2012).

The composition of RNP complexes is often very complex, containing many different RBPs,
small non-coding RNAs, small nucleolar RNAs and microRNAs. As well as binding cis-acting
elements in mMRNAs, RBPs may be recruited through protein-protein interactions with other
proteins contained in a complex, building up further specificity (Muller-McNicoll &
Neugebauer 2013). Different RNA-binding proteins within a complex could act redundantly to
ensure that RNA regulation is carried out in the absence of a single RBP (Dreyfuss et al.
2002). A study carried out using Caenorhabditis elegans oocytes has shown that the state of
RNPs can be altered depending on the protein composition and developmental state of the
oocyte (Hubstenberger et al. 2013). When the oocyte is in a developmentally quiescent state
the RNP complexes contained within become tightly assembled (referred to as a solid state)
so they cannot be re-modelled to ensure that mMRNAs are translationally-silent. However,
once actively developing, the RNP complexes with the oocyte become looser as the proteins
bound within the complex relax their bonds (referred to as a liquid state), allowing bound
RBPs to dissociate and new ones to associate with the complex to regulate RNA processing
(Hubstenberger et al. 2013).

RNP complexes are consistently re-modelled as different factors dissociate or associate
depending on the regulation required (Gebauer et al. 2012). It was often thought that RBPs
which regulate the cytoplasmic localisation and/or translation of mRNAs bind to RNP
complexes once they are exported from the nucleus. However, RBPs that regulate the
cytoplasmic localisation and translation of mMRNAs can be assembled onto these RNP
complexes within the nucleus and remain during nuclear export, suggesting that the
regulation of cytoplasmic localisation of an mRNA may even be set up in the nucleus directly

after transcription (Muller-McNicoll & Neugebauer 2013).

Perhaps our greatest challenge is to deciphertheso-c al | ed &6 mRNP codeb
us to predict the RNP composition required to process specific mMRNA transcripts (Singh &
Valcéarcel 2005). There is therefore a need to identify the entire protein and RNA
compositions of i ndividual RNP compl exes,
RBPs are bound (Gebauer et al. 2012). However, this in itself represents a challenge as the
composition of RNPs is so dynamic that the proteins bound could change depending on the

state of the complex, its cellular position or depend on the events taking place within the cell.
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Several groups have attempted to identify conserved RNA-binding domains within mRNAs.
For example, a systematic analysis of transcripts containing RNA-motifs recognised by RBPs
showed that there is high evolutionary conservation between motifs and identified new
interactions between mRNAs and RBPs (Ray et al. 2013). These type of studies may also
provide insight into the function of RBPs. For example, when transcripts containing many
RNA-binding sites for a particular RBP were in high abundance and the transcript encoding
that particular RBP was in low abundance, it was shown that the RBP tended to play a
negative role in mRNA stability (Ray et al. 2013).

1.2 Role of mMRNA localisation and local translation in the establishment and

maintenance of cell polarity

1.2.1 Establishment of cell polarity

Intracellular localization of mMRNA is one mechanism by which cells regulate gene expression
in the cell cytoplasm, allowing local synthesis of proteins at their site of function (Meignin &
Davis 2010). Importantly, mRNA localisation allows cells to generate and maintain cell
polarity through the asymmetric localization and subsequent translation of proteins within a

specific region of the cell (Medioni et al. 2012)

Cell polarity is an essential feature of eukaryotic cells. For example, stem cells often divide
asymmetrically to produce another stem cell and a cell which becomes committed to lineage-
specific differentiation (Nelson 2003). To achieve this asymmetric division, the dividing stem
cell must become polarised as cell fate determinants are segregated into one of the two
daughter cells (Knoblich 2008). Some eukaryotic cells are permanently polarised to enable
them to carry out their functions, including columnar epithelial cells which show apical-basal
polarity, fibroblasts and neurons which have exon-dendrite polarity. Motile cells, including
immune cells such as monocytes and neutrophils, become highly polarised in response to
extracellular migration cues, enabling them to migrate to sites where they are required (Du et
al. 2007). Cell polarity is also required for correct axis formation during organism
development, tissue development and cell proliferation (Mili & Macara 2009).

The establishment and maintenance of cell polarity requires the asymmetric localisation of
cellular components including proteins, which could be achieved through changes in
cytoskeletal organization, signalling pathways and reorganization at the cellular membrane
Medioni et al. 2012). RNA localisation and localised translation to specific cellular
compartments is one way in which the asymmetric distribution of proteins can be achieved,

aiding the establishment of cell polarity. For example, in both Xenopus and Drosophila
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oocytes the asymmetric distribution of maternal mMRNAs is essential for establishing the body
axis during embryonic development (Becalska & Gavis 2009; King et al. 2005). Examples of
localized mRNAs have been known since the 1990s, including the mRNA of ASH1, an
inhibitor of mating type switching in budding yeast, which is localised to the bud tip of a

dividing yeast cell (Long et al. 1997; Takizawa et al. 1997).

1.2.2. Functions of RNA localisation

It is not fully clear why RNAs are localised within the cytoplasm. Different reasons have been
proposed to explain why RNA is localized within cells. In some cases mRNA localisation may
be preferable to transporting individual proteins. This is because localisation of mMRNAs is
considered more energetically favourable than protein localisation as single mRNA
transcripts could produce many proteins, reducing transport costs (Du et al. 2007). Some
RBPs also play a role in regulating the translation of mRNA by repressing or activating
translation of pools of localized mMRNA until the protein product is required. During transit
localised mMRNAs are often translationally silenced to ensure proper temporal and spatial
protein expression, preventing protein malfunction (Meignin & Davis 2010). For example, the
Drosophila protein Oskar is required at the posterior of the oocyte for correct establishment
of the embryonic posterior axis. Delocalisation and ectopic expression of oskar mRNA to the
anterior of the oocyte causes loss of the anterior axis in embryos due to mis-expression of
Oskar protein (Ephrussi et al. 1992; Kim-Ha et al. 1995). The mRNA encoding Myelin Basic
Protein is localized to and locally translated within the myelin compartment of
oligodendrocytes, as this protein is extremely sticky and can have aberrant effects when

expressed in other regions of the cell (Ainger et al. 1997).

Examples of localized mRNAs were first followed in large and highly polarized Drosophila
and Xenopus oocytes (Kloc & Etkin 2005). However, it is now becoming clear that this may
be a wider phenomenon than first anticipated. A large-scale fluorescent in situ hybridisation
screen showed that 71% of 3370 genes in Drosophila melanogaster encode subcellularly
localised mMRNAs (Lécuyer et al. 2007) and mRNA localisation has been shown to regulate
cell polarity in mammalian neurons, fibroblasts and epithelial cells (St Johnston 1995). This
highlights that mRNA localisation is a widespread phenomenon and may therefore play an
important regulatory function in a variety of cellular processes. However, much remains
unknown about how and where RBPs bind mRNAs transcripts and how RNP complexes are

able to regulate the localisation and local translation of many mRNAs (Mili & Macara 2009).
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1.2.3. Mechanisms of RNA localisation

Pools of mRNAs can be localised to specific regions of the cell cytoplasm through a variety
of different mechanisms while bound with RNP complexes. Active transport of mRNAs in
RNP complexes is predicted to be the most common method of mRNA transport across the
cell, along both actin filaments and microtubules with the assistance of molecular motors,
such as Dynein, Kinesin or Myosin (Hirokawa 2006). For example, the mRNA of the pair-rule
gene hairy is localised at the apical surface of the Drosophila syncytial blastoderm by minus-
end directed transport with dynein along microtubules (Latham et al. 2001). Assisted by
myosin, b-actin mMRNA is actively transported along actin filaments to actin-rich regions such

as the lamellipodial protrusions of migratory cells (Bullock et al. 2003).

MRNAs may also be selectively degraded in regions where the translated protein is not
required. For example, hsp38 mRNA is degraded throughout the Drosophila embryo by the
RBP Smaug, but is protected from Smaug-mediated degradation at the posterior pole
(Semotok et al. 2008). Other methods of cytoplasmic mRNA localisation include localised
entrapment in which mRNAs diffuse through the cytoplasm and become anchored in the
region of their requirement (Martin & Ephrussi 2009). For example, cyclin B mRNA diffuses
throughout the Drosophila oocyte and becomes anchored within the pole plasm when it

reaches the oocyte posterior (Raff et al. 1990).

1.2.4 mRNA localisation and cell migration

Motile cells show distinct cell polarity. The front of motile cells, termed the leading edge, is
characterised by cytoskeleton actin protrusions termed lamellipodia or filopodia which drive
directional cell movement (Lauffenburger & Horwitz 1996). Lamellipodia consist of branched
actin filaments, while long, thin filopodia protrude from the lamellipodial extensions (Mattila &
Lappalainen 2008). The rear of the cell, termed the lagging or rear edge, forms adhesions
with the stroma or extracellular matrix to anchor the cell in position. These adhesions are
broken when the cell becomes motile and actin microbundles at the rear edge contract to

force the rear of the cell forwards (Ridley et al. 2003) (Figure 2).
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Figure 2. Motile cells show distinct polarity.

(A) The cell becomes highly polarized upon receiving extracellular migration cues and produces actin-
rich lamellipodial and filopodial protrusions in the direction of migration, the tips of which are referred
to as the leading edge. (B) New adhesions are formed between the substratum and the leading edge
as the cell migrates forward. (C) This subjects the rear of the cell to contractile forces, which may help
to propel the front of the cell forwards. (D) Dissolution of the adhesions at the cell rear releases the
contractile forces and allows the rear of the cell to move forward. (Taken from Mattila & Lappalainen
2008 with permission).

Some actin-regulatory proteins have been shown to localise at sites of dynamic actin, such
as the dendritic spines of neurons and the leading and lagging edge of migratory cells. For
example, the actin regulatory protein Profilin has been shown to localise in lamellipodia at the
leading edge of translocating rat fibroblasts (Buf3 et al. 1992) and migrating Acanthamoeba
castellanii (Bubb et al. 1998). b-actin appears to be required at the leading edge of migratory

cells for actin polymerisation and protrusion of lamellipodia (Yamazaki et al. 2005).
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1.2.5 b-actin mRNA is enriched at the leading edge of cultured migratory cells
Importantly, apart from proteins, mMRNAs encoding actin regulators have been shown to be
localised in migratory cells. b-actin mRNA itself has also been shown to localise at the
leading edge of cultured migratory cells by an RNA-binding protein called the Zipcode-
binding protein 1 (ZBP1), also referred to as IMP1 (Insulin-like growth factor 2 mRNA binding
protein 1). IMP1 binds to a conserved region termed the zip-c o d e wi t hi n btattie
MRNA (Ross et al. 1997; Shestakova et al. 2001; Oleynikov & Singer 2003). The zip-code, a
sequence of 54 nucleotides within b-actin mRNA isolated from chicken, appears to be
conserved across species as human b-actin mRNA is localised effectively within cultured
chicken fibroblasts (Kislauskis et al. 1994; Ross et al. 1997).

IMP1 is required for b-actin mRNA localization, as well as its translational regulation. IMP1
represses translation of b-actin mRNA and upon phosphorylation of IMP1 by Src kinase, b-
actin mRNA is translated (Huttelmaier et al. 2005). Src kinase activity appears to be
restricted to the cell periphery, although the signal that triggers Src kinase to phosphorylate
IMP1 is currently unknown (Huttelmaier et al. 2005). One interesting possibility is that
extracellular migration cues play a role in triggering b-actin mRNA translation. Imp, the
Drosophila homologue of IMP1, has been suggested to play a role in border cell migration, a
group of 6-8 follicle cells which migrate from the anterior of the Drosophila egg chamber

towards the oocyte (Munro et al. 2005 T unpublished) (see section 1.3.3).

1.2.6 profilin and cofilin mRNAs are enriched at the leading edge of cultured migratory

cells

The actin-regulatory proteins, Cofilin and Profilin, are required for re-organization of the actin
cytoskeleton upon formation of lamellipodial protrusions. Cofilin depolymerizes actin
filaments to generate a pool of G-actin monomers and to increase the number of barbed
ends of actin filaments at the leading edge (Wang et al. 2007). Depletion of Cofilin affects
lamellipodia formation and directed cell migration. cofilin mRNA is localized at the leading
edge of cultured migratory lung carcinoma cells by IMP1, which is mediated through the
interaction of IMP1 wi t h i t Maiz8lHeyal RO1g). Profilin is required for the formation
of filamentous actin by binding G-actin monomers and presenting them to elongating actin
filaments (Carlsson et al. 1977). The mRNA that encodes Profilin is enriched at regions of
actin polymerization, including the periphery of lamellipodial protrusions, in mouse embryonic
fibroblasts and is transported to these regions in RNP granules by transport along the

microtubule cytoskeleton (Johnsson & Karlsson 2010).
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1.2.7 mRNAs encoding the ARP2/3 complex subunits are enriched at the leading edge
of cultured migratory cells

The Actin-related protein 2/3 complex (ARP2/3) consists of seven subunits and is required
for regulating actin dynamics within motile cells through capping of actin filament pointed
ends, assisting formation of a branched actin network (Machesky et al. 1997; Welch et al.
1997). The mRNA transcripts that encode all seven ARP2/3 subunits are also localised at the
leading edge of cultured migratory cells by IMP1 (Mingle et al. 2005). The localised
translation of a pool of individual protein subunits may allow efficient assembly of large
complexes at a required site, such as the leading edge of a cell, overcoming the diffusion
constraint of large complexes through the cellular cytoplasm (Mingle et al. 2005).

Disruption of both the actin and microtubule cytoskeleton caused a loss of arp2/3 subunit
MRNA at the leading edge, suggesting that the cytoskeleton is required for transport and/or
anchoring of these transcripts (Mingle et al. 2005). Once localised, arp2/3 subunit mMRNAs
may be locally translated at the leading edge in response to cell migration cues as
association of arpC2 mRNA with ribosomes is increased 31-fold in cells actively forming
lamellipodia, compared to non-spreading cells, despite total arpC2 mRNA levels remaining
constant (Willett et al. 2013). To support this idea, ArpC2 protein co-localised with arpC2
MRNA that was enriched at foci of active protein synthesis within lamellipodial protrusions
(Willet et al. 2013). Arp2 depleted cells showed a loss of branched lamellipodia, with only
multiple, narrow protrusions, an increase in net cell migration speeds and reduced
directionality. While expression of a wildtype exogenous arp2 transcript was able to rescue
this phenotype, cells expressing exogenous arp2 mRNA targeted to the perinuclear region
formed normal lamellipodia but failed to restore normal directionality and cell migration speed
(Liao et al. 2011). However, knockdown of the ARP2/3 complex in platelets and mouse
embryonic fibroblasts did not inhibit lamellipodia formation, which may reflect differential
regulation of cell migration and response to cell migratory cues in different cell types (Di
Nardo et al. 2005).

The localisation of specific RNAs in lamellipodial protrusions appears to be a widespread
phenomenon as suggested by a genome-wide screen which revealing that around 50 RNAs
are significantly enriched in the pseudopodia of cultured fibroblasts (Mili et al. 2008). These
RNAs encoded proteins involved in a range of functions including RNA metabolism,
cytoskeletal organization, signalling, membrane trafficking and microtubule-based transport.
However, little is known about the mechanism by which mRNAs, such as those of the

individual arp2/3 subunit transcripts, are localised at the leading edge and although it is
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thought that other RBPs besides IMP1 play a role, their identity is currently unknown (Mingle
et al. 2005; Gu et al. 2009).

1.2.8 mRNAs localised at the leading edge are then locally translated

The process of translation can be divided in three main stages; initiation, elongation and
termination (Lengyel & Soll 1969). One major mechanism of gene expression regulation is
the control of translational initiation (Sonenberg & Hinnebusch 2009). Eukaryotic initiation
factors (elFs) are assembled into a large multi-protein complex termed elF4F which recruits
transcripts to the ribosome. Competitive binding of elF4E-binding proteins (4E-BPs) to the
elF4E subunit prevents elF4F assembly (Preiss & Hentze 2003). The mTORC (mammalian
target of rapamycin complex) modulates the binding of 4E-BPs to elF4E and is required for
translation initiation (Proud 2008).

Localised mRNAs must be locally translated to ensure that proteins are expressed where
required within the cell. To support the idea that pools of mMRNAs are localised to the leading
edge and translated when required, (i.e. upon the cell receiving migratory cues), granules
containing ribosomal subunits and translation initiation factors are enriched within the
lamellipodia of spreading cultured cells (Chicurel et al. 1998; Willett et al. 2010; Willett et al.
2011).

Both elF4E and elF4G, as well as 40S and 60S ribosomal subunits, are co-localised in
lamellipodia of spreading cells (Willet et al. 2010). The Peptide Methionine-Tyrosine (PMY)
technique, in which PMY is incorporated into hascent polypeptides to terminate translation,
which can then be detected by anti-PMY antibodies, showed that active translation was
taking place at the leading edge of cultured migratory cells (Willet et al. 2011). Consistent
with this result elF4E, elFAGI, mTORC and the 40s ribosomal subunit rpS6 were co-localised

with PMY at sites of active translation.

Further research has shown that these translation initiation factors and ribosomal subunits
are enriched in punctate foci at the distal edge of the lamellipodia which appear to co-localise
with sites of focal adhesion complexes (FACs), shown by co-st ai ni n g-integrint h b3
(Chicurel et al. 1998; Willet et al. 2009). Interestingly, the recruitment of mRNA and
ri bosomes to FACs appears to be mediated by i
binding to the ECM substrate and resulting tension moulding and mechanical restructuring of
the intracellular actin cytoskeleton that follows appears to act as a trigger for mRNA and

ribosome recruitment to FACs (Chicurel et al. 1998).
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Loss of protein synthesis by inhibition of mMTORCL1 in cultured migratory fibroblasts led to
decreased migration velocity and an increase in migration straightness, suggesting a loss of
directionality (Willet et al. 2013). When migrating to wounds, these cells also failed to form
lamellipodia and wound coverage was significantly reduced, suggesting that protein

synthesis is required for protrusion formation and cell migration (Willet et al. 2013).

Research shows that transcription and/or RNA export from the nucleus are not required for
RNA recruitment to the leading edge (Chicurel et al. 1998). When cells are required to rapidly
polarise in response to extracellular migration cues, pools of localised proteins may be
activated, for example by phosphorylation, at the leading edge. However, once this pool of
protein is depleted, newly synthesised proteins will be required to replace them. Transcription
and then subsequent translation of these proteins may require too long to replenish protein
stores rapidly. Localisation of mMRNA may therefore act as a middle-ground between
transcription and protein synthesis, with translation of localised mRNA replenishing proteins
required at the leading edge quickly (Chicurel et al. 1998).

Due to the enrichment of ribosomes and mMRNA recruitment to the leading edge of migratory
cells, it is logical to assume that RBPs play a role in transporting and regulating mRNA
transcripts recruited to these ribosomes. To support this idea, CBEP (cytoplasmic
polyadenylation element binding) protein, commonly required to activate mRNA translation,
was co-localised with the cell-matrix adhesion marker talin at the leading edge of spreading
cultured cells (Willet et al. 2009). Partial co-localisation of the RBP HUR was also observed
with elF4E at the leading edge (Willet et al. 2009). The hnRNP Polypyrimidine Tract Binding
Protein (PTB) has been shown to transiently localise at FACs within the leading edge of
mouse embryonic fibroblasts, where it associates with mRNAs that encode focal adhesion
scaffol ding pr eAttiein asd VinvulindBabicdet ah 00N Interestingly, PTB
depletion in these cells resulted in a loss of cell spreading and reduced number of
protrusions, a decrease in Vinculin protein at the cell periphery and significantly shorter focal
adhesions (Babic et al. 2009).

Taken together, the studies summarized here suggest that mMRNA localisation at the leading
edge of migratory cells may be a widespread phenomenon to regulate cell motility. mMRNAs
must then be locally translated, requiring localisation of the translational machinery, including

ribosomes and translation initiation factors, to regions containing localised transcripts.

1.2.9 mRNA localisation and metastatic potential
Further insight into the localisation of transcripts required for cell motility may have

implications for cancer biology and immunology. PTB is frequently overexpressed in highly-
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metastatic human glioma, which has been shown to increase non-directional migration in two
human glioma cell lines. Down-regulation of PTB also inhibited migration of these cell lines
(Cheung et al. 2009). It would be interesting to see if this is the result of mMRNA

delocalisation, which may be required for proper cell motility.

Microarray analysis of transcripts precipitated from IMP1-containing complexes in highly-
metastatic MTLn3 cells revealed that e-c a d h e ractin and &rp2/3 subunit mMRNAs were
highly associated with IMP1. Knockdown of IMP1 expression in these cells revealed that
these mRNAs are sequestered within the nucleus, suggesting that IMP1 may be required for
their nuclear export (Gu et al. 2012). b-actin mRNA is often delocalised in the highly-
metastatic MTLn3 human cancer cell line, causing loss of a defined leading edge. This
i ncreases t he cell sb response t o chemotactic
flexibility in their direction of migration (Shestakova et al. 1999). Delocalisation of b-actin
MRNA may be caused by reduced expression of IMP1l in metastatic cells as IMP1
expression appears to be actively repressed in metastatic MTLn3 breast cancer cells (Gu et
al. 2012). Knock-down of the RNA-binding protein HUR, which stabilises b-actin mRNA, also
increased metastatic potential of the HeLa cancer cell line (Dormoy-Raclet et al. 2007). Mis-
localization of arp2 mRNA to the perinuclear region in human fibroblasts disrupted the
formation of lamellipodia, resulting in an increase in cell motility and loss of directional cell

migration (Liao et al. 2011).

Altogether, these findings suggest that delocalisation of mRNAs required for cell migration
may increase the metastatic potential of tumour cells. However, it is important to note that
these findings are based on in vitro analysis, which may not accurately predict the effect of
MRNA localisation in cell motility within the context of a living organism. For example, the
actin-regulatory protein Mena (Ena in Drosphila) is required to antagonise capping of barbed
actin filaments and is localised at the leading edge of migratory cells. Studies carried out in
tissue culture have shown that up-regulation of Mena in rat fibroblasts decreased cell motility
(Philippar et al. 2008). Remarkably, a study carried out in migratory immune cells within
Drosophila embryos in vivo showed the opposite effect: overexpression of Ena in
haemocytes decreased their motility, which may be due to the spatial constraints placed on

cells within the three-dimensional context of a living organism (Tucker et al. 2010).

To date, only a single study has attempted to study the localization of mMRNAs implicated in
cell motility in a living organism in vivo (Park et al. 2014). The group used the MS2 system to
label endogenous b-actin mRNA within a live mouse model. Primary fibroblasts were then
cultured from mouse embryos in culture media and were used for live-cell imaging within 48

hours of plating. Although imaging of endogenous b-actin mRNA in these cells showed that it
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is enriched at the leading edge of fibroblast, it localized in a different manner to that of
exogenously-labelled b-actin mMRNA. Endogenous b-actin mRNA showed less directional
movement and localized primarily through diffusion and trapping of individual mRNA
particles, in contrast to exogenously-labelled mRNA that showed higher levels of directional
localization by active transport to the leading edge. However, this study still required the
investigation of mMRNA localization in cells exposed to an artificial environment within a
culture dish and so may not accurately reflect the localization of b-actin mRNA in vivo. The
study also revealed that immortalised fibroblast cells lines and primary culture fibroblasts
cultured over time lose the polarized distribution of b-actin mRNA localization, highlighting
the importance of in vivo studies (Park et al. 2014).

The discovery that delocalisation of mMRNAs required for cell migration may increase the
metastatic potential of tumour cells could be used in cancer prognosis, in particular for
predicting tumour invasiveness. However, before mRNA localisation and translation could be
used in prognosis, or therapy studies against cell invasiveness, a suitable in vivo model

system that recapitulates cell migration within a living organism should be established.

1.3 Models used to study cell motility in vivo.

Although several models have been established to study cell migration in vivo within a living
organism, these studies are limited compared to those that have used in vitro cell culture
systems to analyse the dynamics of cell motility. For example, cell migration has been
studied partially in vivo in mammalian systems by dissecting transverse sections from the
forelimb region of developing chick embryos. The sections continue to develop and the
migration of muscle cell precursors from the somite to the developing limb bud can be
observed (Knight et al. 2000). However, dissection of chick embryo could lead to defects in
development of the sections, which may affect the migratory behaviour of migrating cells.
The migration of immune cells from lymphoid organs to other tissues were imaged in vivo in
whole mouse through use of a photoconvertible fluorescence protein (Tomura et al. 2008).
However, the scope for in vivo imaging of migratory cells in mammalian models is limited due

to their size and lack of genetic tractability.

Both zebrafish and killifish have been utilised as model organisms to study cell motility in vivo
as they are small and the embryos are transparent, creating ideal conditions for imaging. The
migration of stem cells in vivo has been studied by transplanting them into zebrafish embryos
during development (Li & Zon 2011). However, the migration of exogenous cell population in
vivo may not fully recapitulate the migration of endogenous cells. The regeneration of the

zebrafish fin fold after amputation allows the migration of fibroblasts to be imaged in vivo to
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the wound site (Mateus et al. 2012). Migrating mesenchymal cells have been followed in the
pectoral fin bud of developing teleost embryos of the Killifish Aphyosemion scheeli (Wood &
Thorogood 1984). Migration of the primordial germ cells can also be observed in the
zebrafish embryo, where they migrate to the developing gonad (Raz & Reichman-Fried
2006).

Drosophila embryos and the female ovary have also been used to study cell motility in vivo.
A cluster of 6-10 cells termed the border cells, that are present in the female ovary at the
anterior of the developing egg chamber, must collectively migrate to the anterior of the
oocyte for successful oocyte development (Montell 2003). Dissection of the ovary from adult
female flies allows the migration of these cells to be imaged in vivo (Cliffe et al. 2007; Prasad
et al. 2007). The migration of a collective sheet of epithelial cells can be imaged in vivo during
the last major event in Drosophila embryogenesis, in which a large hole is present in the
embryos due to germ band retraction, is closed up by lateral migration of the epithelia on
both sides of the hole (Millard & Martin 2008). This system allows not only the study of the
general mechanisms of cell motility, but also to study how cells are able to migrate
collectively as a single tissue.

Although cell migration has been well characterised in 2D tissue culture, more studies are
now emerging in which cells are cultured on 3D matrices to more accurately recapitulate the
conditions experienced by migratory cells in vivo. Extensive research has shown that the
extracellular conditions experienced by migratory cells within different 3D matrix structures,
generated with different materials, can affect the mechanism by which cultured cells polarise
and migrate (Even-Ram & Yamada 2005; Gough 2010; Hakkinen et al. 2011; Petrie &
Yamada 2012; Petrie et al. 2012). This finding suggests that the mechanisms of migration in
motile cells in vivo may be even more varied due to the complex and varied nature of the

extracellular environment experience in vivo.

All current evidence supports the need to study cell migration in vivo within a living organism.
Within this project we have utilised both Drosophila embryonic macrophages (haemocytes)
and Drosophila border cells to analyse the in vivo role that RNA regulation may play in
regulating cell motility.

1.3.1 Drosophila haemocytes as an in vivo model system to study cell motility

Drosophila haemocytes, the equivalent of mammalian macrophages, are highly motile cells
that play a critical role in both embryonic and larval development through phagocytosis of
apoptotic cells, as well as in host defence against invading microorganisms (Wood & Jacinto

2007). Three distinct populations of haemocytes are specified during embryonic development
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(Rizki 1978). These include plasmatocytes which make up 90-95% of the haemocyte
populations with around 700 individual cells specified, with the remaining two types including
crystal cells and lamellocytes (Holz et al. 2003). It is the plasmatocytes which are commonly
described as professional phagocytes or macrophages (Rizki & Rizki 1980) and it is this
population of haemocytes which will be the focus of this study and will hereupon be referred

to as haemaocytes.

Haemocytes appear approximately 8-10 um in diameter and are highly polarised, migratory
cells (Bernardoni et al. 1997; Lebestky et al. 2000) (Figure 3). Their dynamic leading edge
ruffles as the actin filaments and microtubules are de-polymerised and re-polymerised to
direct and drive cell motility (Lanot et al. 2001). Drosophila haemocytes play two important
roles: i) including a developmental role in which they are required to secrete extracellular
matrix proteins and engulf dead cells and debris generating during embryonic development
(Fessler et al. 1994; Murray et al. 1995; Franc et al. 1996); ii) they also play a major role in
innate immunity through the monitoring and destruction of pathogens and through signalling
to the fat body, to induce the secretion of antimicrobial proteins (Tzou et al. 2002; Agaisse et
al. 2003).
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Figure 3. Basic structure of a migratory Drosophila macrophage (haemocyte).

The cell body contains the cytoplasmic organelles, including the nucleus, and is typically spherical in
shape. Haemocytes are highly phagocytic and the cell body contains numerous phagosomes (also
called vacuoles) which allows up-take and digestion of cellular debris within the embryo. The cellular
protrusions extend in the direction of migration and consist of actin-rich, highly branched lamellipodia
and long, spikey filopodia which extend from the edges of the lamellipodia. The leading edge is
defined as the tips of the cellular protrusions, from which newly-formed lamellipodia and filopodia
extend.
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Haemocytes are first specified in the head mesoderm during stage 5 of embryonic
development by the GATA transcription factor Serpent (srp), which is required for
haematopoietic development (Tepass et al. 1994; Lebestky et al. 2000). Haemocytes then
show a distinct developmental migration from stage 10 of embryonic development (Tepass et
al. 1994; Wood et al. 2006). Haemocytes move into the retracting germ-band at the anterior
of the embryo and are transported to the posterior during germ-band retraction at stages 11-
12 of embryonic development. Haemocytes at both anterior and posterior ends then migrate
along the ventral midline, where the future nerve cord is developing, until they line the entire
ventral midline at stage 14 (Wood & Jacinto 2007). During embryonic stages 15-16 the
haemocytes disperse throughout the entire embryo, although a pool of haemocytes remain at
the ventral nerve cord and migrate laterally to form three parallel lines along the entire ventral
surface of the embryo (Wood et al. 2006; Wood & Jacinto 2007) (Figure 4).
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Figure 4. Developmental migration of haemocytes during stages 10-16 of Drosophila
embryogenesis.

To label haemocytes UAS-GFP was expressed using the haemocyte-specific srp-Gal driver.
Drosophila embryos were then fixed and immunostained with a primary antibody against GFP to
visualize haemocytes and embryos of the various stages were selected for confocal imaging. (A) The
haemocytes are specified in the head mesoderm (anterior) at stage 10 and a population of
haemocytes are passively transported to the posterior within the retracting germband at stage 11 (Ai),
before migrating anteriorly along the ventral midline at stage 12 (Aii). In addition to this population, two
haemocyte populations migrate from the head mesoderm along either the ventral or dorsal surfaces of
the embryo at stage 12 until they form lines across these regions (Aii). These haemocytes then
disperse throughout the entire embryo at stages 15-16 (Aiii & Aiiii). (B) Demonstrates the
characteristic migration of a population of haemocytes along the ventral midline where the future
ventral nerve cord (VNC) will develop. Once they have undergone lateral migration at stage 14 of
embryogenesis, haemocytes at the ventral surface migrate randomly (referred to as random
migration).
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1.3.2 Signalling pathways regulating Drosophila haemocyte migration

The developmental migration of haemocytes along the ventral midline is directed by the
PDGF/VEGF ligands PVF2 and PVF3, which are expressed from embryonic stage 12 (Cho
et al. 2002; Wood et al. 2006). PVF2 and PVF3 are received by PVR, the Drosophila
homologue of the vertebrate platelet-derived growth factor (PDGF) and vascular endothelial
growth factor (VEGF) receptors, which is expressed in haemocytes (Wood et al. 2006). At
embryonic stages 15-16 expression of the PVF2 ligand is down-regulated along the ventral
midline causing haemocytes to migrate laterally, forming three parallel lines that run
anteriorly to posteriorly along the developing ventral nerve cord (Wood et al. 2006) (Figure
4). The role of haemocytes at these stages is to engulf and phagocytose apoptotic debris
generated during development of the ventral nerve cord, as well as the production and

secretion of several extracellular membrane molecules (Fessler et al. 1994).

Haemocytes are also subject to a second, distinct chemotactic migration to epithelial
wounds, where they phagocytose any debris generated at a wound site (Stramer et al.
2005). Wound healing assays carried out in Drosophila embryos have revealed that
haemocytes within a 40 um radius of a wound will receive extracellular cues and rapidly re-
polarise and migrate to the wound site within minutes (Stramer et al. 2005). PVR signalling is
not required for this chemotactic migration, but instead requires phosphatidylinositol-3-kinase
(PI3K) signalling (Wood et al. 2006). The mechanisms regulating haemocyte migration to
wounds is therefore distinct from those controlling developmental migration. Interestingly,
haemocytes fail to respond to wound cues until embryonic stage 15 as the PDGF/VEGF
signalling pathway, activated by a gradient of PVF ligand, overrides haemocyte response to
PI3K signalling (Wood et al. 2006).

The migratory behaviour of haemocytes, their characteristic lamellipodial protrusions,
together with their ability to rapidly re-polarise makes them an ideal cell type to study cell
motility. Formation of lamellipodial protrusions at the leading edge of haemocytes requires
many of the same actin-regulatory proteins that have been shown to regulate the polarisation
of fibroblasts and other migratory cell types in tissue culture. The developmental migration of
haemocytes along the ventral midline at stage 15 of embryonic development can be studied
through time-lapse imaging using confocal microscopy and wound-healing assays can also
be carried out using an ablation laser to control chemotactic haemocyte migration to study

cell migration within an in vivo system (Stramer et al. 2005).

Interestingly, many of the factors required for Drosophila haematopoiesis and subsequent
regulation of haemocyte function are conserved within vertebrate haematopoiesis (Evans et
al. 2003). The specification of both vertebrate blood progenitor cells and Drosophila
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haemocytes requires expression of GATA transcription factors, including serpent (srp) in
Drosophila and GATAL, GATA2 and GATA3 in mice (Fujiwara et al. 2003). Although not
required for haemocyte specification, the PDGF/VEGF receptor, termed PVR in Drosophila,
is required for the developmental migration of haemocyte (Cho et al. 2002). In mammals, the
VEGFR signalling pathway induces B cell development and is required for maintenance
and/or survival of haematopoietic stem cells (Gerber et al. 2002), with increased VEGF
ligand expression often resulting in various haematological malignancies (Ferrara et al.
2003). Most relevant to this study is the fact that many of the key regulatory proteins shown
to be essential for the polarisation and migration of cultured mammalian migratory cells are
also required for migration of Drosophila haemocytes in vivo (Ridley et al. 2001). These
include the small GTPases Rho, Rac and Cdc42, with a requirement of Rac to form
lamellipodia, Rho for the dissolution of adhesions at the rear of haemocytes and Cdc42 to
maintain haemocyte polarity (Stramer et al. 2005). Fascin and Ena are required to regulate
the actin cytoskeleton during haemocyte migration (Zanet et al. 2009; Tucker et al. 2011) and
SCAR/WAVE, a member of the WASp family, is required for proper haemocyte migration and
efficient processing of apoptotic debris engulfed by haemocytes during phagocytosis (Evans
et al. 2013).

The developmentally-hardwired migration of Drosophila embryonic haemocytes and their
ability to directly migrate to epithelial wounds, regulated through two distinct signalling
pathways, as well as their similarity to mammalian macrophages makes them an ideal
system to study the role of RNA regulation in cell motility (Wood & Jacinto 2007; Evans et al.
2010). The high genetic-tractability and short lifecycle times of Drosophila also makes them

an ideal model system.

1.3.3 Drosophila border cells as an in vivo model system to study cell motility

The border cells are a small cluster of 6-10 cells that migrate posteriorly from the anterior of
the Drosophila female ovary (Montell 2003). Female Drosophila flies have two ovaries which
each contain 12-16 ovarioles (King 1970). Each ovariole contains a string of developing egg
chambers at various stages of maturity which undergo a process termed oogenesis (Figure
5A). Germline and somatic stem cells are contained at the apical end of the ovariole within
the germarium (BlUning 1994). Asymmetric germline stem cell division in the germarium
produces a new stem cell and a cystoblast, which divides four times to produce 16 germline
cells (Spradling 1993). One of these will form the developing oocyte, while the remaining 15
become polyploidy nurse cells that nurture the developing oocyte. The germline cells are
surrounded by a monolayer of somatic follicular cells, forming the epithelium of the egg
chamber (Spradling. 1993) (Figure 5B).

26



CHAPTER 1: Introduction

Two pairs of specialised follicular cells, termed polar cells, are positioned at each end of the
egg chamber, termed polar cells (Margolis & Spradling 1995) (Figure 5B). Developing egg
chambers bud off from the germarium, with the most mature egg chambers positioned at the
distal end of the ovariole, which then bud off from the ovariole upon reaching maturity (King
1970) (Figure 5A). During oogenesis the nurse cells generate and load the developing
oocyte with maternal mRNAs and proteins which are required for the mature egg to undergo
the early stages of embryogenesis upon fertilisation, before the onset of zygotic transcription,
termed the maternal-to-zygotic transition (MZT) (Lasko 2012). The development of the egg
chamber is classified through a number of different developmental stages, reaching maturity

upon stage 14 of oogenesis (Spradling 1993).

During early stage 9 of oogenesis a cluster of 6-10 somatic follicle cells, including the two
anterior polar cells, delaminate from the uniform monolayer of follicle cells at the anterior
epithelium of the egg chamber (Montell 2003) (Figure 5Ci). These cells, termed the border
cell cluster, round up and migrate posteriorly between the nurse cells to the oocyte border
(Figure 5Cii & Ciii). The two non-migratory polar cells form the centre of the cluster and are
surrounded by the migratory outer cells, which aid polar cell migration (Han et al. 2000). The
border cells are required to form a structure at the oocyte anterior called the micropyle. The
micropyle contains a pore through which the sperm enters and so failure of border cell
migration prevents fertilisation of the mature egg (Montell et al. 1992). Border cells are also
required to express the gene torso-like which is required for patterning of the head and tail
regions of the embryo (Savant-Bhonsale & Montell 1993).

The slow border cells (slbo) gene, a homologue of the mammalian transcription factor
C/EBP, has been identified as essential for border cell migration as it is required for the
expression of genes that enable the border cells to become motile (Montell et al. 1993).
Targets of slbo required for border cell migration include E-cadherin, focal adhesion kinase
(FAK) and myosin VI (Oda et al. 1997; Niewiadomska et al. 1999; Bai et al. 2000; Geisbrecht
& Montell 2002). The JAK/STAT pathway is also required for proper migration. Expression of
the JAK/STAT cytokine ligand unpaired (upd) is restricted at stage 9 of oogenesis to the pair
of polar cells at each end of the egg chamber, which activates the JAK/STAT pathway in the
outer cells of the border cell cluster (Beccari et al. 2002). Downregulation of upd expression
in the polar cells alone results in failure of border cell migration, while upd downregulation in
all ovarian cell types excluding the two pairs of polar cells allows efficient border cell
migration (Silver & Montell 2001).
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Ovariole Border cell migration
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Figure 5. Border cell migration during Drosophila oogenesis

(A) A single ovariole contains a string of developing oocytes that are connected by stalk cells. The
germarium, located at the apical end, contains germline and somatic stem cell populations that divide
to produce 16 germline cells and somatic follicular cells. The most mature oocytes are located at the
distal end of the ovariole and bud off upon reaching maturity at stage 14 of oogenesis. (B) A
schematic representation of the structure of a stage 10 egg chamber. Cells of germline origin are
highlighted in red, while somatic cells are highlighted in blue. (C) A cluster of 6-10 follicular epithelial
cells delaminate from the epithelium at the egg chamber anterior (Ci) and migrate centrally through
the nurse cells towards the posterior of the oocyte (Cii). Upon reaching the oocyte border (Ciii) the
border cells remain at the border to later form the micropyle.

The timing of border cell migration is regulated by the Ecdysone hormone through the
transcriptional co-activator protein taiman (tai), which binds to hormone receptors in the
presence of a ligand (Bai et al. 2000). The border cells migrate centrally through the egg
chamber by expression of a chemoattractant in the oocyte (Montell 2003). Evidence
suggests that expression of both the VEGF/PDGF and EGF (Epidermal growth factor)
signalling pathways may be required for border cell guidance during their migration (Duchek
et al. 2001). For example, the Pvfl ligand, a homologue of mammalian VEGF/PDGF, is
expressed at high levels within the oocyte and knockout of its expression results in border

cell migration failure in ~30% of egg chambers (Duchek et al. 2001). Interestingly the
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VEGF/PDGF signalling pathway is also implicated in the developmentally-hardwired
migration of embryonic haemocytes (Cho et al. 2002; Wood et al. 2006).

To delaminate from the epithelium the border cells must first down-regulate factors
associated with cell-cell adhesion, while still maintaining contact with each other and the two
polar cells (Montell 2003). The border cell cluster must then become polarised for migration
to successfully occur, which includes maintaining both a tailing and leading edge (Prasad &
Montell 2007). Long actin protrusions extend from the border cells at the leading edge of the
cluster between the two most anterior nurse cells to initiate migration (Tekotte et al. 2007).
These actin protrusions persist throughout border cell migration and it is thought that signals
received by the guidance receptors of the VEGF/PDGF and EGF signalling pathways trigger
and help maintain this polarity (Duchek et al. 2001).

Although the role of cytoplasmic RNA regulation has been studied extensively in the
Drosophila oocyte, we are yet to identify examples of RNAs whose cytoplasmic regulation is
required for the proper migration of border cells. However, there is emerging evidence to
suggest that mRNA localisation and/or local translation may be required to regulate border
cell migration, as border cells lacking expression of either of the RNA-binding proteins
Virilizer (Vir) and Hrp48 failed to migrate, although the transcripts regulated by these RBPs in
border cells have yet to be identified (Mathieu et al. 2007). Downregulation of the RNA-
binding protein PTB (Polypyrimidine Tract Binding Protein) in border cells also causes
migratory defects, suggesting that RNA regulation within these cells may be required for cell
motility (Besse & LOpez de Quinto - unpublished). Finally, downregulation of Imp, the
Drosophila homologue of IMP1, prevents border cell migration as their actin-rich protrusions
as lost (Munro et al. 2005 1 unpublished) in border cells prevents their migration. Their
migration may require the localization of b-actin mRNA by Imp as a pool of b-actin mMRNA
was presentwi t hin these protrusions, t o wvebhal 200571 mp b
unpublished).

The Drosophila border cell cluster is an ideal system to study the role of cytoplasmic RNA
regulaticn as the ovary is easily accessible through dissection and can be fixed for both
immunohistochemistry and in situ hybridisation, which does not result in the loss of actin
protrusions from the border cells. However, although migration of the border cells can be
imaged live in dissected ovaries in situ, it can be difficult to maintain the conditions required
for continued development of the ovary. Therefore, Drosophila embryonic macrophages will
be utilised to image the live migration of individual cells, while Drosophila border cells will be

used as a complementary system to study collective cell migration in vivo, in a fixed tissue.
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1.4 Candidate RBPs to study the roles of RNA regulation in cell migration

This project will focus on the potential role of three candidate RBPs in the regulation of cell
motility in vivo. These three candidates include the IMP1 homologue Imp, Polypyrimidine-
tract binding protein (PTB) and a homolog of the hnRNP A/B family of RBPs called Hrp48.
Our current knowledge of the biological roles of these proteins, and our rationale for their

selection within this project are described below.

1.4.1 Insulin-like growth factor 2 (IGF-II) mRNA binding protein (Imp)

The Insulin-like growth factor Il (IGF-1I) family of RNA-binding proteins consist of several
members, including the vertebrate proteins IMP1, Imp2 and Imp3 (Nielsen et al. 1999). This
family of RBPs have been shown to regulate the transport and translation of many transcripts
(Nielsen et al. 2001). IMP1, identified in chicken, is orthologous to IMP1 and was shown to
localise b-actin mMRNA at the leading edge of migratory cells (Ross et al. 1997). Another
member of the family, Xenopus VG1 RNA-binding protein (VERA), regulates localisation of
Vgl mRNA to the vegetal pole of the oocyte (Deshler et al. 1998).

The three vertebrate Imp proteins were thought to arise from two gene duplications shortly
before the divergence of vertebrates and share 69-95% amino acid identity. Imp homologues
have been identified in both Drosophila and Caenorhabditis elegans, with a single Imp
homologue in Drosophila showing 47% sequence identity to the vertebrate Imp proteins. The
vertebrate Imp proteins consist of two RNA-recognition motifs (RRMs) and four KH-domains
(Nielsen et al. 1999), while the Drosophila and C. elegans homologue contains only the four
KH-domains (Nielsen et al. 2000). The RRM domains of IMP1 appear dispensable for
assembly of the protein into RNP granules, as when only the RRM domains of IMP1 are
expressed, they are diffuse and distributed throughout the cytoplasm. However, when only
the KH domains are expressed they assemble in granules and show the same expression as
full length IMP1. This suggests that the four KH domains are both necessary and sufficient
for the cytoplasmic trafficking of IMP1 (Nielsen et al. 2002).

Many studies suggest that IMP1/dIimp is required for the establishment of cell polarity and
subsequent migration of motile cells. As previously mentioned, these studies include those
showing that IMP1 is required to localise b-actin mMRNA and the mRNAs of all seven ARP2/3
complex subunits at the leading edge of motile cultured cells (Ross et al. 1997; Shestakova
et al. 2001; Oleynikov & Singer 2003; Mingle et al. 2005). To further support this, border cells
within the Drosophila oocyte fail to form actin-rich protrusions and migrate in the absence of

dimp expression (Munro et al. 2005 7 unpublished conference abstract).
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However, although in some cultured cells Imp has been shown to bind and localise the
MRNA of b-actin, it was not bound to or regulated by Imp-2 in myoblasts or localised at the
leading edge (Boudoukha et al. 2010). Similarly, a genome-wide screen to identify RNAs
enriched in lamellipodial protrusions in NIH/3T3 fibroblast cells revealed that the mRNAs
encoding b-actin and the ARP2/3 subunits were not enriched in these protrusions (Mili et al.

2008), possibly reflecting mechanistic differences among cell types.

Several studies have shown the both vertebrate IMP1 and Drosophila Imp are associated
with microtubules. Within cultured mouse fibroblast cells, IMP1 has been shown to localise
on polar microtubules in the midzone of the mitotic spindle during anaphase (Nielsen et al.
2002). Transport of Imp within the Drosophila oocyte requires microtubules and loss of the
microtubule-associated molecular motors dynein or kinesin results in inhibited transport of
Imp (Boylan et al. 2008). Similarly, in the developing embryonic nervous system, Imp is
rapidly and bidirectionally transported in granules along microtubules (Boylan et al. 2008).
Microtubule precipitation experiments have shown that while IMP1 is bound to microtubules,
it does not directly associate with microfilaments or actin filaments and is not directly bound
to microtubules through RNAs (Nielsen et al. 2002).

One interesting idea is that Imp not only requires the microtubule network for its transport,
but can also indirectly regulate microtubule polymerization and stabilization. A study to
identify potential RNA targets of Imp-2 suggests that it is required to regulate transcripts
whose products are essential for the stabilization of microtubules, and therefore muscle cell
motility (Boudoukha et al. 2010). In this study co-immunoprecipitation of Imp-2 from C2C12
myoblasts showed that 35% of transcripts co-precipitated with Imp-2 encoded proteins
involved in cell motility, adhesion and cytoskeleton and membrane re-modelling. The down-
regulation of Imp-2 in these cells led to changes in cell morphology and a dramatic decrease
in cell motility. Specifically, it caused a decrease in two post-translationally modified forms of
U-tubulin (Glu-t u b u | i 4 tulsulim)3whith are associated with stabilized microtubules. The
MRNA of PINCH-2, a LM domain protein that partially dissociates focal adhesion complexes,
was significantly up-regulated in Imp-2 knockdown myoblasts, causing large aggregations of
focal adhesions (FAs) at the cell periphery, which are normally found within cytoplasmic
regions. These FAs are suggested to be sites of stabilization for MTs and re-modelling of
these FAs to the cell periphery, caused by over-expression of PINCH-2, decreases the
number of stable MTs. Imp-2 appears to directly {2imRNA.
Knockdown of PINCH-2 mRNA in Imp-2 depleted myoblasts significantly increased the

number of stable microtubules observed and restored cell motility, suggesting that up-
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regulation of PINCH-2 mRNA could account for the changes in cell morphology and loss of

cell motility seen in Imp-2 depleted myoblasts (Boudoukha et al. 2010).

1.4.2 Drosophila Polypyrimidine-tract Binding Protein (PTB)

PTB, also referred to as heterogenous nuclear ribonuclearprotein | (hnRNP 1), is a member
of the hnRNP family of RNA-binding proteins and regulates many aspects of mRNA
metabolism, including splicing, polyadenylation, mRNA stability and localisation and
translation initiation (Sawicka et al. 2008). PTB is ubiquitously expressed and appears to
regulate the processing of many different transcripts. It consists of four RNA-recognition
motifs (RRMs) which bind to pyrimidine-rich elements in RNA (Singh et al. 1995; Sawicka et
al. 2008).

PTB is required for the localisation of mRNA, whose local translation is essential for the
establishment of polarity within both Xenopus and Drosophila embryos. Localisation and then
local translation of Vg1 within the vegetal cytoplasm of Xenopus oocytes is mediated by the
Vgl RNP complex. PTB is required to remodel the interaction between the RBP Vgl/Vera
and vgl RNA which is required for localisation of the Vg1 RNP complex (Lewis et al. 2008).
The localisation and local translation of oskar mMRNA at the posterior of Drosophila oocytes is
essential for establishing the posterior pole of the future embryo. PTB is required for the
translational repression of oskar mRNA during its transport within an RNP complex to
prevent its translation within regions of the oocyte where Oskar protein would cause

abhorrent effects (Besse et al. 2009).

Importantly, knockdown of PTB expression within Border cells, a population of cells which
show a distinct migratory pattern within the Drosophila ovary, prevents their migration during
oogenesis (Besse & Lépez de Quinto - unpublished). PTB has also been shown to
transiently localise at FACs within the leading edge of mouse embryonic fibroblasts, where it
associates with mRNAs that encode f oc &ttinrmdd hesi ¢
and Vinvulin (Babic et al. 2009). PTB depletion in these cells resulted in a loss of cell
spreading and reduced number of protrusions, a decrease in Vinculin protein at the cell

periphery and significantly shorter focal adhesions (Babic et al. 2009).

Axon growth in developing neurons has been shown to require RNA localisation and
localised translation at the tip of the extending axon, including b-actin mRNA (Olink-Coux &
Hollenbeck 1996). Cells of the PC12 rat cell line produce neurites when grown with
appropriate stimulates in cell culture and PTB has been shown to bind b-actin mRNA in
these growing neurites (Ma et al. 2007). In PC12 cells treated with RNAi to deplete PTB

expression, neurite growth was severely inhibited and the localisation of b-actin mRNA at the
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tip of the growing neurite was reduced (Ma et al. 2007). This suggested that PTB may also
play a role in the localisation and/or local translation of b-actin mRNA at the leading edge of

migratory cells.

PTB is frequently overexpressed in highly-metastatic human glioma, which has been shown
to increase non-directional migration in two human glioma cell lines (Cheung et al. 2009).
Down-regulation of PTB also inhibited migration of these cell lines (Cheung et al. 2009). It
would be interesting to see if this is the result of mMRNA delocalisation, which may be required

for proper cell motility.

1.4.3 Drosophila hnRNP A/B homologue, Hrp48

The RBP Hrp48, also known as Hrb27, is a member of the hnRNPA/B family of proteins and
contains two RRM domains at its N-terminus, as well as a C-terminal Glycine-rich domain
(Matunis et al. 1992). Hrp48 is required for the localisation of gurken mRNA in the Drosophila
embryo (Goodrich et al. 2004) and for translational repression of oskar mRNA within the
Drosophila oocyte (Yano et al. 2004; Huynh et al. 2004). Regulation of these mRNAs is
critical to establish polarity within the developing Drosophila embryo (Goodrich et al. 2004;
Yano et al. 2004; Huynh et al. 2004). Loss of Hrp48 expression in border cells causes severe
migratory defects (Mathieu et al. 2007), suggesting that RNA regulation by Hrp48 is required

for migration.

Interestingly, Hrp48 has been previously implicated in phagocytosis as shown by genome-
wide RNAI screens in Drosophila S2 cells. Knock-down of Hrp48 expression in S2 cells
decreased the incidence of infection of the cytosolic pathogen Listeria monocytogenes
(Agaisse et al. 2005). Hrp48 was also identified in an immunoprecipitation pull-down assay of
the SCAR/WAVE complex (Gautier et al. 2011). SCAR (suppressor of cAMP receptor)/WAVE
[WASP (Wiskott-Aldrich syndrome protein)-family verprolin homology protein] proteins are members of
the conserved WASP family of cytoskeletal regulators and are required for activation of the Arp2/3
complex, while regulates actin dynamics (lbarra et al. 2005). Down-regulation of SCAR/WAVE
protein expression in Drosophila S2 cells results in spikey membrane protrusions at the cell
periphery and a genome-wide RNAIi screen revealed that knock down of actin-regulatory
genes, such as Racl, Cdc42 and components of the ARP2/3 complex produced a similar
phenotype (Gautier et al. 2011). Knock-down of Hrp48 expression also produced a
phenotype similar to that of SCAR/WAVE down-regulation, suggesting that Hrp48 may play a
role in regulating transcripts whose products are required for lamellipodial formation (Gautier
et al. 2011). Many actin-regulatory proteins required for lamellipodial formation at the leading

edge also play a role in regulating actin dynamics required for phagosome formation
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(Pearson et al. 2003), supporting the idea that Hrp48 may play a role in regulating transcripts

required for cell motility and phagocytosis in haemocytes.

34



CHAPTER 1: Introduction

1.5 Aims & Objectives

Although current research has revealed that RNA localisation and local translation of
asymmetrically enriched mRNAs play an important role in the regulation of cell motility in

cultured cells, these observations await in vivo validation.

The overall aim of this project is to establish an in vivo model to study the role of cytoplasmic
RNA regulation in cell motility. Tools will therefore be generated to follow in vivo the
distribution of candidate mRNAs previously implicated in the regulation of cell maotility,
together with their regulatory RNA-binding proteins. Two complementary systems will be
used: i) Drosophila embryonic haemocytes, as an example of individual cell migration and ii)

Drosophila border cells, as an example of collective cell migration.

Fly embryonic haemocytes are highly amenable to live imaging, show a distinct pattern of
migration during development and represent a good example of individual cell migration. As
the mechanisms regulating cell motility and phagocytosis of Drosophila haemocytes are
conserved with those operating in mammalian macrophages, our findings could have
implications for vertebrate immunology and medicine. The use of a complementary in vivo
system, such as the collective cell migration of ovarian border cells, will allow us to compare

and contrast the mechanisms underpinning different types of cell migration in vivo.
To characterize these model systems, the following objectives were set:

1) Generate and characterize tools to follow the subcellular localization of candidate RNA-
binding proteins (RBPs) and their potential mMRNA targets. These will include flurophore-
tagged Imp, Hrp48 and PTB proteins and components of the MS2 system, which will be

used to follow the localization of candidate mRNASs in vivo.

2) Study the effects that overexpression and loss of function of regulatory RBPs could

have on cell matility in vivo.

3) Identify and characterize potential mMRNA targets of regulatory RBPs, whose regulation

is required for cell motility
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2.1 Molecular Biology

As part of this project, a number of new constructs were generated using standard
Molecular Biology techniques (see section 2.2 for details; listed in Appendix 1). The
next sections will describe the general cloning procedures used to generate these

constructs, as well as other molecular biology techniques.

2.1.1 Cloning Vectors

Two UAS-based cloning vectors were used for expressing transgenic constructs in
Drosophila. The pUAST vector contains the hsp70 promoter and SV40 terminator to
drive expression within somatic tissues, but does not drive transgene expression
within the germline. To drive expression within the germline a modified vector, termed
pUASP, which contains the P transposase pro
expressed K10 gene was developed (Duffy 2002). We used a modified pUASp
vector, referred to as pTiger, containing the attP site required for integration of
plasmids by the PhiC31 system (Ferguson et al. 2012) (Appendix 3.1). To achieve
higher levels of expression, a modified version of the pUASt-attB containing vector
(Basler Lab, Zurich) was generated by SLQ, which contained 19 UAS sites compared
to the original plasmid that contained 5 UAS sites (Appendix 3.2).

To build constructs from several stitched sequences, or for constructs used to
generate RNA probes, the pBluescript (pBS) vector was used in either the SK+ or
KS+ orientation (Stratagene) (Appendix 3.3 & 3.4). The pENTR-TOPO vector
(PENTRE Directional TOPOE CLlife Téchmgogid§) was ac q u i
used to clone candidate mRNAs for the MS2 system (Appendix 3.5). The pJET1.2
vector (CloneJET PCR Cloning Kit by Thermo Scientific) was used for some PCR
products as an intermediate cloning step before cloning into the final expression

vector (Appendix 3.6).

2.1.2 Polymerase chain reaction (PCR) and reverse-transcription PCR (RT-PCR)
Standard PCR reactions were carried out using either plasmids or genomic DNA as
templates, and different polymerases depending on the purpose. Briefly, 10-20 ng of
plasmid DNA or 100-200 ng of genomic DNA was used in 20-50 pl reactions in the
presence of 0.2 uM sense and antisense primers. For cloning purposes, a High-
fidelity DNA polymerase (Q5 or Phusion from NEB, or HiFiTag polymerase from PCR
Biosystems) was used in the presence of custom synthesized primers (Sigma)

designed to amplify specific regions of interest and to introduce restriction enzyme
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sites compatible to those present in the specific cloning/expression vector (Appendix
2). Diagnostic PCR reactions for screening were performed using standard Taq
polymerases (i.e. RedTaqg from Sigma or Tag DNA polymerase form PCR
Biosciences). Annealing temperatures, elongation times and buffer conditions were
adjusted to the primers used, the length of the fragment and the specific enzyme,
following the manufacturer Oirsstructions. All PCR reactions were carried out in a

BioRad MJ Mini Personal Thermal Cycler.

RT-PCR reactions were carried out using SuperScript® Il One-Step RT-PCR System
with Platinum® Taq DNA Polymerase (Life Technologies) in a 50 pl total reaction

volume with 50-100 ng starting RNA template depending on the amplification.

For subsequent applications, amplified PCR fragments were purified from the PCR
reactions using GeneJET PCR Purification kit (Thermo Scientific) following the

manuf acturerodds instructions.

2.1.3 Oligo Primer Design

To determine primer melting temperature and assess the degree of potential
secondary structure and hetero/homo-dimer formation, oligo primers to amplify
products for subsequent cloning into vectors, or for generating templates for in vitro
transcription reactions, were designed manually from the appropriate DNA sequence
and analysed using the OligoAnalyzer 3.1 tool from Integrated DNA Technologies

Primer pairs for real-time quantitative PCR analysis were designed using the
QuantPrime tool. Primers were designed to amplify specific products of between 80-
150 nucleotides. All gPCR primer pairs were first tested by standard end-point PCR
using genomic DNA template, and products separated by gel electrophoresis to

ensure their specificity and efficiency.

2.1.4 Agarose Gel Electrophoresis

DNA or RNA fragments were separated by size using electrophoresis on agarose
gels. Typically 1% (w/v) gels in TBE buffer (Tris base, Boric acid, 0.5 M EDTAS8) and
SYBR® Safe DNA gel stain (Life Technologies) was used to visualise DNA
fragments. 6x DNA loading dye solution (Thermo Scientific) or 2x RNA loading dye
solution (Thermo Scientific) were used with either DNA or RNA samples,
respectivel y. GeneRulerE 1 kb Plus DNA Ladd
size DNA fragments, while the RiboRuler High Range RNA Ladder (Thermo

Scientific) was used to size RNA fragments. Gels were analysed in either a GelDoc-
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[t®-310 documentation system (UVP) using UV light, or a Dark Reader
Transilluminator (Clare Chemical Research) to excise bands for cloning.

2.1.5 DNA Gel Extraction

DNA fragments separated by agarose gel electrophoresis were cut using a clean
scalpel and a Dark Reader Transilluminator. The GeneJet Gel Extraction Kit (Thermo
Scientific) was used to extract the DNA from gel fragments according to the

manufacturerodds instructions.

2.1.6 Restriction Enzyme Digestions

All restriction digests were carried out using FastDigest enzymes (Thermo Scientific)
in Universal Buffer (allowing double digests to be carried out simultaneously) for 5 to
60 minutes at 37°C. Restriction digests to screen constructs prepared from a
bacterial culture were carried out in a 10 ul volume. To digest vectors for subsequent
cloning, 1 pg of vector was digested in a 30 pl reaction volume. To digest PCR
products for cloning, 1 pug of PCR product was digested in a 150 ul reaction. When
required for further steps, restriction enzymes were heat inactivated, or the DNA
purified using a GeneJET PCR purification kit (Thermo Scientific).

Vectors used for subsequent cloning steps were de-phosphorylated with FastAP
Alkaline Phosphatase (Thermo Scientific) after digestion.

2.1.7 Ligation

All ligation reactions were carried out in a 10 pl volume using the Rapid DNA Ligation
Kit (Thermo Scientific) with a 3:1 insert to vector ratio. Ligations were performed at

room temperature for one hour.

2.1.8 Bacterial Cultures and Agar Plates

Luria-Bertani (LB) agar plates were made by disolving pre-mixed LB-agar large
granules (Thermo Scientific) in the appropriate volume of distilled water, followed by
autoclaving to sterilise the solution. Ampicillin was then added and the media poured
into 10mm petri dishes, left to set and stored at 4°C. Bacteria were grown in liquid LB
broth, also prepared from LB broth large granules (Thermo Scientific), autoclaved
and stored at 4°C.
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2.1.9 Transformation of Competent Cells

DH5U compet ent ptepeduwing te Mix & 1Ge E.coli Transformation
Kit (Zymo Research). 50 OI al i quots of DH5U csompatent b
80°C. When required, bacteria were thawed gently on ice and 1 pl of plasmid or
ligation mixture was added and gently mixed. Bacteria were incubated on ice for five
minutes and were then spread on LB-agar plates containing either Ampiciliin
(100pg/ml) or Kanamycin (50ug/ml) antibiotics for selection. Agar plates were

incubated at 37°C overnight in a bacteria incubator.

2.1.10 Plasmid Preparation from Bacterial Culture

To screen individual colonies for the presence of the correct construct, colonies were
inoculated in 1.5 ml of LB media containing an appropriate antibiotic. Cultures were
grown at 37°C overnight with 250 rpm shaking. On the following day, cultures were
centrifuged for 2 minutes at 13,000 rpm in 1.5 ml eppendorfs to pellet the bacteria.
The supernatant was removed and the plasmid purified from the pellet using the
Thermo Scientific GeneJet Plasmid Miniprep Kit according to the manuf actur e

instructions.

To prepare plasmids for microinjection for fly transgenesis, bacteria colonies were
inoculated in 20 ml LB media, grown overnight as described above and pelleted by
spinning at 3000 x g for 20 minutes. The plasmid was purified using an Endotoxin-
free E.ZN.A.® Plasmid Isolation Kits (Omega Bio-Tek) according to the

manuf acturerods instructions.

2.1.11 Genomic DNA extraction from single flies

A single fly was ground in 100 pl of lysis buffer (50 mM Tris-HCI&®, 50 mM KCI, 2.5
mM EDTA, 0.45% NP-50, 0.45% Tween-20) containing 1 pl of Proteinase K (20
mg/ml) (Thermo Scientific) by using a clean pipette tip. The fly was then incubated for
1 hour at 65°C with occasional vortexing to aid digestion. The reaction was spun for 5
minutes to collect the cell debris and the supernatant was then mixed with 100 pl of
binding buffer from the GeneJet PCR purification kit (Thermo Scientific) and loaded
into an NBS DNA purification spin column. The column was centrifuged at 13,000rpm
for 1 minute and the flow through discarded. 750 ul of DNA wash solution (Thermo
Scientific) was added to the column and centrifuged for 1 minute. The flow through
was discarded and the empty column centrifuged for a further minute to remove

residual wash solution. The genomic DNA was then eluted by adding 50 pl of elution
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buffer to the column, which was incubated for 2 minutes before centrifuging it at
13,000 rpm for 2 minutes.

2.1.12 Total RNA extraction from Drosophila embryos, ovaries and S2R+ cells

Approximately 10 pairs of ovaries or 200 embryos were used for extraction of total
RNA with the GeneJET RNA purification kit (Thermo Scientific). Ovaries and embryos
were collected in PBS and RNA extraction was either carried out immediately or the
material stored in RNAlater solution (Life Technologies) at 4°C. To extract RNA from
embryos or ovaries, the PBS was removed and the material re-suspended in 300 pl
lysis buffer supplemented with 6 O -mércaptoethanol. The material was then
homogenised in a borosilicate tissue grinder using 20 strokes of the pestle and 600 pl
of Proteinase K at the appropriate dilution (supplied with kit) was added. The
homogenised material was briefly vortexed, incubated at room temperature for 10
minutes and centrifuged for 5 minutes at 13,000 rpm. The supernatant was collected,
supplemented with 450 ul ethanol and added to the provided spin columns. RNA
purification using the spin column was then carried out according to the
manufactur er 6 s RINAaluted fromtthe catusn i 50du nuclease-free

water.

Total RNA was extracted from S2R+ cells by counting using a Neubauer Chamber
(see section 2.5.3), and collecting 1x10” S2R+ cells in appropriate culture media.
Cells were pelleted by centrifugation at 250 x g for 5 minutes. The culture media was
removed and cells washed in PBS to remove excess media. PBS was removed and
the cels reessuspended i n 6000l l ysi s buf f-
mercaptoethanol, before vortexing for 10 seconds. As the lysis buffer did not become
viscous and no cell debris was observed, 360 pl of ethanol was added and the
material was placed in a spin column after mixing. The spin column RNA purification
was then carried out according to the

from the column in 50 pl nuclease-free water.

2.1.13 Genomic DNA removal from RNA preparations

To remove genomic DNA from RNA preparations, up to 1 pg of RNA was used in 10
pl reactions with 1x DNase | reaction buffer with MgCl, and 1 pl DNase | (Thermo
Scientific). The reaction was incubated at 37°C for 30 minutes and 1 pl of 50 mM
EDTA was added before the reaction was incubated at 65°C for 10 minutes to
inactivate DNase |. To remove genomic DNA from larger volumes of RNA the

reaction was scaled up accordingly.
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2.1.14 cDNA Synthesis

The SuperScript® Il First-Strand Synthesis SuperMix was used to synthesise cDNA
from purified and DNase | treated RNA. Typically, 6 pl of RNA template was used in a
20 pl cDNA synthesis reaction in the presence of oligo(dT)z0. Reactions and thermal

cycling parameters were set up according to

2.1.15 Real time quantitative PCR

gPCR reactions were carried out using either the gPCRBIO SyGreen Mix Lo-ROX
(PCR Biosystems) or Brilliant 11l Ultra-Fast SYBR® QPCR Master Mix (Agilent
Technologies) wi t h  a Ch r o-Tirne4PER Beteatdr (Bio-Rad) and Opticon
Moni t or E Sriplicatev2@ ul er 10 pl reactions were set up in in 96 well plates
according to the man THeaantentratmn df sDNA usedtwasu ct i o n .
adjusted according to the assay and diluted in Milli-Q water to the maximum volume
allowed for each reaction to minimise pipetting error. Low retention tips were used to
pipette reaction components to minimise pipetting error. For primer design see
section 2.1.2. All primers used for qPCR (primers 76 to 96) are listed in Appendix 2.
Thermal cycling conditions were set up accordingtothe manuf acturer 6s in
and melting curve analysis was performed after quantification to analyse product

homogeneity and primer efficiency and aid the identification of false positives.

2.1.16 RNA Probe Synthesis: in vitro transcriptions

Plasmid Digestion

To generate digoxigenin-labelled RNA probes for FISH (fluorescence in situ
hybridization) and biotinylated-labelled RNA probes for RNA-affinity pulldown assays,
linearized pBS-SK+ constructs (or pJET2.1 in the case of myospheroid coding region)
containing the fragment of interest were used in in vitro transcription reactions.
Around 6 pg of plasmid DNA was linearized in a 150 pl digestion reaction with the
appropriate restriction enzyme and subsequently purified using phenol extraction or a

PCR purification kit (Thermo Scientific).

In vitro transcription

To generate sense or anti-sense RNA probes, the TranscriptAid T7 High Yield

(Thermo Scientific), Hi Scri bekE T7 Hi gh Yield ( New
MEGAscript® T3 (Ambion) Transcription Kits were used. 10 pl reactions containing at

| east 0.5 Og of l inearized templates were

instructions in the presence of either Digoxigenin-11-UTP (Roche) or Biotin-11-UTP
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(Roche) in an 8:1 ratio (unmodified UTP to modified UTP). The resulting reaction was
incubated overnight at 37°C. On the following day DNase | was added and the
reaction incubated at 37°C to digest plasmid DNA. The RNA was then precipitated by
adding 40 pl of RNase-free water and 30 pl of Lithium Chloride before chilling it at -
20°C overnight. To pellet the RNA, the reaction was centrifuged at 13,000 rpm for 15
minutes at 4°C, and the pellet washed with 75% ethanol before being air-dried and
re-suspended in 50l RNase-free water. The final concentration of RNA probe was
estimated by measuring the optical density using a NanoDrop ND-1000 and running
a small quantity of RNA probe (circa 1 ug) on a 1% agarose gel to test the RNA
integrity and concentration. The RiboRuler High Range RNA ladder (Thermo

Scientific) was used to estimate the size of the RNA probes.

2.1.17 Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Western Blotting

Polyacrylamide gel electrophoresis and protein transfer

Protein samples were mixed with an appropriate volume of 2x SDS loading dye,

heated at 92°C for 5 minutes and loaded into hand cast 8% polyacrylamide gels. The
Precision Plus ProteinE Dual Rad) was us&dtta ndar d
size proteins. Separated proteins were then transferred onto 0.2 um PVDF
(polyvinylidene difluoride) membrane using the Trans-Blot Turbo Transfer System

and the Trans-B1 o't TurboE Mini P V D FRad) aceordimd te the Pac k s

manuf acturerods instructions.

Detection of the protein of interest

To detect proteins, membranes were blocked in 5% milk in PBT (0.1% Tween-20 in

PBS) for 1 hour and then incubated in primary antibody diluted in blocking solution

overnight at 4°C with shaking (see Table 2 for antibody dilutions). Membranes were

washed 3 times in PBT for 10 minutes and then incubated in HRP-conjugated

secondary antibody diluted in blocking solution for 1 hour at room temperature with

shaking. After 3 washes in PBT for 10 minutes, proteins were detected by
chemiluminescence using either C| a r i tesyefh E@L Blotting Substrate (Bio-Rad)

or Lumi nat aE Forte West er nMehbRaRes Banebespbsecht e ( M
to X-Ray films (Fujifilm Super RX X-Ray film, Thermo Scientific).

SNAP i.d.® 2.0 protein detection system
Alternatively, once proteins were transferred onto PVDF membranes, protein
detection was carried out using the SNAP i.d.® 2.0 detection system (Millipore),

which uses vacuum to draw solutions through the membrane, allowing these steps to
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be carried out in under 30 minutes. Incubation and washing steps were carried out
t he
solution. Chemiluminescent substrate was then applied to the membrane and protein

according to ma n using 6.1% milk INAP3IB as mleckilgu c t i on

detection was carried out as described above.

Table 2: Antibodies used for Western Blotting

Target Host | Dilution Source
: . Developmental Studies Hybridoma Bank
Act M 1
ctin ouse 500 (JLA20)
GFP Rabbit 1:3000 Amsbio (TP401)
Imp Rabbit 1:3000 Medioni et al. 2014
Kinesin :
R 1.1 kel AKINO1
Heavy Chain abbit 0,000 Cytoskeleton ( 01)
b P Shtegrin | Mouse 1:50 Developmental(gjg%igiIl-l)ybridoma Bank
PTB Rabbit | 1:5000 Besse et al. 2009
HRP-coupled . - i
Rabbit I9G Goat 1:5000 Millipore (12-348)
HRP-coupled | gpoon | 1:3000 GE Healthcare (NA931)
Mouse IgG

2.2 Constructs to generate transgenic fly lines

A number of different constructs were generated as part of this project (see Appendix
1). In general, they can be divided in two groups: i) plasmids encoding for proteins
and/or mRNAs used for the generation of transgenic flies; and ii) plasmids containing
different gene fragments used as templates for in vitro transcriptions. Although
described in detail in the following sections, in general, pre-existing plasmids, cDNA
or gDNA were used as template for the amplification of the sequence of interest using
primers designed to add restriction sites compatible with those present in the final
expression vector. For a complete list of the primers used in this project, see
Appendix 2. Vector maps of all UAS constructs generated in this project can be
found in Appendix 4. Constructs and individual cloning strategies are described

below.
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2.2.1 MS2 System for in vivo visualisation of exogenous mRNA

The MS2 system was used to examine the in vivo distribution of candidate mRNAs.
The RNA-binding coat protein (MCP) from the bacteriophage MS2, fused to a
reporter fluorophore, is expressed within the tissue of interest along with the
candidate mRNA fused to several copies of the MS2-hairpin RNA binding sites. In our
case, the candidate mRNA consisted ofthe ent i re transcript,
3060 UT meludd atl regulatory sequences. The MCP should bind the MS2 hairpin
binding sites at regions where the candidate mRNA is localised and the reporter will

give a readout of the localization pattern (Bertrand et al. 1998; Forrest & Gavis 2003).

Two separate constructs must therefore be generated for the MS2 system to work.
The first will encode the MS2-hairpin tagged candidate mRNA and the second
encodes the GFP or mCherry-tagged MCP. Candidate mRNAs with 18 hairpin
repeats of the MS2 binding siteswer e t agged &Figure 6).ehva différent
MCP constructs were generated, the first consisting of a sequence encoding only a
single copy MCP protein C-terminally tagged with either GFP or mCherry. The
second construct, termed the tandemMCP (tdMCP), encoded an MCP fusion protein
in which two copies of the MCP sequence were joined by a short linker region,
followed by the sequence of either mCherry or GFP. Expression of this construct
should increase the signal of MCP bound to candidate mRNAs as the MCP dimerizes
within the cytoplasm, before binding to the MS2 hairpin binding sites (Wu et al. 2012).
By using a tandem copy of the MCP twice the number of fluorescently-labelled
protein will bind the candidate mRNA, generating a stronger signal than that from a
single copy of the MCP alone (Wu et al. 2012). Both the single and tandem MCP
transgenes contain an NLS to ensure that unbound MCP is sequestered within the
nucleus to reduce cytoplasmic background (Forrest & Gavis 2003).

, oAl wer | wee -_
MCPMCP!
+ —_ { L :

Figure 6. Schematic representation of the MS2 System. Two separate transgenes need to
be co-expressed to visualise MRNA distribution within the cell of interest. Both transgenes are
placed under the control of the UAS promoter to express them specifically within haemocytes
or any other fly tissue using the GAL4/UAS system.
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MS2 binding site & Gateway cassette construct

The pSL vector containing six repeats of the RNA hairpin specifically recognised by

the MCP (Bertrand et al. 1998 1 Addgene plasmid 27118) was used to generate a

pSL vector containing 18r epeat s of t he MS2 RNA hairpin us
(36) restriction sites (generated inthédLQ | ab
digested from pSL with Bglll and EcoRI restriction enzymes and ligated into the

pTiger-attB (pUASp) expression vector, which was digested with BamHI (compatible

with Bglll) and EcoRl, resulting in the construct known as pTiger-MS2.

The Gateway Technology (Life Technologies) was used to quickly and systematically
tag a number of mMRNAs with the MS2 binding sites. To this end, a Gateway cassette
was inserted downstream of the MS2 hairpin region in the pTiger-MS2 construct. The
Gateway cassette contains the sequence required for the recombination of the mRNA
sequences and the ccdB gene for selection. The Gateway cassette was amplified by
PCR using the pUASt-Gateway-attB (donated by Konrad Basler Lab, Zurich) as
template and primer pair 1 & 2 (see Appendix 2) that introduced a Sphl restriction site
at both the 56 and 306 ends. The resulting P
into the pTiger-MS2 hairpin construct via Sphl. The ligation reaction was transformed
using competent ccdB-resistant bacteria. Both an EcoRI and Notl restriction digest
were used to orient the Gateway insert within the pTiger-MS2 hairpin construct
(Appendix 4.1).

PENTR TOPO cloning of candidate mRNAs

The entire genomic regions of actin5C (act5C), actin42A (act42A), actin related
protein 14D (arp14D) and actin related protein (arp66B) were PCR amplified using
genomic template DNA extracted from Drosophila ovaries using primer pairs 8 & 9 for
actbC, 10 & 11 for act42A, 12 & 13 for arp14D and 14 & 15 for arp66B (see Appendix
2). The PCR fragments were purified by gel extraction and directionally cloned into
the pENTR TOPO vector (p ENTRE Directional TOPOE Clonin
Life Technologies) by Topoisomerase activity (Appendix 3.4). The oskar genomic
region was PCR-amplified using primer pair 16 & 17 (Appendix 2) and the pSP72-
osk-genomic clone as template (Hachet & Ephrussi 2004). The PCR product was
cloned into the pENTR-TOPO vector as described above. act5C, act42A, arpl4D,
arp66B and oskar were then recombined into the pTiger-MS2 hairpin construct (see

above) through recombination with the Gateway cassette.
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NLS-MCP-eGFP/mCherry

The MS2 <coat protein (MCP), which contains
amplified from the pG14-MS2-GFP vector (Forrest & Gavis 2003) using primer pair 4

& 5 (see Appendix 2). ANo t | restriction site was introdu
fragment 15bp upstream of an endogenous BamHI restriction site. An endogenous

Not I site was ampl i fi ed-M@tfragmbanean@pBluescnipdl!ll Bot h
KS+ (pBS) vector containing eGFP or mCherry (previously cloned into pBS via Notl

(56) t lo (Baedm)dgested with Notl. NLS-MCP was ligated into both pBS-

eGFP and pBS-mCherry via the Notl site and oriented using an EcoRI digest. The
pBS-NLS-MCP-eGFP and pBS-NLS-MCP-mCherry constructs were then digested

with BamHI and the inserts ligated into pTiger-attB, linearized with BamHI. NLS-
MCP-mCherry was cloned from pTiger-attB into the pUAST-attB vector via the Kpnl

and Xbal restriction sites, which are present within the multi-cloning sites of both
pTiger-attP (Appendix 4.2) and pUAST-attB.

The MCP was also cloned into both the pTiger and pUAST-attB vectors without the
NLS for use as an unrelated RNA-binding protein control in immunoprecipitation
assays. The MCP coding sequence was PCR amplified using primer pair 3 & 5 and
the pG14-MS2-GFP vector (Forrest & Gavis 2003) as PCR template. A Notl and Kpnl
restriction site was introduced at the 5086
amplified at the 36 end. Th eotldndliBatedintoltbthct was
pBS-eGFP and pBS-mCherry via the Notl site. The MCP insert was oriented using an
EcoRI diagnostic digest. The MCP-mCherry and MCP-GFP cassettes were then
released from pBS-KS+ using Kpnl and BamH, and ligated into pTiger and pUASt,

which were opened with these restriction enzymes.

NLS-tandemMCP-eGFP/mCherry

Two copies of the MS2 coat protein (MCP) joined by a linker region (known as
tdMCP) and containingan NLS at the 56 end, were PCR amj
HA-MCP-YFP vector using primer pair 6 & 7 (see Appendix 2) (Grunwald et al. 2010

i obtained through Addgene plasmid 31230). Endogenous Notl sites were amplified

at the 56 and 36 ends of the tandetdMCRICP (1t ¢
fragment and pTiger vector containing eGFP or mCherry, previously cloned into pBS

via Notl (56) to BamHI ( 3-6dMCP wasligated idto lpth st ed w
pTiger-eGFP and pTiger-mCherry via the Notl site. Clones were screened using an

Nhel digest to determine the orientation of the NLS-tdMCP fragment in pTiger

(Appendix 4.3).
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2.2.2 serpent-GAL4::VP16

To express GAL4:VP16 under the control of the serpent (srp) promoter element, two
genomic regions upstream and within the srp gene were PCR amplified from genomic
DNA, as previously described (Brtickner et al. 2004). Primer pair 18 & 19 amplified
the first fragment, which introduced Kpnl and Xhol restriction sites respectively, and
primer pair 20 & 21 amplifed the downstream fragment, which introduced Xhol and
Sall restriction sites respectively. The downstream srp fragment was cloned into pBS-
SK+ from Xhol to Sall and the upstream srp fragment was subsequently cloned

upstream of the downstream fragment vi a Kpnl (56) and Xhol

GAL4::VP16 was PCR amplified from gDNA extracted from flies expressing pMat-
GAL4::VP16 using primer pair 22 & 23 (see Appendix 2), which introduced Sall-
Hindlll restriction sites. The SV40 terminator sequence, used to terminate
transcription and promote polyadenylation of the GAL4 transcript, was amplified from
the pUAST vector using primer pair 24 & 25 (see Appendix 2) which introduced an
EcoRI restriction site at the 506 and

SV40 terminator was cloned into the pBS-SK+ vector from EcoRI

GAL4VP16 was then cloned upstream of the

(36) . T bre proenatér regian was released from pBS-SK+ via Kpnl and Sall
(36) and c | on6AL4MPp6sand tieeaSM40 tefminator to generate the
entire srp-GAL4::VP16 cassette in pBS-SK+. This cassette was released by digestion
with the Kpnl and Xbal restriction enzymes and cloned into the fly expression vector
pUASt-attB, from which the UAS sequence repeats and part of the hsp70 promoter
sequence were removed using Pstl restriction digests (SLQ, unpublished) (Appendix
4.4).

2.2.3 UAS-Imp, UAS-Hrp48 and UAS-PTB

To C-terminally tag Imp, Hrp48 and PTB the coding regions of these genes,
excluding the STOP codon, were amplified by PCR using cDNA template synthesised
from Drosophila embryos. Primer pair 26 & 27 was used to amplify Imp and primer
pair 28 & 29 to amplify Hrp48 (see Appendix 2). Primer pair 30 & 31 was used to

amplify the coding region of PTB, using an existing PTB construct as template (Besse

et al. 2009). The PCR primers introduced Kpnl restriction sites atboth t he 506

ends of the Imp, Hrp48 and PTB coding regions. The PCR products were gel purified
and digested with Kpnl. The pTiger and pUASt vectors containing eGFP and
mCherry, which were previously cloned into these vectors via Notl and BamHI, were

digested with Kpnl, which is situated upstream of mCherry and eGFP. The Imp,
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Hrp48 or PTB coding regions were then ligated into pTiger-eGFP/mCherry and
pUASt-eGFP/mCherry via Kpnl. BamHI was used to screen/orient the Hrp48 and
PTB clones, while Pstl was used to validate the Imp clones (Appendix 4.5 7 pTiger-
Imp-GFP/mCherry).

To N-terminally tag PTB with eGFP the coding sequence of eGFP, excluding the stop
codon, was amplified using primer pair 32 & 33 (Appendix 2), which introduced a

Kpnl site at the 506 anda@B8-eGFP €ldne as temptate.at t he

The PCR product was digested with Kpnl and Spel and ligated upstream of the PTB
coding sequence, previously cloned into the pTiger vector using BamHI and Xbal

sites (from the existing pUASp-GFP::PTB construct described in Besse et al. 2009).

2.3 pBS constructs to generate RNA probes

2.3.1 pBS-actin42A (b-actin)

To evaluate the distribution of actin42A mRNA in cultured haemocytes, the full length
cDNA of actin42A was cloned to generate digoxigenin-labelled sense and antisense
probes for an in situ hybridization. A primer pair containing a Hindlll restriction site at

t he 5@ensprineryand an Xbal restriction site

(antisense primer) (primer pair 34 & 35 7 see Appendix 2) were used in a PCR
reaction together with cDNA from Drosophila embryos as template. The resulting
PCR product was digested with Hindlll and Xbal and ligated into the pBS-SK+ vector
(Stratagene), which was also digested with Hindlll and Xbal restriction enzymes.
Colonies were screened for presence of the insert using a Hindlll and Xbal diagnostic
digest and positive clones were sequenced. To generate the antisense RNA probe,
the construct was linearized with Hindlll and in vitro transcription was carried out
using the T3 promoter, while the sense probe was generated by linearization with

Xbal using the T7 promoter (see Section 2.1.16).

2.3.2 pBS-myospheroid ( b Ritegrin) clones

The 506UTR, 30UTR and c¢ ondyosphgroid (e fy Rirkegrio) everd
individually cloned into the pBS vector to generate biotinylated RNA probes for use in
RNA-affinity pulldown assays. Standard PCR using a high-fidelity polymerase was
performed using cDNA from Drosophila embryos as template. Primer pairs amplifying
the 56 and 306UTR regions introduced a
restriction at the 36 end of the seq&usd
f or 3i6sEeTARpendix 2). The PCR products were digested with Kpnl and Xbal
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restriction enzymes and cloned into pBS-SK+, which was opened with these
enzymes. Colonies were screened for presence of the inserts using a Kpnl and Xbal
double digest and positive colonies sequenced before final preparation.

The myospheroid CDS was amplified with primer pair 38 & 39 by introducing an
EcoRI restriction site at the 50 and an Xba
Appendix 2). However, the myospheroid CDS contained an unannotated EcoR1 site
which truncated the CDS when digested. The PCR product was blunt-end cloned into
the pJet2.1 vector (Thermo Scientific). Positively oriented clones were linearized with

Xbal and used for in vitro transcription from the T7 promoter present in pJet2.1.

2.3.3 pBS-chickadee (Profilin) & actin42A( s]act i n)s 36 UTR

T he 3 6 UchiBkadeeo(thic) and actind2A (act42A) were cloned into the pBS-SK+
vector (Stratagene) for generation of biotinylated RNA probes. Primer pairs were
designed to amplify the 30UTRs by introduci
Xbal restriction site at the 306 -endchiof t he
30UTR and 4adt42&3 @B T Bem Appendix 2). Standard PCR was carried
out using cDNA template generated from Drosophila embryos. The PCR products
were digested with the Kpnl and Xbal restriction enzymes and ligated into pBS-SK+,
opened with these restriction enzymes. Colonies were screened for presence of the
chic or act42A 3 6 U T B aWpnl and Xbal double restriction digestion. To generate
biotinylated sense RNA probes the pBS-SK+ vector containing the chic or act42A
30UTR was | i near inzigodrangcrigtidn was locaaried oat mising the T7

promoter, as described in section 2.1.16.

Bi otinylated RNAs were al so akamaedtletcedthg agai n.

sequence of y14, as previously described (Besse et al. 2009).

2.3.4 Site-directed mutagenesis (SDM) of Imp binding elements (IBES)

The 306 UDrdRophild act42A contains 3 predicted IBEs (sequence UUUA(Y))
(Figure 7), which have not been validated as genuine Imp-binding sites. To
determine if these IBEs in the act42A 3 6 UTR medi ate binding to
affinity pulldown assay, we generated constructs in which either one, two or all three

of the IBEs were mutated by site-directed mutagenesis (SDM).

pBS-act 4 2 A -g31 6BETIR

To generate a construct in which the IBE1 alone was mutated, a sense mutagenic

primer (primer 46 i Appendix 2) was designed to bind three nucleotides upstream of
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the Nsil restriction site (ATGCAT) and nine nucleotides downstream of the IBE1 site.
This primer contained the five mutated nucleotides of IBE1 from TTTAT to GGGCG.
The pBS-act42A 3 6 UT R ¢ o n siduslywgeneratqa r(section 2.3.1) was used as
template in a PCR reaction with the mutagenic sense primer described above and T3
antisense primer (primer 48 i Appendix 2). The resulting PCR product was digested
with Nsil, which cut upstream of the mutated IBE1 site (q(dBE1) and just downstream

of the IBE3 site. The wildtype pBS-act42A3 0 UTR construct was dige

ran on a 1% agarose gel to ensure the fragment containing the IBE sites was

released, and the linearized vector gel purified. The digested PCR product was then

ligated into the linearized pBS-act42A 3 6 UTR construct, restorin

act42A3 6 UT R wddBEA and Wwildtype IBE2-3 sites.

20 a0 60 80 100
[ ! | | |
GCAGTAGTCGGGCTGGGCGTGGTCGTTCCTCATCGAACACACCCATTGCAGACAAAGGATGGGAGTCAAAAGTATTGGGCATGAGTACATTAATACCGGGAGC

CGTCATCAGCCCGACCCGCACCAGCAAGGAGTAGCTTGTGTGGGTAACGTCTGTTTCCTACCCTCAGTTTTCATAACCCGTACTCATGTAATTATGGCCCTCG

actd2A_AIBE1_sense IBE1
Nsr'.rl b

120 Pl 160, b, 180 200

| | |
AGGCGCACAACACTTCCGCTCCTTCAGAAGAATGCATTCCATTCACTTTTATACACAGT TGTACACGACGCATAAGCAAACCATATTGTGTTCTATTCGAAAT
TCCGCGTGTTGTGAAGGCGAGGAAGTCTTCT IFCGT AAGGTAAGTGAAAATATGTGTCAACATGTGCTGCGTATTCGTTTGGTATAACACAAGATAAGCTTTA

IBE2
actd2A_ AIBE2  AIBE3 sense IBE3
Ndel| P \:
- a0 260 300

> ; ]
TCAAGTTCAITATGCACATAAGCATTTATAAAACTGATTCATGTTTGGCATTTACATTACTTCCATGCATTCCTACATATGTATTAAAAGCAAACTTACCATAC
AGTTCAAGTATIACGTGTATTCGTAAATATTTTGACTAAGTACAAACCGTAAATGTAATGAAGGTIACGTAAGGATGTATIACATAATTTTCGTTTGAATGGTATG

320 340 360

I I I
CACTAAAATACTTGTAACCGCTTCTTAATAATAAAGCGACGAAAAGAACTG
GTGATTTTATGAACATTGGCGAAGAATTATTATTTCGCTGCTTTTCTTGAC . ..........T3 primer (antisense)

L —

Figure 7. Annotated sequence of the act42A 3 & U Thighlighting the locations of the three
predicted Imp binding elements (IBEs) (red arrows), the sense and antisense primers (yellow

arrows), and the Nsil and Ndel restriction sites used for cloning of the mutated IBEs.

pBS-act 4 2 PR-q316BJp2 B E 3

To generate a pBS-act42A 3 6 UT R ¢ o n s bathutleet IBE2v and HBE3 sites
mutated (qdBE2/3) a sense primer (primer 47 T Appendix 2) was designed to bind
three nucleotides upstream of the first Ndel restriction site (CATATG) and extended
downstream of the IBE3 site. The IBE2 site was changed from TTTAT to GAGCTC,
while the IBE3 site was changed from TTTAC to GGGCG. T3 was used as an
antisense primer (primer 48) and the pBS-act42A 36 UTR vector was

template. The PCR product was digested with the Ndel restriction enzyme, ligated
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into the linearized pBS-act42A3 6 UTR vector , | acking the

fragment, to generate a construct containing gdiBE2 and qdBE3. An Nsil diagnostic
digest was used to screen colonies for the presence of the insert in the correct

orientation.

pBS-act 42 A -g316BET1Rpl BE2 + ol BES3

To generate a construct in which all three IBEs were mutated, the pBS-act42A
3 0 U-dBE2-qdBE3 construct was digested with Ndel and the 60 nucleotide
fragment containing both gdBE2 and gdBE3 was gel purified. ThepBS-act 4 2 A -
({BE1 vector was digested with Ndel to release the wildtype IBE2 and IBE3 fragment
and the linearized vector was gel purified. The qdBE2, qdBE3 fragment was ligated
into the pBS-act 4 2 A -g3B&EU Ve®or and the resulting colonies screened for
presence of the insert within the correct orientation with an Nsil diagnostic digest.

All constructs were sequenced to ensure the IBE sites were correctly mutated. Each
vector was then linearized with Xbal and used to generate biotinylated RNA probes

by in vitro transcription, as described in section 2.1.16.

2.3.5 Sequencing of constructs

All constructs generated were sequenced (MWG Genomic Services) to ensure that
fusion proteins were in frame and that no nucleotide substitutions, insertions or
deletions had occurred. All pBS constructs were sequenced with the T3 and T7
primers provided by MWG. The pJet2.1-myospheroid CDS construct was sequenced

with the M13 sense and antisense primers, also provided by MWG.

The pTiger constructs containing the MS2-hairpin binding sites with either the
Gateway cassette, or recombined with the mRNA sequences, were sequenced with a
sense primer that binds upstream of the multi-cloning site (MCS) and an antisense

primer that binds downstream of the MCS (primers 49 & 50 1 Appendix 2).

All UAS constructs containing coding regions tagged with either GFP or Cherry at the
C-terminus (MCP, tdMCP, Imp, Hrp48 and PTB), were sequenced with a sense
primer that binds upstream of the MCS (primer 49 for pTiger and primer 51 for
pUASt) and an antisense pri mer 52)loamCheory

(primer 53) (see Appendix 2) to sequence the entire coding regions.

Several primers were designed to sequence the entire length of the srp-Gal4::VP16
construct. To sequence the beginning of the srp-Gal4::VP16 cassette we used a

sense primer that binds upstream of the MCS in the pUASt-attB vector (primer 51).
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Five sense primers (primers 54-59) were used to sequence the remainder of the
cassette (see Appendix 2).

2.4 Drosophila Fly Work

2.4.1 General fly work

Flies were maintained in standard food vials containing yeast powder, corn flour,
dextrose and plant agar. Nipagen (10% p-hydroxy benzoic acid methyl ester) and
proprionic acid were added as anti-fungal and anti-microbial agents respectively.
Established stocks were maintained at 18°C by changing the adult flies into fresh

food vials every four weeks.

Virgin female and male flies for crosses and laying cages were collected by
anaesthetisation with carbon dioxide emitted from a pad. These flies were collected in

food vials and stored at 18°C until required.

To amplify fly stocks for laying cages, or to collect virgins or males for crosses, the
stocks were kept at 25°C and tipped into fresh food vials regularly (every 2-3 days)
until the required number of vials was obtained. The progeny were then collected

from established vials for use in crosses or laying pots.

To set up crosses approximately 6-8 virgin female flies and 2-3 male flies were
placed in a food vial with a small amount of dried yeast and tipped over into fresh
food vials every 2-3 days. The progeny from old vials were either used to establish a

new stock, set up subsequent crosses or collect virgin flies for laying cages.

2.4.2 GAL4-UAS System

The GAL4-UAS system was used to express proteins and RNAs within a specific
tissue of interest, for example haemocytes. The yeast transcription activator GAL4 is
expressed under the control of a tissue-specific promoter, allowing expression of the
GAL4 protein only in the tissue of interest. The transgene of interest - for example a
gene encoding a fluorescently labelled protein, or a short-hairpin RNAI construct - is
placed under the control of an enhancer element termed the Upstream Activation
Sequence (UAS), to which the GAL4 will bind, activating transcription of the

transgene in a tissue-specific manner (Brand & Perrimon 1993) (Figure 8).
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Promoter-GAL4 UAS-transgene

—] Tissue-s Transgene |—

Figure 8. Schematic representation of the Drosophila GAL4/UAS. Flies expressing the
GAL4 driver under the control of a tissue specific promoter are crossed to flies containing the
UAS-transgene. In the progeny, the expression of the transgene of interest is restricted to the
tissue of interest, defined by the tissue-specific promoter used to express the GAL4 driver.

2.4.3 Fly Stocks
A complete list of the fly stocks used in this project can be found in Appendix 5. A
general description of these reagents can be found below. The w8 fly strain was

used as wildtype within this project.

Haemocyte-specific GAL4 Drivers

The GAL4-UAS system was used to specifically express fluorescently-labelled
proteins within embryonic haemocytes using the haemocyte-specific promoters
serpent and croquemort (Bruckner et al. 2004; Stramer et al. 2005). UAS-driven
mCherry-moesin (Millard & Martin 2008) or GFP-moesin (GMA) (Dutta et al. 2002),
consisting of only the actin-binding domain of moesin fused to either the mCherry of
GFP fluorophores, were used to label the actin cytoskeleton. UAS-Clip-170-GFP
(Stramer et al. 2010), containing only the microtubule binding domain of Clip-170,

was used to label microtubules.

Upon imaging we observed that a single copy of a Gal4-driver was not sufficient to
clearly visualize the fluorescent proteins. Therefore, we routinely used two copies of
the haemocyte-specific srp-Gal4-driver to track and follow the haemocytes, or to

express our proteins of interest.

Border cell-specific GAL4 drivers
The slow border cells (slbo) GAL4 driver line was used to drive UAS transgene
expression in the border cells using the GAL4-UAS system (Rgarth et al. 1998). slbo-

GAL4 also drives expression within the stretched, posterior and columnar follicular
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cells of the Drosophila egg chamber. To label the border cells we used either a
slboGAL4 fly line recombined with a UAS-CD8::GFP transgene (Rgrth et al. 1998) or
Lifeact::GFP directly fused to the slbo promoter to label the actin cytoskeleton (Riedl
et al. 2008; Cai et al. 2014).

Maternal GAL4 drivers

Two maternal tubulin GAL4 drivers were used to drive expression of UAS transgenes
in the female germline cells. These included the weaker w; P(mat-tub-GAL4), mat67
driver located on chromosome II, and the stronger P(mat-tub-GAL4),matl5 driver
located on chromosome Il (Bossing et al. 2002: Staller et al. 2013).

UAS Stocks

Most of the UAS constructs used were generated and tested as part of this project,

including the fluorescently-labelled candidate RNA-binding proteins Imp, Hrp48 and

PTB, as well as the MCP and candidate MS2-hairpin tagged mRNAs (listed in

Appendices 1 & 5). To label border cells, UAS-CD8-GFP was previously recombined

with the slboGal4 driver (Rerth et al. 1998). UAS-bPS i ntegrin (Myosphe
used t o oyv-antegrinip maenoeyted(Martin-Bermudo & Brown. 1996).

Protein Trap Stocks

To test the expression and distribution of endogenous proteins, YFP-exon-trap fusion
protein fly lines from the Cambridge Protein Trap Insertion Consortium (CPTI lines i
see http://www.flyprot.org) and GFP-exon-trap fusion protein fly lines from FlyTrap
Project (see http://flytrap.med.yale.edu/) were used. These fly stocks were generated
as part of protein-trap screen that relies on fluorescently-tagging of proteins by
random mobilization of a GFP/YFP-containing transposable element in the genome
(Morin et al. 2001).

RNAI Stocks

RNAI lines against PTB, Hrp48, Imp, Cdc42, Racl and Sexlethal were used within
this project. The majority of RNAI fly lines used in this project were generated in the
lab by Sonia Lépez de Quinto using the hairpin sequences published by the
Drosophila TRiP RNAi Project (see http://www.flyrnai.org/TRiP-HOME.html). TRiP
RNAI lines express short RNA hairpins mimicking a miRNA precursor. All RNAI
sequences were cloned into either the pWALIUM20 (WAL20) or pWALIUM22
(WAL22) vectors, as previously described for the TRIP RNAIi constructs (Ni et al.

2009), which enabled them to be expressed under the control a UAS promoter to
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drive RNAI in a specific tissue of interest. Longer RNAI hairpins from the Vienna
Drosophila RNAI library were also used (Dietzl et al. 2007).

Mutant Stocks

Two imp mutant lines, recombined with a Flippase Recognition Target (FRT) T w-
FRT19A imp’/FM6 and w-FRT19A imp®/FM6 (Medioni et al. 2014) i were used to
generate imp border cell clones by Mosaic Analysis with a Repressible Cell Marker
(MARCM).

2.4.4 Microinjection of Transgenic Constructs

PhiC31 integrase system

The PhiC31 integrase system was used to establish transgenic fly lines (Groth et al.
2004). This system enables non-random integration of transgenic constructs into the
genome through expression of a serine-type recombinase within injected embryos
(Bischof et al. 2007). This enzyme mediates sequence-specific recombination
between an attachment site previously inserted into the genome, termed the attP
landing site, and another attachment site termed attB, present in the injected plasmid.
The Phic31 recombinase is expressed under the control of a germline-specific
promoter (e.g. vasa or nanos). Two Phi31C fly stocks were used: the nanos-
phiC31;;attP2 stock contains an attP insertion on the left arm of chromosome Il (3L),
and the nanos-phic31;attP40 stock contains an attP insertion at 2L (Markstein et al.
2008 i flies obtained from the Cambridge Stock Collection, stocks 13-18 and 13-20).

Preparing embryos for microinjection

PhiC31 fly stocks were placed in laying cages with apple juice agar plates at room
temperature. One hour old embryos were collected from apple juice agar plates into
an embryo collection basket and washed in 50% bleach for 1 minute to remove the
chorion membrane. Embryos were then washed, transferred to a fresh apple juice
agar plate, aligned for injection with a mounting needle and transferred onto a glue-
coated coverslip. Embryos were then dried with silica beads for 17 minutes and

coated in Halocarbon oil 700 (Sigma).

DNA preparation and injection

DNA constructs were prepared with an Endotoxin-free E.Z.N.A.® Plasmid Isolation
Kit (Omega Bio-Tek) and diluted to a final concentration of 100-400 ng/pl. Injection
needles were created with a p-97 Flaming/Brown Micropipette Puller and loaded with
2 pl of the DNA construct using a microloader tip (Eppendorf cat# 5242 956.003). A
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Narishige IM-30 microinjector and Nikon Eclipse T5100 microscope was used to
inject DNA into the posterior pole of single-cell embryos.

Screening and establishing transgenic flies
Surviving first instar larvae were collected and placed in food vials. Surviving adult

flies were crossed to w8

wildtype flies to screen for transgenic progeny by
expression of the white mini-gene as a selection marker based on eye colour.
Transgenic progeny were then crossed to appropriate balancer chromosomes. To
ensure that the constructs had been integrated into the appropriate PhiC31 landing
site, genomic DNA was extracted from individual flies of an established transgenic
line. The gDNA was then used as PCR template to amplify a region spanning from
just upstream of the attB integration site within the pTiger or pUAST expression
vectors, to a region just downstream of the appropriate landing site (see Appendix 3.1
& 3.2 for vector maps) using primers 60-63 (Appendix 2). Amplification of a product

indicated that the expression vector had integrated into the landing site successfully.

2.4.5 Crosses

MS2 System

To visualise in vivo MS2-labelled mRNA, virgin females of the genotype w; UAS-NLS-
MCP-GFP/mCherry;TM2/TM6Bdfd were crossed to the following males; w; if/CyO;
UAS-18xMS2-actin5C, w;if/CyO; UAS-18xMS2-actin42A, w;if/CyO; UAS-18xMS2-
arp66B, w;if/CyO; UAS-18xMS2-arp14D and w;if/CyO; UAS-18xMS2-oskar. Stocks of
genotype w; UAS-NLS-MCP-GFP/mCherry; UAS-18xMS2-hairpin-mRNA/TM6Bdfd
were generated by crossing virgin females and males of w; UAS-NLS-MCP-
GFP/CyO; UAS-18xMS2-mRNA/TM6Bdfd. Identical cross schemes were carried out
with the UAS-NLS-tdMCP-mCherry/GFP. While the MS2-hairpin tagged actin5C,
actin42A and oskar mRNAs became homozygous, the arpl4D and arp66B mRNAs
did not.

To drive expression of the UAS-controlled MS2 system lines specifically in
haemocytes w; UAS-NLS-tdMCP-GFP; UAS-18xMS2-mRNA/TM6Bdfd males were
crossed to virgin females of w; srpGAL4, UAS-mCherry-moesin; crqGAL4, UAS-
mCherry-moesin. The TM6Bdfd chromosome balancer fluorescently labels embryos
from stage 13 through expression of YFP, which is driven by the dfd promoter and
GMR enhancer element (Liang et al. 2006). As the hairpin-tagged arpl14D and

arp66B mRNA constructs were homozygous lethal, the TM6Bdfd balancer was used
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to select embryos positive for these hairpin-tagged mRNA by selecting against YFP

fluorescent.

To test the MS2 system within Drosophila oocytes, virgin females from both maternal
tubulin Gal4 drivers w; P(mat-tub-GAL4),mat67 and w;;P(mat-tub-GAL4),matl5 were
crossed to UAS-NLS-MCP-mCherry; UAS-18xMS2-actin4d2A and UAS-NLS-MCP-
mCherry; UAS-18xMS2-oskar males. Identical crosses were carried out to test the
UAS-NLS-tdMCP-GFP constructs in the oocyte.

RNA-binding protein localization in Drosophila oocytes

To characterize the localization of Imp, Hrp48 and PTB in the germline of Drosophila
oocytes, virgin females from both the maternal tubulin Gal4 drivers w; P(mat-tub-
GAL4),mat67 and w;;P(mat-tub-GAL4),matl5 were crossed to UAS-Imp::GFP, UAS-
GFP::Imp, UAS-Hrp48::GFP, UAS-PTB::GFP and UAS-GFP::PTB males. Ovaries
were dissected from young (1-3 days old) resulting F1 females, which were fed on

rich food for two days before dissection.

RNA-binding protein localization in haemocytes

To examine the distribution of Imp, Hrp48 and PTB in haemocytes, males or virgin
females of the genotype: w; UAS-Imp::mCherry or UAS-Hrp48::mCherry lines were
crossed to w; srp-GAL4, UAS-GMA; crq-GAL4, UAS-GMA. Virgin females or males
expressing UAS-Imp::GFP or UAS-GFP:Imp were crossed to virgin females
expressing srp-GAL4, UAS-mCherry-moesin; crg-GAL4, UAS-mCherry-moesin. To
image the distribution of PTB in haemocytes, males containing the UAS-GFP::PTB
transgene were crossed to virgin females containing srp-GAL4, UAS-mCherry-

moesin; crg-GAL4, UAS-mCherry-moesin.

Overexpression analysis of Imp in haemocytes

To determine the effects of overexpressing Imp within haemocytes, homozygous fly
stocks containing a double copy of the srp-GAL4 driver (which is significantly stronger
than the crq-GAL4 driver) and UAS-Imp-mCherry were generated by crossing virgin
females of genotype w; srp-GAL4, UAS-GMA; TM3sb/TM6B to w; if/CyO; UAS-Imp-
mCherry males. Virgin females and males of w; srp-GAL4, UAS-GMA/CyO; UAS-
Imp-mCherry/TM3sb were crossed to generate a homozygous stock. The same cross
scheme was carried out with w; srp-GAL4, UAS-Clip170; dp/TM6Bdfd flies to label
microtubules in embryos over-expressing Imp. However, both the srp-GAL4, UAS-
GMA and srp-GAL4, UAS-CIip170 constructs were homozygous lethal when crossed

with UAS-Imp-mCherry, so to achieve a double copy of the srp-GAL4 driver, males of
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these lines were crossed to virgin females expressing w; srp-GAL4; UAS-Imp-
mCherry. Embryos with GFP-labelled haemocytes were then selected for imaging.

Protein-trap line imaging in haemocytes

To image the distribution of endogenous PTB in haemocytes, PTB protein trap lines
in which a YFP cassette is inserted into the endogenous hephaestus (PTB) gene
(see Duyk et al. 1990 for a description of the method), were first crossed to the w;
if/CyO; TM3sb/TM6B balancer stock to generate w; if/fCyO; PTB-GFP flies. Virgin
females with the genotype w; if/CyO; PTB-GFP were then crossed to w; srp-Gal,
UAS-mCherry-moesin; TM3sb/TM6B males to generate a homozygous w; srp-Gal,
UAS-mCherry-moesin; PTB-GFP stock.

RNA-binding protein localization and overexpression in border cells

To examine the localization of Imp in border cells, virgin females of the genotype w;
slboGAL4/CyO, UAS-CD8-GFP were crossed to UAS-Imp-mCherry males.
Homozygous stocks of the following genotype were generated; w; slboGAL4/CyO;
slbo::LifeAct-GFP,  w; sIboGAL4/CyO; UAS-Imp-mCherry and w; slboGAL4,
tubulinGAL4, temperature-sensitive(ts) tubGal80 for use in overexpressing RNA-
binding proteins and driving expression of RNAI constructs. slboGAL4 flies were first
crossed to the double balancer fly line w; if/CyO;TM3sb/TM6B to generate a w;
slboGAL4/CyO; TM3sb/TM6B stock. This stock could then be crossed to both w;
if/CyO; slbo::LifeAct-GFP, w; if/CyO; UAS-Imp-mCherry or w; if/CyO; tubGALA4,
tubGal80".

To overexpress Imp in the border cells virgin females of the w; slboGal/CyO;
slbo::LifeAct-GFP line were crossed to w; slboGAL4/CyO; UAS-Imp-mCherry males.
Virgin females of the genotype w; slboGAL4/Cyo; UAS-Imp-mCherry were crossed to
w; slboGAL4/CyO; tubGAL4, tubGal80" males.

RNAI in haemocytes

To ensure maximum gene knockdown specifically within haemocytes, fly crosses
were used to establish homozygous stocks expressing a double copy of both the w;
SrpGAL4 driver or srpGAL4, UAS-GMA and the UAS-driven RNAI hairpins. The
WALIUM22 RNAI hairpins were used to knockdown Imp and Hrp48 expression in
haemocytes. Virgin females of genotypes w; srpGAL4, UAS-GMA; TM3sb/TM6B, and
w; sSrpGAL4, UAS-GMA; TM3sb/TM6B were crossed to males expressing w; if/CyO,;
UAS-Imp RNAi or w; if/CyO; UAS-Imp RNAi. Homozygous stocks were then

established through subsequent crosses. For imaging of haemocytes in RNAi
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knockdown experiments w; srpGAL4; UAS-Imp RNAi or w; srpGAL4; UAS-Hrp48
RNAI virgin females were crossed to w; srpGAL4, UAS-GMA; UAS-Imp RNAI or w;
srpGAL4; UAS-Hrp48 RNAI males to label the actin cytoskeleton of haemocytes,
while ensuring maximal driver efficiency. For Imp RNAi knockdown experiments, flies
were placed in laying cages at 29°C for live imaging of haemocyte migration.

RNAI in border cells

A w; slboGal/CyO; slbo::lifeAct-GFP stock was generated by crossing virgin female
w; sIboGAL4/CyO; TM3sb/TM6B flies to w; if/CyO; slbo::lifeAct-GFP males. Virgin
female w; slboGal/CyO; slbo::lifeAct-GFP flies were crossed to male flies containing
RNAI transgenes. These included RNAI lines to target Cdc42 and Racl as positive
controls, as knockdown of these genes are known to cause migratory defects, as well
as an RNAi line against Sex Lethal, an unrelated RBP, as a negative control.

To determine if Imp, Hrp48 and PTB play any role in the regulation of border cell
motility, their expression was reduced by RNAI using either short siRNA hairpins from
the Transgenic RNAIi Project (TRiP) or long dsRNA hairpins from the Vienna
Drosophila Resource Center (VDRC) (Table 3 and Appendix 5).

60



Chapter 2: Materials & Methods

Table 3: RNAI lines used to deplete gene expression in Drosophila border cells

RNAI line Gene depleted RNAI Type
VAL20-Cdc42 cdc42 TRIP
VAL20-Racl racl TRIP

WAL22-Imp; WAL22-Imp imp TRIP
VAL20-Imp imp TRIP

Imp GD imp VDRC
VAL20-Hrp48 hrp48 TRIP
Hrp48 KK; Hrp48 GD hrp48 VDRC
WAL20-PTB; WAL20-PTB hephaestus (PTB) TRIP

Mosaic analysis with a repressible cell marker (MARCM) stocks

Fly stocks to generate imp mutant border cell clones using MARCM were created by
crossing W-FRT19A, hs-FLP, tub-GALS8O flies to the w-FM6/lethal; sco/CyO balancer
stock to generate a w-FRT19A, hs-FLP, tub-GAL80; sco/CyO stock. w; slbo-Gal4,
UAS-CD8-GFP flies were also crossed to w-FM6/lethal; sco/CyO balancer line to
generate FM6/+; slbo-Gal4, UAS-CD8-GFP/CyO females, which were then crossed
to w-FRT19A, hs-FLP, tub-GAL80; sco/CyO males. From this cross we established a
w- FRT19A, hs-FLP, tub-GAL80; slbo-Gal4, UAS-CD8-GFP/CyO stock, which could
then be crossed to w-FRT19A imp® mutants to generate imp mutant border cell
clones (see section 2.4.8).

2.4.6 Whole mount immunostaining of Drosophila embryos

Embryo Collection

To collect embryos for fixation, approximately 200 flies of the required genotype were
placed in a plastic beaker (collection cage). If the embryos required were produced
from a fly cross then ~60 virgin females and 20 male flies of the appropriate
genotypes were placed in a collection cage and allowed to mate. A small blob of
yeast paste (made from dried yeast and water to form a paste) was placed in the

centre of an apple juice agar plate. The agar plate was then placed over the open top
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of the collection cage and secured with an elastic band. Flies lay embryos into the
agar, allowing these to be removed and collected.

Embryo Fixation

Drosophila embryos were transferred from apple juice agar plates to an embryo
collection basket, dechorinated by submerging in bleach for 2 minutes, washed in
distilled water to remove excess bleach and dried with tissue. The embryos were then
transferred to an eppendorf tube and fixed in a 4% formaldehyde fixative solution (50
pl 36.5% formaldehyde (Sigma), 450 pl 1% PBS and 500 pl N-heptane) for 20
minutes with gentle shaking. The lower aqueous phase was removed and 500 pl of
methanol was added to the upper heptane phase. After vortexing for 30 seconds to
remove the vitteline membrane the devitellinised embryos were transferred to a fresh
tube. The embryos were washed three times in methanol and stored at -20°C.

Immunostaining of embryos

Fixed Drosophila embryos were washed three times in 0.1% triton-X-100 in 1% PBS
(PBT) and then three times for 20 minutes in 0.1% triton-X-100, 1% BSA in PBS
(PATX) with shaking. Embryos were fixed and immunostained mainly to visualize
haemocytes labelled with GFP using anti-GFP antibodies (Table 4). Primary
antibody was removed and the embryos washed three times in PATx and a further
three times in PATx for 20 minutes on a shaker. All secondary antibodies (Alexa
Fluor® 488, Alexa Fluor® 555, Alexa Fluor® 633 i Life Technologies) were added at
a 1:500 dilution and incubated on a shaker for 2 hours at room temperature. The
embryos were washed in PATX three times to remove antibody and a further three
washes for 20 minutes with shaking. If appropriate DAPI was added at a 1:1000
dilution in the first 20 minute wash in PATx following removal of secondary
antibodies. Following the final wash step the PATx was removed and embryos were
covered with 0.5 ml of mounting medium (2% propyl gallate, 80% glycerol in PBS)
and stored at 4°C overnight for the embryos to settle.

Mounting of embryos

Stained embryos suspended in mounting medium were transferred to a watch glass
and viewed under a Leica M210F fluorescent dissecting microscope. Embryos of
appropriate stages were manipulated with level 4 dissecting forceps to the top of the
watch glass and were taken up using a pipette tip. The embryos were then placed on

a glass slide between two 22x22 mm coverslips stuck to the slide with nail polish. A
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small volume of mounting medium was placed over the embryos and a 22x40 mm

coverslip was placed over them and sealed with nail polish.

2.4.7 Whole mount immunostaining of Drosophila ovaries

Dissection and fixation of ovaries

Prior to ovary dissection, 6-15 newly eclosed female flies were prepared by placing
them into a fresh food vial with dried yeast and 3-4 young male flies. The flies were
kept at 22°C for 2-3 days to allow the ovaries to develop. Ovaries were then
dissected in 1xPBS in a watch glass and transferred to a 1.5 ml Eppendorf using a
glass Pasteur pipette. PBS was removed and the ovaries were fixed in 4% methanol-
free formaldehyde (TAAB) or 3.7% formaldehyde with zinc (TAAB) for 20 minutes on
a nutating shaker. The formaldehyde was then removed and the ovaries washed
thrice in PBT (0.1% Triton-X-100 in PBS) for 20 minutes. DAPI counterstain was
added to ovaries at a 1:3000 dilution in PBT for 5 minutes and removed. The ovaries
were washed a final time in PBT for 5 minutes, removed and 50 ul Vectashield
Hardset Mounting Medium (Vector Laboratories) was added. The ovaries were left in
Vectashield overnight before mounting on glass slides the following day.

Immunostaining of ovaries

Ovaries were dissected and fixed for whole-mount immunostaining as described
above. The ovaries were then washed twice in PBT, in which the ovaries were
opened up by pipetting the tissue up and down several times through a 20-200 ul
pipette tip (this ensures penetration of antibodies into individual egg chambers). The
ovaries were then incubated in 1% Triton-X-100 in PBS for 60 minutes on a nutating
shaker and then blocked in blocking solution (0.5% BSA, 0.1% Triton-X-100 in PBS)
for 2 hours. They were then incubated in the appropriate primary antibodies diluted in
blocking solution overnight at 4°C with shaking. On the following day the primary
antibody was removed and the ovaries were washed twice in blocking solution for 20
minutes with shaking before blocking in 10% NGS, 0.1% Triton-X-100 in PBS for 2
hours. The 10% NGS solution was removed and appropriate Alexa Fluor®
conjugated secondary antibodies diluted 1:500 in PBT were then added for 2 hours at
room temperature with shaking. The ovaries were then washed once in PBT,
counterstained with DAPI at 1:3000 dilution, washed once more in PBT and
Vectashield mounting media added as previously described. They were then

mounted on glass slides and imaged.
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Mounting and imaging of ovaries

Ovaries were mounted onto glass slides in Vectashield and intact ovaries were
broken up using cactus needles to ensure individual egg chambers could be isolated
for imaging. A glass cover slip was then placed over the top. Ovaries were examined
and imaged captured by either standard epifluorescence using an Olympus BX-50
microscope and Hamamatsu ORCA-05G digital camera, or by confocal microscopy
using a Leica TCS SP2 AOBS spectral confocal system with a Leica DM6000B
upright microscope with HC PL Fluotar 20x/0.50 and HCX PL APO 40x/1.25 oil

objectives.

2.4.8 Mosaic analysis with a repressible cell marker (MARCM) in Drosophila
border cells

MARCM was used to knockout the expression of Imp in border cells, which is
otherwise homozygous lethal in flies. Briefly, MARCM allows the generation and
positive selection of mutant clones of a gene of interest in specific cell types, which

would otherwise be lethal in a whole organism (Lee & Luo. 2001).

Virgin female flies of the following genotype; FRT19A, imp®/FM6 (Medioni et al. 2014)
were crossed to FRT19A, tubulin-Gal80, hsp-FLP; slbo-GAL4, UAS-CD8-GFP/CyO
males and allowed to generate progeny in a food vial before removal. Approximately
40 female progeny of the following genotype; FRT19A imp®/FRT19A, tubulin-Gal8o,
hsp-FLP; slbo-GAL4, UAS-CD8-GFP/+ were selected upon eclosure and heat-
shocked for 1 hour at 37°C in a water bath. After the heat shock was carried out
females were placed in food vials with dried yeast (~20 females per vial), wildtype
(w''®) males were added and the ovaries dissected from females ~2-3 days later.
The ovaries were fixed and counterstained with DAPI and then mounted on glass
slides as previously described. Egg chambers that contained border cells that were
GFP-positive were used for the analysis.

2.4.9 Real-time in vivo imaging of Drosophila embryonic haemocytes

Preparing embryos

Embryos expressing a haemocyte specific driver and a UAS-driven fluorescent
protein (see Appendix 5 for a full list of UAS fly lines) were collected from apple juice
agar plates into a mesh collection basket (Dutscher Scientific, 46-103) and
dechorinated in 100% bleach for two minutes. Embryos were then washed in distilled
water to remove all bleach and the mesh containing the embryos removed from the

basket and placed onto a fresh agar plate for mounting and for keeping embryos
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moist. A Leica M210F fluorescent dissecting microscope was used to stage and
mount embryos. Embryos were staged according to gut morphology, as described in
Campos-Ortega & Hartenstein 1985.

Mounting live embryos

Two 22x22 mm coverslips were stuck down onto either side of a glass slide with
Scotch double-sided sticky tape. Embryos at stage 15 of embryonic development
were mounted with the ventral side facing upwards onto the Scotch double-sided
sticky tape, between the coverslips, by using level 4 dissecting forceps. A very small
drop of Halocarbon oil 700 (Sigma) or voltalef oil (no longer commercially available)
was placed over the embryo by using a tungsten needle to prevent over-drying of the
embryo. A 32x22 mm coverslip was then placed over the embryos using forceps and
stuck down on either side with nail varnish (Figure 9). Embryos were staged by
examining head shape, germ-band position and the shape of the developing gut.
Embryonic stage 15 was selected for live imaging as haemocytes are amenable to

epithelial wounding at this stage.

Double-sided sellotape

Halocarbon oil

/ / Embryo —_— 32x22mm Coverslip
/ = 6 = ,/ /F Nail varnis
22x22mm Coverslip

————— Glass slide

Figure 9. Schematic of mounting embryos prior to live imaging

Imaging embryos

Embryonic haemocytes were imaged using a PerkinElmer UltraVIEWVoX spinning
disk scanning system with a Leica DMI6000B inverted microscope (laboratory of Prof
Will Wood, University of Bristol) with a HCX PL APO 40X/1.30 or HCX PL APO
60x/1.4 oil immersion objective. The migration of haemocytes at the ventral surface of
the embryo, dispersed along the developing nerve cord, was captured to analyse
haemocyte developmental migration. To track the migration of individual
haemocytes, images were captured over several Z-planes as haemocytes positioned
along the ventral midline migrate dorsally away from the plane of focus (as well as

towards either the anterior or posterior). Thus, 40 Z-stack series were created over
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approximately a 20 um section of the embryo ventral surface, with an image captured
every 0.5 pm. An entire Z-stack was captured every 30 seconds.

Generating epithelial wounds

For wound healing assays, embryonic stage 15 embryos of the desired genotype
were mounted as described above (Figure 9). The epithelium was then ablated
dorsolaterally with respect to the ventral nerve cord using a nitrogen laser pumped
dye laser (model no. VSL-337ND-S; Laser Science Inc.) connected to a PerkinElmer
UltraVIEWVoX spinning disk confocal system using the Micropoint system (Andor
Technology Ltd., Belfast, UK). Brightfield images of the epithelium were collected
after wounding to determine and measure wound size. Z-sections of haemocytes
were collected every 30 seconds for a total of one hour to capture haemocyte
migration to epithelial wounds and phagocytosis of debris at the wound site. Wound-
healing assays were performed at the Universities of Bath and Bristol, in the

laboratory of Professor Will Wood.

2.4.10 Real-time in vivo imaging of Drosophila pupal haemocytes

Preparation and mounting of Drosophila pupae

Pupae expressing a haemocyte specific driver and fluorescent marker were collected
from the sidewall of food vials 18-24 hours after puparium formation (APF) by gently
lifting them with forceps. Pupae were gently wiped on tissue to remove food residue
from the pupal case and were placed ventral side down on double-sided sticky tape
on a glass slide. The operculum was then removed from the pupal case and the
pupal case was gently slit along the lateral side towards the posterior using forceps.
The pupal case was then gently lifted and stuck down onto the tape to expose the
pupa. A 35mm glass bottom culture dish (MatTek Corporation) was coated with a thin
layer of glue, made by soaking parcel tape in heptane. The exposed pupa was gently
placed onto the culture dish lateral side down so that one of the developing wings
was touching the cover glass. A small piece of wet tissue was placed in the culture

dish to prevent drying of the pupa.

Imaging pupal haemocytes

Pupal haemocytes within the pupal wing disc were imaged using a Zeiss LSM 710
scanning laser confocal system with an Observer .Z1 inverted microscope. Patches
of individual cells, rather than those clustered together, were selected for imaging.
Time-lapse imaging was carried out by collecting a 20 pm Z-stack for 15-30 minutes

at 1 minute intervals.
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2.4.11 Analysis of in vivo imaging of Drosophila haemocytes

Calculating haemocyte velocity

The manual tracking plugin for ImageJ was used to track and calculate the distance
travelled by individual haemocytes. To track individual haemocytes, the centre of the
cell body was highlighted manually for each time point, and its coordinates used by
the plugin to calculate the distance travelled between each. The total distance
travelled by each haemocyte was then divided by the number of minutes over which
its migration was tracked, to determine its average speed (um/min).

To track haemocytes undergoing random migration during stage 15 of embryonic
development, a Z-stack was captured every 30 seconds over a total period of 15
minutes. Individual haemocytes were tracked from the first to the last time-point and
the total distance travelled divided by 15 to determine average speed.

To calculate the speed of haemocyte migration to wounds at embryonic stage 15, a
Z-stack was captured every 30 seconds for one hour post-wounding. Tracking of an
individual haemocyte began from the first time point that it began migrating towards
the wound until its migration was halted at the wound edge. The number of minutes
spent migrating by each haemocyte was calculated from the number of time points

tracked for each individual.

Analysing contact inhibition

To study contact inhibition, a Z-stack was captured of haemocytes undergoing
random migration at embryonic stage 15 every 30 seconds for a total of 15 minutes.
The total number of time frames between the first, in which contact between two
haemocytes was first seen, until the last time frame in which two haemocytes were in
contact, was recorded. The total number of timeframes spent in contact was used to
calculate the time frame of the contact event in minutes. Contact events in which
haemocytes that were in contact within the first timeframe had not separated by the
last, were recorded as over 15minutes. The data was then divided into four
categories which included contact events lasting; <5 mins, 5.5-10 mins, 10.5-15 mins

and 15 mins+.

Analysing haemocyte recruitment to wounds

To calculate the total number of haemocytes recruited to a wound over time at
embryonic stage 15, a Z-stack was captured every 30 seconds for one hour post-
wounding. The edge of the wound site was marked to help track individual

haemocytes. The total number of haemocytes arriving at the wound edge was then
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manually counted and recorded every 5 minutes, calculated from the number of

timeframes (i.e. 5mins = 10 time frames), up to one hour.

The number of haemocytes recruited to a wound can vary depending on the wound
size (i.e. a greater number of haemocytes are recruited to a larger wound) and, due
to the nature of the laser, wound size was not always consistent between embryos.
Therefore, the number of haemocytes recruited to a wound over time has to be
normalized to the wound size. The area of the wound generated in each embryo was
measured in ImageJ using the draw and measure function using Brightfield images of
the epithelium and the wound area used to normalize the number of haemocytes to a
wound size of 1000 um?, as wounds are usually between 500-1500 pm2. To
determine the mean number of haemocytes recruited to a wound of 1000 pm? in
embryos of each genotype over time, the total number of haemocytes recruited every

5 minutes was averaged between each embryo.
2.5 Cell Culture: primary haemocyte culture and Drosophila S2R+ cells

2.5.1 Extraction and culture of larval haemocytes

Larval haemocytes were cultured through adaptation of the protocol described in
Sampson and Williams, 2010. Larvae were collected from food vials or apple juice
agar plates taken from laying cages and washed in distilled water to remove all food
and debris. Ten third instar larvae were then selected for dissection. The lid of a 35
mm transparent cell culture dish was used as a dissection chamber. Larvae were
dissected in 100 O of Ss Drosephild madiém (Sigma) containing 25% fetal
bovine serum (FBS) (Sigma, F7524). Individual larvae were placed in the dissecting
media with their dorsal side facing upwards and level 4 dissecting forceps were used
to gently grip the anterior head end. A hooked tungsten needle was placed between
the tracheae at the posterior end of the larvae and pulled away gently to puncture the
epithelium, whilst keeping the gut intact. Approximately 0.5 ul of haemolymph is

released from each larva.

Once ten larvae were dissected within the 100 pl of media, this was transferred to the
well of a 24-well culture plate containing a 13 mm glass coverslip (VWR). A further
100 ul of dissecting media was added to the dissecting chamber to recover any
remaining haemocytes and was then added to the well to supplement the cells
already plated. Initially, coverslips were pre-treated with Concanavalin A (ConA)
(Sigma, C5275) by incubating each coverslip with 10 pl of ConA solution (10 mg/ml)

for an hour, before removing any remaining solution to allow coverslips to dry. The
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24-well culture plate was then placed at 25°C for 1-2 hours, allowing the cells to
adhere and spread to the coverslip before cells were fixed for immunostaining.

2.5.2 Maintenance of S2R+ cells

Drosophila S2R+ cells are an immortalized cell line isolated from wing discs of
Drosophila embryos (Yanagawa et al. 1998). These cells share some parallels with
haemocytes, including the ability to phagocytose and adhere to their substrate, and
produce lamellipodial protrusions. The S2R+ cell line was kindly donated by Dr.
Jilong Liu (Oxford University). S2R+ cells were maintained in either Shields & Sang
M3 Insect Medium (Sigma Aldrich) or HyQ SFX-insect medium (GE Healthcare), both
supplemented with 10% Fetal Bovine Serum (#F7524 Sigma Aldrich), at 25°C in
either 25 cm? vented T-flasks or 92 mm plastic culture dishes (Nunclon). S2R+ cells
were routinely passaged upon reaching confluency at a 1:10 dilution by detaching

cells from the plastic using a sterile cell scraper and transferring to fresh media.

2.5.3 Calculating S2R+ cell density

S2R+ cells were counted using a Neubauer Chamber by re-suspending cells in
media using a cell scraper. The glass coverslip was affixed to the chamber and 10 pl
of cell suspension pipetted under the coverslip by capillary action. Cells were allowed
to settle briefly and cell concentration calculated by counting total cell number in all
four corners of the chamber and using the following calculation to determine the total

number of cells:

Total cells/ml = Total cell count x 10*

Number of squares counted (4)

2.5.4 Immunostaining of cultured larval haemocytes and S2R+ cells

Cultured larval haemocytes and S2R+ cells were fixed and immunostained on
sterilized 13 mm round glass coverslips (VWR) within 24-multiwell plates. Larval
haemocytes were plated onto coverslips as described in section 2.4.1. To plate S2R+
cells, 500 ul insect culture media supplemented with 10% FBS was added to each
well. Upon reaching subconfluency (~1x107 cells/ml) cells were re-suspended using a
cell scraper and 20 pl of cell suspension (~2x10° total cells) was seeded into each
well and mixed up pipetting up and down with a sterile Pasteur pipette and were

allowed to settle for 1 hour at 25°C.

Cultured haemocytes and S2R+ cells were then fixed and immunostained by

removing culture media and incubating the cells in 4% methanol-free formaldehyde
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(TAAB) for 20 minutes with shaking. Cells were then washed thrice in 0.1% Triton-X,
1% BSA in PBS (PATx). Primary antibodies were diluted in 200 pl of PATx and
incubated at 4°C overnight (Table 4). On the second day, cells were washed thrice in
PATx and then with a further three 10 minute washes in PATx. Alexa Fluor®
conjugated secondary antibodies were added at a 1:500 dilution and incubated with
gentle shaking for 1 hour at room temperature. The secondary antibodies were
washed out with three washes and three subsequent 10 minute washes, all with
PATXx solution. DAPI counterstain was added to the first 10 minute wash at a 1:1000
dilution. Alexa-fluor®-555 conjugated phalloidin (Life Technologies) was used to stain
the actin cytoskeleton of S2R+ cells, which was added with secondary antibodies at a
1:200 dilution. The actin cytoskeleton of cultured haemocytes was visualized by

expression of GFP-moesin within the cells and immunostaining with anti-GFP.

2.5.5 In situ hybridisation of cultured larval haemocytes

Cultured haemocytes were fixed directly on glass coverslips with 4% methanol-free
formaldehyde (TAAB) for 20 minutes. The cells were then washed thrice in PBS and
permeabilized by washing in 0.5% Tween-20 in PBS (PBT) for five minutes. The cells
were then pre-hybridised in 200 pl hybridisation buffer (50% formamide, 5xSSC,
0.1% Tween-20, 50 pg/ml heparin, 100 pg/ml yeast tRNA) for 1 hour at 70°C and
then incubated with appropriate dig-UTP-labelled RNA probes diluted in 500 pl
hybridization buffer overnight at 70°C. On the following day the cells were washed
extensively with five 10 minute washes in hybridization buffer and a further five 10
minute washes in PBT, all carried out at 70°C. The cells were incubated with a
rhodamine-conjugated anti-DIG antibody (Roche) at a 1:200 dilution for one hour at
room temperature. Alexa-fluor®-488 conjugated phalloidin (Life Technologies) was
added at a 1:100 dilution to visualise the actin cytoskeleton. The cells were then
washed three times in PBT to remove antibodies and were counterstained with DAPI
at a 1:1000 dilution for 10 minutes. Two further 10 minute washes were carried out
using PBT.
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Table 4: Antibodies used for immunostainings

Primary antibodies

Target Host | Dilution Source

Actin Mouse 1:50 Developmental Studies Hybridoma Bank (JLA20)

Alpha-tubulin Mouse 1:1000 Sigma (T9026)

GFP Rabbit 1:1000 Amsbio (TP401)
Hrp48 Rabbit 1:200 Ephrussi Lab (EMBL i Germany)
Imp Rabbit 1:1000 Medioni et al. 2014

Imp Rat 1:1000 Medioni et al. 2014

PTB Rabbit 1:200 Besse et al. 2009

PTB Rat 1:200 Besse et al. 2009

b P ntegrin Mouse 1:50 Developmental Studies Hybridoma Bank
(CF.6G11)

Secondary antibodies & DNA/actin stains

Alexa Fluor
488/555/633 anti- Goat 1:500 Life Technologies (Invitrogen)
rabbit/mouse

1:1000 to | Biotium (#40043; 10 mg/ml)

DAPI 1:3000
Alexa Fluor 1:200 to . . .
488/555 Phalloidin 1:400 Life Technologies (Invitrogen)

2.5.6 Mounting

Glass coverslips were removed from the multiwell plates with level 4 dissecting forceps and
placed facedown onto a single drop of ProLong® Gold Antifade Reagent (Life Technologies)
on a glass slide. The slides were then placed at 4°C and left overnight to cure before imaging
with a Leica TCS SP2 AOBS spectral confocal system with a Leica DM6000B
upright microscope, using a HCX PL APO 100x/1.40 oil objective.

2.5.7 Double-stranded RNA (dsRNA) treatment of S2R+ cells

To knockdown expressi on o tintegrimpdsRNA dias feneragepd tore r o i d
RNAI treatment of the Drosophila S2R+ cell line (Kao & Megraw. 2004; Rogers & Rogers.
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2008). Cells were treated with dsRNA against GFP as negative control, while an untreated

control was subject to the same conditions without addition of dsRNA.

Synthesis of dSRNA

To generate dsRNA, primers were designed to amplify a 500 nucleotide single exonic region
of GFP, Imp or Myospheroid. To ensure the regions amplified were specific, BLAST
searches against the Drosophila melanogaster genome were carried out using the FlyBase
BLAST tool. The T7 promoter sequence was added to the end of both sense and antisense
primers (primer pair 67 & 68 for Imp, 69 & 70 for GFP and 71 & 72 for Mys i Appendix 2),
and standard PCR reactions were carried out using genomic DNA template. PCR products
were ran on a 1% agarose gel to ensure only a single product was amplified and were PCR
purified using the GenelJET PCR purification ki

and eluted in 50 pl of a 1:1 nuclease-free water, TE-buffer solution.

dsRNA was then synthesized by in vitro transcription (section 2.1.16) using the TranscriptAid
T7 High Yield Transcription Kit (Thermo Scientific) and purified PCR product as template.
The concentration and quality of RNA was tested by measuring the optical density using a
NanoDrop ND-1000 and loading 1 ug of RNA on a 1% agarose gel, as previously described
(section 2.1.16).

dsRNA treatment of S2R+ cells

Approximately 2.5x10°% S2R+ cells were seeded into 12-well plates in 500 pl culture media.
Four conditions, including an untreated control and cells treated with dsRNA against GFP,
Imp a n-idtegrin were carried out in triplicate (3 independent monolayers for each
condition). The cells were allowed to settle and the media removed. 5 pg of dsRNA was
added to 100 ul of serum-free media, which was then added to each well. 100 pl of serum-
free media without dsRNA was added to each untreated control well. The cells were
incubated in the dsRNA on a shaking platform for 30 minutes before 400 ul of media
supplemented with 10% FBS was added to each well. This treatment was repeated once a
day for a further two days, and the cells were then collected on the fourth day for Western
blot and gPCR analysis.

Western blot analysis of dsRNA treatment

The total number of S2R+ cells per well was calculated (see section 2.5.3) and 1x107 cells
were collected from each monolayer, centrifuged at 2500 rpm for 5 minutes and the media
removed. The cell pellet was then re-suspended in 20 pl of 2x SDS loading buffer and heated
at 95°C for 5 minutes to lyse open the cells and 20 pl distilled water then added. The cell

lysate was then split and two varying amounts T 10 pl or 30 yl i were loaded onto 8%
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polyacrylamide gels and Western blots were carried out (see section 2.1.17) to immunoblot
against | mpsacAgd tni)n-ntdgin (e Table 2 for antibodies).

Real-time gPCR analysis of dsRNA treatment

Total RNA was extracted from 1x107 cells (see section 2.1.12) and used as template for
cDNA synthesis (see sections 2.1.13-14). The optical density of cDNA in each condition was
measured using a NanoDrop ND-1000 and 0.5ng of cDNA was added to each 20 yl gPCR
reaction. qPCR was carried out as described in section 2.1.15 and was used to compare the
MRNA levels of the ubiquitously-expressed control gene rp49 and imp, b P tegrin,
actin42A, profilin and arp2 in untreated and GFP-, Imp- a n d-intégrin-treated cells. See
Appendix 2 for details of primers used for gPCR. All mMRNA levels were normalized to the
control gene RNA polymerase Il (polll) and the percentage-change in mRNA levels in
dsRNA-treated cells, compared with untreated controls, was then calculated.

2.6 Image and Data Analysis

2.6.1 Image processing

All confocal images were processed using ImageJ (NIH). mvd2 (Volocity) and lei (Leica) data
files were opened using the Bio-Formats Importer plugin to import image metadata. Noise
was removed by using Process; Noise; Despeckle and the image contrast was enhanced
using Image; Adjust; Window/Level. Scale bars were added using Analyze; Tools; Scale Bar.
To project Z-stacks Image; Stacks; Z-project was selected and Image; Color; Merge/Split
Channels was used to view images within individual channels or to generate a merged
image. To view images in grayscale Image; Type; 8-bit was used. After processing the
images they were saved as both TIFF and JPEG images.

2.6.2 Measuring fluorescence intensity

The average fluorescence intensity of b-integrin and Imp immunostaining was measured in
haemocytes cultured ex vivo using ImageJ. The drawing tool was used to draw around the

entire cell, including the lamellipodial protrusions, and the Analyze; Measure tool was used to

cal cul at e tyhev ad nueeabn, gwhai ¢ h guin ofehe gray vamesafkall thee o f

pixels in the selection divided by the total number of pixels.

2.6.2 Statistical Analysis
Al | statistical t est s -lesisr exceptdfor thes statisticel rtest tost u d e |
det ermine i f | mp overexpr essi ofintegrieis baemosyteg, ime ov e
which two-way ANOVA tests were performed. All statistical tests and graphs were generated
using Prism 5 software.
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2.7 Biochemistry

2.7.1 RNA-Affinity Pulldown Assay

An RNA-affinity assay was carried out to determine if Imp binds myospheroid (b-integrin)
MRNA in vitro, as previously described (Besse et al. 2009). To briefly describe the
procedure: a biotinylated RNA sequence of interest is generated and bound to streptavidin
particles conjugated to magnetic beads. The biotinylated RNA-streptavidin bead complex is
incubated in a soluble protein mixture and the beads are bound to a magnet. The beads are
then washed to remove non-specific proteins. Bound proteins can then be released from the
beads by heating in SDS buffer and specific proteins identified by immunoblotting.

Biotinylated RNA probes

Bi otinylated RNA probes were generated for t h
myospheroid (b-integrin) |, as wel | as positive c o noskarp | s i
chickadee (profilin) and actind2A (b-actin). The coding region of yl14 was used as an
unrelatednegati ve control. See section 2.1.16 on th
of chic and act42A, as well as all regions of myospheroid, were cloned for this project

(sections 2.2.4-5) , whi | e t dskar aBdocOding egion bf y14 were generated as
previously described (Besse et al. 2009).

Preparing S10 embryonic protein extract

To prepare the S10 embryonic extract, ~3000 embryos (~200 pl volume) were collected from
apple juice agar plates and de-chorinonated in 100% bleach for 2 minutes and rinsed in
distilled water. The embryos were collected in an eppendorf tube using a paintbrush and
were either flash frozen in liquid nitrogen and stored at -80°C, or used immediately. Frozen
or fresh embryos were mixed by re-suspending in PBT (0.1% Triton-X-100 in PBS) in a
single eppendorf and were then washed twice in PBT. The embryos were then washed once
in cold hypotonic buffer (10 mM HEPES-KOH’4, 10 mM K-acetate, 1.5 mM Mg-acetate, 2.5
mM DTT) and a single time with hypotonic buffer containing protease inhibitors (Roche
cOmplete Protease Inhibitor Cocktail tablets, EDTA-free). The embryos were then
homogenised on ice in 200 pl hypotonic buffer containing protease inhibitors using a
borosilicate tissue grinder with 20 strokes of the pestle. The homogenate was transferred to
an Eppendorf, centrifuged at 10,000 rpm for 10 minutes at 4°C and the supernatant
recovered, to which glycerol was added to a final concentration of 5%. The extract was kept

on ice until required.
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Binding of biotinylated RNA probes to magnetic beads

30 I of magnetic beads conjugated to streptavidin particles were used for each biotinylated
RNA point. The beads were washed three times in MB-TEN!® (10 mM Tris-HCIB?, 1 mM
EDTA%°, 100 mM NaCl) and the washes we&rThebeaglsmov e d
were then re-suspended in 250 pl MB-TEN!® and equimolecular amounts of biotinylated
RNA were added to each point (typically ~1.5 pg). The bead-biotinylated RNA mixture was
then incubated on a rotating wheel for 30 minutes at room temperature to bind the
streptavidin and biotin particles and were then washed twice in MB-TEN® (10 mM Tris-
HCIB, 1 mM EDTA8% 1 M NaCl) to remove unbound RNA. The RNA-bead mix was then
washed twice in binding buffer (10 mM HEPES', 3 mM MgCl,, 5 mM EDTA?%°, 5% glycerol,
2 mM DTT, 0.5 % IGEPAL, 40 mM KClI).

Binding of proteins to biotinylated RNAs

The S10 embryonic extract was divided equally between each of the biotinylated RNA-bead
complexes and the reaction was made up to 150 pl total volume with binding buffer
containing heparin and yeast tRNA to reduce non-specific binding (10 mM HEPES"®, 3 mM
MgClz, 5 mM EDTAZ%9, 5% glycerol, 2 mM DTT, 0.5% IGEPAL, 40 mM KClI, 3 pg/ul Heparin,
0.5 pg/ul tRNA). The RNA bead/S10 embryonic mix was then incubated at 4°C on a rotating

wheel for 1 hour.

Elution and detection of bound protein

The unbound fraction was removed and the beads washed with binding buffer lacking
heparin or tRNA but containing 150 mM KCI, which was designed to mimic physiological
conditions within the cell. The bound proteins were then eluted from the beads by adding 20
ul of 2x SDS loading buffer and incubating at 90°C for 5 minutes. The SDS buffer was
transferred to a clean eppendorf tube and 20 pl of distilled water was added to leave a 1x
SDS final concentration. 15 pl of the bound extract was ran on an 8% polyacrylamide gel and
immunoblotting was carried out to detect for the binding of Imp and PTB to the biotinylated
RNAs. 10 ul of the unbound fraction was loaded and ran on an 8% gel to detect Kinesin
heavy chain (Khc) as a loading control, to ensure an equal concentration of protein was
added to each RNA.

2.7.2 RNA Immunoprecipitation from Drosophila embryos

RNA immunoprecipitation (RIP) was carried out to identify mRNAs bound to Imp-GFP in
haemocytes. MCP-GFP was used as an unrelated RBP control, while wildtype embryos (e.g.
no GFP expression) were used as a negative control. Wildtype embryos and those

expressing Imp-GFP or MCP-GFP specifically in haemocytes were collected to generate
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embryonic extracts, from which the GFP-tagged proteins were precipitated using GFP-

nanotraps (Chromotek).

Embryo collection

Embryos were collected from apple juice agar plates in collection baskets and dechorionated
in 100% bleach for 2 minutes. They were then rinsed in distilled water and dried with tissue.
Dried embryos were collected in a 1.5 ml eppendorf, flash frozen in liquid nitrogen and stored
at -80°C until enough embryos had been collected. For each condition approximately 1500

embryos (~100 pl volume in 1.5 ml eppendorf) were used.

Formaldehyde cross-linking

Embryos were placed in an embryo collection basket and washed in a continuous stream of
100% isopropanol for 20 seconds. They were then washed in a continuous stream of 100%
heptane for 5 minutes and the excess then removed with tissue. Embryos were transferred to
a 1.5 ml eppendorf and incubated in 500 pl of 0.2% formaldehyde (TAAB) for 5 minutes at
4°C on a nutating shaker. The cross-linking reaction was then quenched by addition of 500 pl
0.5 M glycine to a final concentration of 0.25 M. Glycine and formaldehyde were then
removed with five washes (5 minutes each) in PBS. All above steps were carried out at 4°C.

Generating embryonic extract

Embryos were transferred in PBS to a borosilicate tissue grinder, which was placed on ice,
and were then homogenized in 800 pl extraction buffer (25 mM Hepes®®, 50 mM KCI, 1 mM
MgCl,, 1 mM DTT, 125 mM sucrose, 0.2 mg/ml heparin, 10 pg/ml yeast tRNA, protease
inhibitors (Roche cOmplete Protease Inhibitor Cocktail tablets, EDTA-free), RNase inhibitors
(Thermo Scientific RiboLock RNase Inhibitor) by using 30 strokes of the pestle. The
homogenate was centrifuged at 12,000 rpm for 5 minutes at 4°C to collect the supernatant.
The supernatant was then re-centrifuged to remove any residual debris and was collected in
a fresh eppendorf. 20 pl of the supernatant was retained for Western blot analysis and to
generate cDNA for subsequent quantitative PCR analysis of the input material.

Immunoprecipitation

The embryonic extract (see above) was first incubated with uncoupled magnetic agarose
beads (Chromotek) to reduce unspecific binding of proteins to antibody-coupled beads. The
beads were first prepared by washing five times in 0.1% Triton-X in PBS and twice in wash
buffer (25mM Hepes®8, 50 mM KCI, 1 mM MgCl;, 1 mM DTT, 125 mM sucrose). The
supernatant was added to 25 pl of uncoupled beads and incubated on a rotating wheel for 30
minutes at 4°C. The supernatant was then removed, using a magnet to trap beads, and

added to 25 pl of anti-GFP-coupled magnetic agarose beads (GFP-Trap®-Chromotek) which

75



CHAPTER 2: Materials & Methods

were prepared in the same way as the uncoupled beads. The supernatant was incubated
with the beads on a rotating wheel for 1 hour at 4°C. The unbound fraction (remaining

supernatant) was then removed and retained for Western blot analysis.

The beads were washed thrice in RIPA buffer (0.05 M Tris-HCI"4, 0.25%deoxycholic acid,
1% NP-40, 1 mM EDTA, 0.1% SDS) containing 150 mM NaCl and were washed a further
three times in RIPA buffer containing 1M NaCl. The beads were then washed twice in wash
buffer (25mM Hepes®®, 50 mM KCI, 1 mM MgCl,, 1 mM DTT, 125 mM sucrose) and re-
suspended in 200 pl wash buffer, which was split into two 100 pl halves. One half was used
for RNA extraction, while the other was used for Western blot analysis.

RNA extraction of bound RNA from beads

To reverse the formaldehyde cross-linked, beads containing bound RNA-protein complexes
were heated for 45 minutes at 75°C. To remove RNA from the beads, five equal volumes of
TRIzol reagent (Invitrogen) was added to the 100 pl sample, mixed well and incubated for 5
minutes at room temperature. 100 pl chloroform was added and the mixture vigorously
shaken for 15 seconds before incubation for 2-3 minutes at room temperature. The sample
was centrifuged at 12,000 rpm for 15 minutes at 4°C and the colourless upper aqueous
phase was collected. RNA purification was then carried out using the Quick-RN A E
MicroPrep (Zymo Research) by adding 600 pl of supplied RNA lysis buffer (supplied with Kit).
Column purification and in-column DNase treatment to remove genomic DNA was carried out
according to the manufactur er 6sin 10 plsntickasefteé on s .

water.

RNA extraction of unbound RNA

RNA was extracted from 10 pl of the unbound fraction using the GeneJET RNA Purification

Kit (Thermo Scientific) by adding 600 pl of the supplied RNA lysis buffer, supplemented with

b-mer capt oet hanol and carrying out column puri
instructions. The RNA was eluted in 50 ul of nuclease-free water and the optical density
measured using a NanoDrop ND-1000. Genomic DNA was removed from 1 pg of RNA using

DNase | (RNase-free 1 U/l i Thermo Sci enti fi c) , according t o

instructions.

Real-time quantitative PCR

Quantitative PCR was carried out to compare the levels of mRNAs precipitated from GFP-
tagged embryonic extracts, to those from wildtype controls. cDNA synthesis and subsequent
gPCR reactions were set up and carried out as described in sections 2.1.13-15. See

Appendix 2 for a full description of all primers used for gPCR analysis. To control for
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differences between conditions in the starting amount of the mRNAs tested, the amount of
RNAs measured in the bound fraction were first normalized to their levels in the input
fraction. These normalized values were then used to calculate the RNA fold-enrichments in
the GFP-labelled RBP fractions, relative to wildtype.

Western blot analysis

Western blot analysis was carried out to ensure that GFP-labelled proteins were efficiently
precipitated and determine the levels of these proteins remaining in the unbound fractions.
10 pl of 2x SDS loading buffer was added to 10 pl of the input and unbound fractions,
representing approximately 2% of the total input and unbound fractions. The input and
unbound samples were incubated at 95°C for 5 minutes and loaded on an 8% agarose gel.

To prepare the bound fraction, beads containing bound RNA-protein complexes were re-
suspended in 40 pl 2x SDS loading and incubated at 95°C for 15 minutes to dissociate
immunocomplexes. 40 pl of distilled water was then added to dilute 2x SDS loading buffer
and 20ul was loading onto the gel, representing 25% of the total bound protein. SDS-PAGE
and Western blotting was carried out as described in section 2.1.17 and GFP-labelled
proteins were detected by blotting with anti-GFP antibodies (Table 4).

2.7.3 RNA Immunoprecipitation from Drosophila ovaries
RNA immunoprecipitation was carried out to identify candidate mRNAs bound to Imp-GFP
and PTB-GFP in the germline of Drosophila. As for embryos, wildtype ovaries and those

expressing MCP-GFP were used as control.

RNA immunoprecipitation from ovaries was carried out in the same way as
immunoprecipitation from embryos. 70 pairs of either fresh or previously frozen ovaries i
either wildtype or expressing Imp-GFP, PTB-GFP or MCP-GFP - were dissected from
females and homogenized in 500 pl of extraction buffer. Formaldehyde cross-linking was not
carried out. Subsequent immunoprecipitation steps, Western blot analysis, RNA extraction

and gPCR analysis were carried out as described in section 2.7.2.

77



CHAPTER 3: Establishing an in vivo model system to investigate the role of RNA regulation in cell motility

Chapter 3:

Establishing and testing an /7 vivo model
system to investigate the role of RNA
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3.1 Drosophila haemocytes as a model system to study in vivo mRNA

localisation within migratory cells

This project was first started by establishing an in vivo model system to study the role of
cytoplasmic RNA regulation in cell motility. Drosophila haemocytes, the Drosophila
equivalent of mammalian macrophages, were chosen as these cells are highly polarised and
display distinct lamellipodial protrusions at the leading edge (Wood et al. 2006). Haemocytes
show a distinct developmental migration from stage 10 of embryogenesis when they are first
specified (Figure 4) (Tepass et al. 1994). During embryonic stages 15-16 the haemocytes
disperse throughout the entire embryo and a pool of haemocytes remain at the ventral nerve
cord and migrate laterally to form three parallel lines along the entire ventral surface of the
embryo (Wood & Jacinto 2007). These haemocytes then migrate randomly across the ventral
surface, a process which we will refer to in this project as random migration. It is these
ventrally-positioned haemocytes that will be imaged for the purposes of this project (Wood &
Jacinto 2007) (Figure 4). From embryonic stage 15 onwards haemocytes respond to wound
cues and migrate to the site of an epithelial wound to engulf any debris or invading
pathogens at the wound edge, allowing the direction of migration to be controlled (Stramer et
al. 2005). Random migration and directed migration of haemocytes to a wound site are
regulated by two different signalling pathways which allows two distinct forms of migration to
be utilised (Wood et al. 2006).

3.2 Haemocytes lose distinct polarity in fixed embryos

First we attempted to visualize fluorescently-labelled haemocytes in fixed Drosophila
embryos. Drosophila embryos in which haemocytes were specifically labelled with GFP were
fixed and immunostained with a primary antibody against GFP. Cytoplasmic GFP was
expressed using two copies of the haemocyte-specific srp-Gal4 promoter and UAS-driven
GFP. Haemocytes were imaged in stage 15 embryos by confocal microscopy. However, the
methanol used within the fixation procedure Kkills the fluorescently signal so that the
haemocytes could not be seen. We therefore decided to immunostain fixed embryos using
either anti-GFP or anti-mCherry antibodies to visualize the haemocytes. Immunostaining
allowed visualization of haemocyte positioning within embryos at various developmental
stages (Figure 10C). However, upon fixation haemocytes were observed to lose their distinct
morphology as the lamellipodial protrusions are disrupted during the fixing procedure (Figure
10C). Embryos were fixed in varying concentrations of 4%, 10% and 15% formaldehyde in
an attempt to preserve haemocyte polarity. However, the lamellipodial protrusions were lost

in haemocytes in all cases.
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Loss of haemocyte lamellipodial protrusions in fixed samples limited the use of whole-mount
immunostaining and in situ hybridisation to examine the cytoplasmic localisation of specific
RBPs and mRNAs within haemocytes. However, immunostaining against GFP-labelled
haemocytes was still used to reveal their position within the embryo and therefore analyse
their migration from the head mesoderm, where they are specified, in embryos mutant for
different regulatory proteins (dominant-negative assays or RNAi analysis).

The analysis of the cytoplasmic distribution of both RBPs and mRNAs, therefore, had to be
performed on living embryos by live confocal imaging.
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Figure 10. Visualization of haemocytes in fixed Drosophila embryos

(A) Schematic of a Drosophila haemocyte showing the cell body, which contains the nucleus and
phagosomes/vacuoles, as well as the lamellipodial protrusions and filopodia which extend in the
direction of migration. (B) Live confocal imaging of stage 15 Drosophila embryos expressing UAS-
driven cytoplasmic GFP specifically within haemocytes using the haemocyte-specific srp-Gal4 driver.
The lamellipodial protrusions of haemocytes are marked with white arrowheads, while the cell body is
labelled with a red asterisk. (C) Stage 15 Drosophila embryos expressing UAS-driven cytoplasmic
GFP specifically in haemocytes, using the srp-Gal4 driver, were fixed and immunostained with an anti-
GFP antibody to image haemocytes. Although the haemocyte cell body can be clearly distinguished
(asterisks), fixed haemocytes lose their lamellipodial protrusions. Increased exposure time failed to
capture the presence of protrusions in fixed haemocytes. Scale represents 10 um

3.3 Investigating the role of RNA regulation in haemocyte migration

Next we wanted to characterise in vivo the potential role that mRNA localisation may play in
helping to establish cell polarity and aid migration in motile cells. To this end two distinct
approaches were used. The first approach was to study the distribution of candidate mRNAs
that may be enriched in the lamellipodial protrusions of haemocytes (or maybe other regions
of the cell). The second approach was to study candidate RNPs, such as PTB, Hrp48 and
Imp, which may play a role in the cytoplasmic regulation of mRNAs whose protein products
are required for cell motility. The distribution of these RBPs was examined in haemocytes to
determine where they are expressed and, if enriched in a specific region of the cytoplasm,

what their role may be. We therefore started by generating transgenic flies expressing
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fluorescently labelled candidate RBPs (Imp, Hrp48 and PTB) or the components of the MS2

system to follow the distribution of candidate mRNAs.

To characterize the fluorescently-labelled RNA-binding proteins generated in this project, we
followed the same strategy for each. Firstly, we examined their localization in the Drosophila
oocyte to ensure that they localized correctly when labelled, as the distribution of Imp, PTB
and Hrp48 has been well documented in Drosophila ovaries, where they co-localize with
oskar mRNA at the posterior of the oocyte (Yano et al. 2004; Munro et al. 2006; Besse et al.
2009). The posterior enrichment of these RBPs reflects their capacity to bind oskar mRNA or
to incorporate into oskar RNP complexes so we used this as a readout of their functionality.
Exon-trap lines (Duyk et al. 1990) or pre-existing validated transgenes directly driven by a
maternal promoter were used for comparison of protein localization. Our labelled RNA-
binding proteins were then expressed specifically in embryonic haemocytes using the
GAL4/UAS system to examine their distribution within these cells in vivo. Finally, to confirm
expression of our RBPs in haemocytes we examined the localization of endogenous Imp,
PTB and Hrp48 in cultured haemocytes ex vivo, which also allowed us to compare contrast

their distribution in both an in vivo and in vitro environment.

3.4 Imp is not enriched within the lamellipodial protrusions of haemocytes

The IMP1 RNA-binding protein, the mammalian homolog of Imp, has been shown to localise
b-actin mMRNA at the leading and lagging edge of both chicken and human fibroblasts in cell
culture, which is required for proper directional motility and polarisation of these cells (Ross
et al. 1997; Shestakova et al. 2001; Oleynikov & Singer 2003). To determine if this is also the
case in vivo, we followed the distribution of two GFP-tagged Imp constructs: C-terminally
(Ct)-tagged GFP/mCherry Imp (generated within this project) and N-terminally (Nt)-tagged
GFP Imp (Medioni et al. 2014).

We first tested the localization of both the C-terminally and N-terminally tagged Imp-GFP
transgenes within the Drosophila oocyte, where its localization has been previously
characterised (Munro et al. 2006). The Nt-tagged GFP Imp was previously used in rescue
experiments (Medioni et al. 2014), showing that this protein is functional. As a read out of
endogenous Imp, we used a GFP exon-trap line (Figure 11A) (Quifiones-Coello et al. 2007).
Both the Nt and Ct-tagged Imp transgenes localized normally in the oocyte and no major
differences in their expression levels were observed (Figure 11B&C), suggesting that the

GFP-tag does not affect the normal localization of the protein.
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Early (stg 6) Mid (stg 8)
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Figure 11. Testing the localization of Imp transgenes in the Drosophila oocyte
UAS-driven GFP-tagged Imp proteins were expressed specifically in Drosophila ovaries using the
germline-specific maternal tubulin Gal4 (pMat-Gal4) driver. The ovaries were then dissected, fixed and
counterstained with DAPI (red) to highlight nuclei and reveal the localization of Imp (green) in
individual oocytes at different stages of oogenesis. (A) An Imp-GFP exon-trap line reveals the
localization of endogenous Imp. (B) The distribution of an Imp transgene tagged with GFP at the C-
terminus, compared with Imp tagged at the N-terminus (C). All GFP-labelled proteins localized as
expected in a crescent at the oocyte posterior (white arrowhead) and also accumulate within the nurse
cells.

3.5 Imp is not enriched within the lamellipodial protrusions of haemocytes

We followed the distribution of Ct-tagged Imp with GFP or mCherry in haemocytes in vivo, as
well as the Nt-tagged Imp GFP, with comparable results. When expressed specifically in
haemocytes Imp-mCherry was not present at the leading edge of the lamellipodial
protrusions (Figure 12) but was distributed throughout the cell body. However, in contrast to
findings in cultured migratory cells in vitro and migratory Dictyostelium cells, in which actin is
enriched at the leading edge (DesMarais et al. 2002; Chang et al. 2000), we did not observe
actin enrichments at the leading edge of haemocytes in vivo. Instead, a high concentration of
actin was frequently observed at the edge of the cell body, specifically at a region from which
the lamellipodial protrusions protrude (Figure 12A i red arrowheads). A long, narrow arm,
which also showed a high actin concentration, frequently extended from this region of the cell

body into the lamellipodial protrusions (Figure 12A i blue arrowheads).
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Although Imp was not present at the periphery of lamellipodial protrusions we frequently

observed Imp at the base of these arms of actin enrichment (Figure 12 - yellow arrowheads).

The actin-rich protrusions, in which Imp was localized, could correspond to both actin or
microtubules as microtubules and actin can be associated with each other within the
lamellipodial protrusions, with microtubules extending along pre-existing tracks of actin-
bundled filaments (Stramer et al. 2010). To determine if Imp could also co-localize with
microtubules, we expressed the microtubule marker, Clipl70-GFP, in haemocytes (Figure
13).
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Figure 12. Live imaging of Imp distribution in Drosophila embryonic haemocytes in vivo

(A-D) Two copies of UAS-Imp-mCherry were expressed specifically in Drosophila embryonic
haemocytes using the haemocyte-specific srp-Gal4 driver. Two copies of UAS-moesin-GFP were used
to label the actin cytoskeleton. The distribution of Imp-mCherry in haemocytes was then imaged in
vivo by live confocal microscopy of embryos at stage 15 of embryonic development. Red arrowheads
highlight regions of actin enrichment located at the edge of the haemocyte cell body (see schematic
for location of cell body). Blue arrowheads highlight regions of actin enrichment within the lamellipodial
protrusions. Imp was not enriched at the leading edge of haemocytes, but was distributed throughout
the entire cell body and was frequently observed in thin protrusions that extended from the cell body
(vellow arrowheads). Imaging revealed that, in all cases, these Imp-containing protrusions (yellow
arrowheads) co-localise with regions of actin enrichment (blue arrowheads). Scale bars represent 10

pm.
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Migrating haemocytes form a structure, referred to as a microtubule arm, which consists of a
tight bundle of lamellar microtubules that protrude from the haemocyte cell body in the
direction of migration (Stramer et al. 2010). Imp was always present within the microtubule
arm (Figure 13A 1T blue arrowhead) and was hard to detect in cellular protrusions when a
microtubule arm was not formed (Figure 13B) (i.e. when the cell was repolarizing and a nhew
microtubule arm was forming), suggesting that Imp primarily co-localizes with microtubules
filaments in the lamellipodial protrusions. The actin cytoskeleton persists and then
disassembles once the microtubule arm has been disassembled (Comber et al. 2010), so it
is possible but unlikely that Imp co-localizes with actin in haemocyte protrusions as Imp fails
to co-localize with persistent actin upon microtubule disassembly. However, as microtubules
tend to extend along pre-existing tracks of actin, one can argue that Imp co-localizes with

actin in these tracks when a new microtubule arm is formed.
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Figure 13. Co-localization of Imp distribution in Drosophila embryonic haemocytes in vivo with
the microtubule marker Clip170

Two copies of the microtubule marker UAS-Clip170-GFP and UAS-Imp-mCherry were expressed in
haemocytes using the haemocyte-specific srp-Gal4 driver and embryos were imaged by confocal
microscopy at stage 15 of embryonic development. Haemocytes form a structure consisting of a
bundled array of microtubules that protrude from the haemocyte cell body into the lamellipodial
protrusions, termed the microtubule arm (Stramer et al. 2010). (A) When a microtubule arm was
present (red arrowhead) Imp signal was always present within the base of it (blue arrowhead). (B)
When no microtubule arm was formed (i.e. the microtubule arm was in the process of collapsing or re-
forming) Imp signal was only observed in the cell body and not in the haemocyte protrusions,
suggesting that Imp co-localizes primarily with microtubules and not the actin cytoskeleton. This is
because the actin cytoskeleton persists and then disassembles once the microtubule arm has been
disassembled i i.e. lamellipodial protrusions are still present when a microtubule arm is not. Scale bar
represents 10 um.

3.6 Comparing Imp localization in haemocytes in vivo and cultured cells

To confirm the expression of Imp in haemocytes and examine its localization in vitro, we
used an ex vivo system. By culturing haemocytes we can compare and contrast the
localization of Imp in both an in vivo and in vitro environment. Embryonic haemocytes have
been cultured, although they fail to migrate within a culture dish and are unhealthy, forming
only spindly projections (Tucker et al. 2011). Drosophila larvae contain the same haemocyte
population as embryos, which can be bled from third instar larvae, cultured with a cell culture

dish and induced to migrate by adding a pulse of ecdysone (Sampson & Williams 2012;
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Sampson et al. 2013). Addition of ecdysone triggers larval haemocytes to polarize and
produce lamellipodial protrusions. We therefore dissected third instar larvae to bleed out
haemocytes, which were then cultured, fixed and immunostained against our proteins of

interest.

Our first observation was that the morphology of cultured larval haemocytes was not uniform
and the localization of Imp appeared to vary depending on the cellular morphology. Loosely,
the different haemocyte morphologies included; cells that were highly spread with broad
protrusions and cells that had shrunken around their nucleus and formed very few or no
protrusions, w h islorumkenwre o ur nedf eedr Figtiees 148s8& Bo(respectively).
Ot her mor phol ogi es i ncluded 0 podial tprotwsidny webe,

observed and o6l arge rounded©d, i n wRigucebh 14C &r y

D, respectively). These different morphologies were observed at equal frequencies within the

cell population.

The localization of Imp was highly variable in cultured haemocytes with different
morphologies and even consistency of Imp localization in cells of similar morphologies was
not observed (Figure 14). In highly spread haemocytes the localisation of Imp is mainly
diffuse and granules of Imp enrichment are not prominent. Imp was mainly present in the
central part of the cell, in a region that could correspond to the cell body (Figure 14A). In
contrast, rounded-up cells show localization of Imp in distinct puncta (Figure 14B & D).
Although immunostaining of Imp in cultured haemocytes failed to yield any information

regarding a specific cellular localization, it confirmed that Imp is expressed in haemocytes.
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Actin Imp Merge
Moesin-GFP (anti-GFP) anti-Imp (Actin/Imp/DAPI)

U-lmp (rprimary Ab -r abbit)

U-Imp ( primary Ab - rat)

Figure 14. Immunostaining of Imp in ex vivo cultured Drosophila larval haemocytes revealed
high variability in the morphology of cultured haemocytes

Haemocytes were dissected from third instar Drosophila larvae and cultured on uncoated glass before
fixing and immunostaining with two distinct primary antibodies against Imp (red) raised in either (A,B)
rabbit, or (C,D) rat. The actin cytoskeleton was labelled by anti-GFP immunostaining of haemocytes
which expressed UAS-moesin-GFP, driven by two copies of the haemocyte-specific srp-Gald driver
(green). Nuclei were counterstained with DAPI (blue). Haemocyte morphology was highly variable and
a homogeneous population of cells was not observed. It was rare to observe cells that appeared
identical in morphology although similar morphologies were seen. Haemocyte with different
morphologies are shown, which we describe as (A) spread, (B) shrunken rounded, (C) protrusive
rounded and (D) large rounded morphologies. These cells were observed at equal frequencies and
various other morphologies were also seen (not shown). The localization of Imp was also varied in
haemocytes with different morphologies and so it was not possible to conclude if Imp is localized to
any specific cellular region in cultured haemocytes. However, Imp immunostaining reveals that Imp is
expressed in haemocytes. Scale represents 10 um.
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We next analysed Imp localization in a haemocyte-like Drosophila cell line. The Drosophila
S2R+ (Schneider-2 receptor plus) haemocyte-like cell line, which was isolated from the
Drosophila wing disc, shows a characteristic spread morphology with extensive lamella when
seeded on the lectin Concanavalin A (ConA) (Yanagawa et al. 1998). However, we found
that addition of ConA to glass on which cells were seeded resulted in sequestering of
antibodies to the glass surface, producing a high background (data not shown). We found
that this background was significantly reduced in S2R+ cells seeded on non-coated glass.
However, the morphology of S2R+ cells plated without ConA was variable, showing different
degrees of spreading and different cellular shapes, including some that produced very few
protrusions or none at all. We therefore compared the distribution of Imp in cells with varying
morphology (Figure 15). Cells with different morphologies were observed at equal

frequencies.

In S2R+ cells that show a spread morphology with branched lamella, as seen in cells seeded
on ConA, Imp is present throughout the cellular cytoplasm with some patches of Imp signal
observed in the cellular protrusions (Figure 15A T white arrowheads). Phalloidin staining
showed that actin is enriched within regions of the lamella, as well as at the very tips of the
lamellipodial protrusions. However, although Imp is enriched within regions of the lamella, it

is not always associated with all actin enrichments (Figure 15B).

Some S2R+ cells show a rounded morphology with few or no actin protrusions (Figure 15C
& D respectively). Imp is localized in distinct puncta approximately 0.5 um in diameter within
these cells, as observed in rounded, cultured haemocytes. This appears most striking in cells
undergoing division, which are unlikely to spread protrusions prior to cytokinesis (Figure
15D). When cytoplasmic extensions are present in these cells, Imp does not appear to be
present within them (Figure 15C). Interestingly, this granular distribution of Imp is not
observed in cells that are spread with lamella (Figure 15A) that is characteristic of S2R+

cells seeded on ConA (data not shown).

In summary, we show that Imp is not enriched at the periphery of cellular actin protrusions in
haemocytes, both in vivo and in vitro, and is more highly concentrated within the cell body,
than the protrusions. However, while the distribution of Imp was consistent in haemocytes in
vivo, we observed variability of its localization in cultured haemocytes and S2R+ cells. Imp
was enriched in distinct puncta of both haemocytes and S2R+ cells that were rounded up
and formed few actin protrusions. While patches of actin enrichment were also observed in
haemocytes in vivo, they were fewer in number and were not as distinct as those observed in

cultured cells.
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Actin Imp Merge
Phalloidin anti-Imp primary Ab Actin/Imp/DAPI

a

B
Figure 15. Immunostaining of an established Drosophila cell line reveals the distribution of
endogenous Imp

Drosophila S2R+ cells were seeded on glass slides, fixed and immunostained with a primary antibody
against Imp to reveal the distribution of Imp (red). Cells were stained with phalloidin to label the actin
cytoskeleton (green) and DAPI to reveal nuclei (blue). S2R+ cells showed different morphologies
when plated on uncoated glass and the localization of Imp in these cells was also shown to differ
depending on cellular morphology. (A, B) A proportion of cells spread to form lamellipodial protrusions
in which actin is enriched (red arrowheads). Imp is present in some regions of the lamellipodia (white
arrowheads). (C, D) Some cells show a more polarised morphology, producing protrusions in only one
direction (C) or fail to spread and show a rounded morphology (D). In these cells Imp is highly
enriched in large granules, which are localised to the cytoplasmic region and are not present in
lamellipodial protrusions, if formed. Scale represents 10 pm.
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3.7 Characterizing the in vivo localization of PTB in haemocytes

The hnRNP 1, PTB, has been shown to play a role in localising mRNAs required for
generating focal adhesions (Babic et al. 2009), as well as a role in localising b-actin mRNA in
the growing dendrites of developing neurons (Ma et al. 2007). Interestingly, knockdown of
PTB expression in migratory border cells prevents their migration (Besse & Lopez de Quinto,
unpublished). Thus, we decided to examine the localization of a GFP-tagged PTB protein in
live haemocytes to see if it is enriched within the lamellipodial protrusions of haemocytes or

elsewhere in the cell that may be important for their migration.

As for Imp, we first tested the localization of both C-terminally (Ct) and N-terminally- (Nt)
tagged PTB-GFP proteins in the Drosophila oocyte. PTB shows a highly nuclear localization
in oocytes, but is also enriched in a crescent at the oocyte posterior, which reflects the
binding of PTB to oskar mRNA (Besse et al. 2009) (Figure 16A). Both the Nt- and Ct-tagged
PTB-GFP proteins (GFP::PTB and PTB::GFP respectively) localised in oocytes as expected,
showing the crescent of PTB enrichment at the posterior (Figure 16B & C). However, Nt-
tagged PTB appeared more active than the Ct-labelled protein, as the posterior enrichment
of GFP::PTB could be clearly seen when expressed using the weaker pMat-Gal4 driver
(Figure 16B).The posterior crescent of PTB::GFP was too weak when driven with the
weaker pMat-Gal4 (data not shown) and could only be seen by driving expression with the
stronger pMat-Gal4 (Figure 16C). This suggests that the Nt-tagged GFP::PTB binds oskar
MRNA more efficiently than the Ct-tagged version and so we opted to express GFP::PTB in

haemocytes.
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Mid/Late

Figure 16. Distribution of different GFP-tagged PTB proteins within the Drosophila oocyte

UAS-driven GFP-tagged PTB proteins were expressed specifically in Drosophila ovaries using either a
weak or strong germline-specific maternal tubulin Gal4 (pMat-Gal4) driver to compare their localization
with a PTB-GFP exon-trap line that labels endogenous PTB. Ovaries were then dissected and fixed to
examine the distribution of fluorescently-labelled PTB proteins at different stages of oogenesis by
directly imaging GFP emission. (A) A PTB exon-trap lines reveals the localization of endogenous PTB,
which is expressed in both germline and somatic cells (exon-trap line characterized in Besse et al.
2009). PTB is enriched in the germline nurse cell nuclei (red arrowheads) and in a crescent at the
posterior (white arrowhead). (B) The localization of PTB tagged with GFP at the N-terminus was
revealed using the weaker pMat-Gal4 driver. (C) Localization of PTB tagged at the C-terminus in a
crescent at the posterior pole of oocytes could only be revealed by expression with the stronger pMat-
Gal4 driver, suggesting that it binds mRNA localized at the posterior less efficiently than Nt-tagged
GFP-PTB.

The localisation of PTB in haemocytes was tested in a variety of different ways, to follow both
the distribution of the endogenous protein, and that of a fluorescently labelled PTB
transgene. Firstly, the GFP-labelled PTB transgene (UAS-GFP::PTB), generated within this
project, was expressed specifically in haemocytes using the GAL4/UAS system. PTB was
weakly distributed throughout the cellular cytoplasm, including the lamellipodial protrusions,
but showed a strong enrichment within a structure located in the cell body (Figure 17A T red
asterisks), which we presume to be the nucleus, as PTB has well characterized nuclear

functions (Sawicka et al. 2008).

We compared the distribution of wildtype PTB to that of a GFP-labelled PTB transgene
lacking the nuclear localization signal (NLS) (UAS-GFP::PTB-(pNL S) (eBa. 200%. The
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strong enrichment of wildtype PTB observed within the cell body of haemocytes was not
observed with GFP::PTB-qpNL S, conf i r mi ng ichndnt of wildtgpe PaB.
However, the PTB-pNL S transgene was enriched in t
granules (Figure 17B 1 blue arrowheads) not observed in the lamellipodial protrusions,
which may be RNP granules enriched in PTB (Figure 17B). Interestingly, we occasionally

observed a PTB enrichment at the leading edge (Figure 17B i yellow arrowheads).

We then compared the distribution of the exogenously-expressed PTB transgenes within
haemocytes with the distribution of endogenous PTB using exon-trap lines, in which
endogenous PTB protein is labelled through induction of a YFP cassette into the hephasteus
gene (Lowe et al. 2014). Flies of the protein trap lines were crossed to srp-Gal4, UAS-
mCherry-moesin flies to label and visualise the actin cytoskeleton within haemocytes. The
PTB-GFP signal was very weak and as the protein trap line is expressed under the control of
the endogenous promoter, the GFP-labelled PTB signal is present throughout the entire
embryo and is not haemocyte specific, making it hard to resolve its distribution within
haemocytes. Several large fluorescent particles could be seen within the cell body (Figure
17C- red asterisks). The majority of these large granules appeared to co-localize with

phagosomes, suggesting that these are auto-fluorescent particles engulfed by haemocytes.

To determine if these particles were real PTB signal or autofluorescent particles, as well as
examine the level of background auto-fluorescence in haemocytes (eg. without any GFP
signal) we imaged embryos expressing only mCherry-moesin within haemocytes. Between
two and three fluorescent particles of approximately 2 um in diameter were often present in
the cell body of haemocytes in the GFP channel (see Figure 10A for haemocyte
morphology), although none were seen in the lamellipodial protrusions (Figure 17D). These
observations suggest that the large particles observed in Figure 17D are likely to be auto-
fluorescent debris engulfed by phagocytosis. However, no red background fluorescence was
observed in embryos expressing only GFP-moesin (data not shown), which made mCherry-
labelled proteins a better choice to examine protein distribution in haemocytes. PTB-mCherry
constructs were not generated due to the time constraints of generating constructs and

injecting them to generate transgenic flies.
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Actin PTB Merge
UAS-mCherry-moesin PTB-GFP Actin/PTB

. -

Figure 17. Localisation of PTB in live embryonic haemocytes in vivo using different
approaches

The localization of PTB in haemocytes in vivo was examined by live confocal imaging of Drosophila

embryos at stage 15 of embryonic development. The actin cytoskeleton was labelled with two copies

of UAS-driven mCherry-moesin, which was expressed specifically in haemocytes using the srp-Gal4

driver. (A,B) Two UAS-driven PTB-GFP constructs were expressed specifically in haemocytes using

the srp-Gal4 driver, including a wildtype PTB protein and a mutated version of PTB lacking the nuclear
localization signal (PTB-&eNL S) , t o compare the nuclear VHUASeytopl
GFP::PTB shows strong enrichments in the cell body (red asterisks), which may be nuclear. (B) UAS-
GFP::PTB-pNL S i s expressed t hroughout t he cytoplasm w
arrowheads) and occasional enrichment at the leading edge (white arrowhead). (C) Endogenous PTB

localization was examined using a PTB exon trap line (referred to as CPTI 30), in which endogenous
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PTB is tagged with GFP. As endogenous PTB-GFP signal was weak it was compared with
haemocytes lacking a GFP transgene (D) to distinguish real GFP signal from background green
autofluorescence due to forced imaging conditions. Both images were taken with identical imaging
conditions (e.g. same exposure time, etc.) (D) Large auto-fluorescent particles were present in the
GFP channel of control live haemocytes negative for GFP expression (red arrowheads). Scale
represents 5 pm.

3.8 PTB distribution in cultured larval haemocytes

The distribution of PTB was then examined in cultured larval haemocytes, to confirm its
expression in haemocytes and compare and contrast its localization in both an in vitro and in
vivo environment. We labelled endogenous PTB in cultured haemocytes firstly by using
antibodies against PTB, and then by dissecting haemocytes from larvae of the PTB protein
trap lines CPTI30 (Lowe et al. 2014) and CC00664 (Buszczak et al. 2007), which were fixed
and stained with an antibody against GFP. This enabled the endogenous protein to be seen

without the surrounding tissues.

We first observed that, unlike embryonic haemocytes in vivo, cultured larval haemocytes
sometimes show enrichments of actin at the periphery of actin protrusions (Figure 18). Both
the PTB exon trap lines revealed that PTB is present in small granules throughout the
haemocyte cell body with a lower level of distribution within the lamellipodial protrusions
(Figure 18B-C). Similarly to the pattern observed through live imaging, PTB was mainly
spread though-out the whole cell body and was not enriched in any particular cellular
compartment. However, we did not observe a strong nuclear enrichment of PTB, as we did
not see any clear globular enrichments of PTB within the cellular cytoplasm at regions
stained by DAPI (compare Figures 17A & 18). It is possible that nuclear enrichment of PTB
was not observed in cultured haemocytes because the antibodies used failed to penerate the

nucleus efficiently.

To confirm the pattern observed with the protein trap lines, we used antibodies to stain
endogenous PTB. This assay showed that PTB was enriched in specific regions of the cell
body and in the lamellipodial protrusions surrounding the cell body (Figure 18D). In the
absence of ecdysone, haemocytes extended lamellipodial protrusions around the entire cell
body and showed a round morphology. In this case, PTB was highly enriched in some large
granules within the cell body and was also distributed throughout the cellular protrusions,
with some small granules of enrichment (Figure 18D). In contrast, haemocytes plated with
ecdysone were highly polarized and extended lamellipodial protrusions in a single direction.
Actin was highly enriched in these protrusions compared with the protrusions of non-

polarized haemocytes (Figure 18E). Interestingly, the localization of PTB in polarized
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haemocytes appeared different, with rings of PTB enrichment in undefined structures within
the cell that did not co-localise with enrichments of actin. PTB distribution appeared less
granular in polarized haemocytes and it was enriched within some regions of the
lamellipodial protrusions (Figure 18E). In conclusion, we did not reveal wildtype PTB

enriched at the leading edge of live haemocytes in vivo or in cutured haemocytes.

Actin DAPI

wt (no GFP)

PTB-GFP exon-trap lines (U-GFP primary Ab)

CPTI 30

CC00664

U-PTB primary Ab

Ecdysone +ve

Figure 18. Immunostaining of PTB in cultured Drosophila larval haemocytes

Haemocytes were dissected out from third instar Drosophila larvae and cultured on glass before fixing
and immunostaining to reveal the localization of endogenous PTB in cultured haemocytes (red).
Haemocytes were stained with phalloidin to label the actin cytoskeleton (green) and DAPI to reveal
nuclei (blue). In the case of anti-PTB immunostaining, haemocytes were cultured in the presence or
absence of ecdysone, which is added to culture media to induce polarization of larval haemocytes.
This allowed PTB localization to be compared in cultured haemocytes with different cytoskeletal
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structures, including a rounded spread morphology (ecdysone absent) and a highly polarized
morphology with a distinct leading edge enriched in actin (ecdysone present). (A) Wildtype
haemocytes stained with an anti-GFP antibody to determine the level of background fluorescence.
(B,C) Haemocytes isolated from two distinct PTB exon-trap lines (referred to as CPTI 30 & CC00664),
in which endogenous PTB is labelled with GFP, were immunostained with anti-GFP primary antibody.
(D,E) Endogenous PTB was visualized in wildtype haemocytes immunostained with a rabbit anti-PTB
antibody in haemocytes seeded without (D) or with (E) the addition of ecdysone to induce polarization.
Scale represents 10 pm.

In conclusion, PTB is distributed throughout the cell body and protrusions of haemocytes
both in vivo and in vitro. However, the observed enrichments of PTB are variable between
cultured haemocytes, with high levels of signal present in the lamellipodial protrusions of
some cells, but not others (Figure 18). In contrast, the localization of PTB in haemocytes in
vivo was highly consistent (Figure 17A) PTB was highly enriched in the nucleus of
haemocytes in vivo, which was not observed in haemocytes in vitro, which may reflect a
difference in the distribution of PTB, or the failure of our antibodies to penerate the nucleus
efficiently.

3.9 Characterising Hrp48 distribution in haemocytes

We next decided to examine the localization of the RBP Hrp48 in haemocytes, as previous
findings suggest that it may play a role in regulating cell migration (Mathieu et al. 2007). To
follow the distribution of Hrp48 exclusively in haemocytes, we generated a UAS Hrp48
transgene that was tagged with GFP at the C-terminus. We first tested the localization of this
Hrp48 transgene by expressing it in the ovary and compared it to the distribution of a Hrp48
transgene constitutively driven from a maternal promoter (Figure 19A). Both constructs
behaved similarly and resulted in the accumulation of the tagged Hrp48 proteins at the
posterior pole of the oocyte, as described for the endogenous protein (Huynh et al. 2004;
Yano et al. 2004) Hrp48-GFP proteins localized as expected, when compared to
immunostainings of endogenous Hrp48 (Yano et al. 2004), with an enrichment of Hrp48

forming a crescent at the oocyte posterior (Figure 19B).
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Early (stg 6/7) Late (stg 10)

UAS-Hrp48::GFP

Figure 19. Testing the localization of Hrp48 transgenes in the Drosophila oocyte

A UAS-driven GFP-tagged Hrp48 protein was expressed specifically in Drosophila ovaries using the
germline-specific maternal tubulin Gal4 (pMat-Gal4) driver to compare its localization with a GFP-
tagged Hrp48 protein driven from a constitutive maternal tubulin promoter. Ovaries were dissected
and fixed to examine the distribution of fluorescently-labelled Hrp48 at different stages of oogenesis.
(A) The distribution of Hrp48-GFP, whose expression is driven by the maternal tubulin promoter. (B)
The distribution of UAS-driven Hrp48 tagged with GFP at the C-terminus, which was generated in this
project.

We then expressed the Hrp48 transgene in haemocytes and examined the localization of
Hrp48-mCherry by live confocal imaging of stage 15 embryos. This revealed that Hrp48, in
contrast to Imp and PTB, is mainly restricted to the cell body of haemocytes in vivo and is not
present in the lamellipodial protrusions (Figure 20A-B). Hrp48 was sometimes co-localized
with enrichments of actin at the edge of the cell body (Figure 20A i red arrowheads),

although this only appeared in approximately 50% of haemocytes observed.

We confirmed that Hrp48 is expressing in haemocytes by staining cultured haemocytes with
an antibody against Hrp48 (Figure 20C). Hrp48 was concentrated within the central region of
cultured haemocytes, although it was present at the periphery of these cells at low levels
(Figure 200C).

Overall, our analysis of Imp, PTB and Hrp48 distribution in haemocytes revealed that these
proteins show different patterns of localization. Localization of these RBPs was consistent in
haemocytes in vivo, with different cells showing similar patterns of RBP localization.
However, this was not the case in cultured haemocytes, particularly for Imp, which showed
different localization patterns in cells depending on their morphology. Interestingly, the
morphology of cultured haemocytes was also varied, with some cells showing clear actin

protrusions, while others formed few protrusions and showed a shrunken, rounded
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morphology. We did not observe this in haemocytes in vivo, as all cells formed highly

branched lamellipodial protrusions in the direction of migration.

Actin Hrp48 Merge
UAS-moesin-GFP UAS-Hrp48-mCherry Actin/Hrp48/DAPI

¥

Cultured ex vivo

Figure 20. Comparison of Hrp48 distribution in live Drosophila haemocytes in vivo and cultured
haemocytes

(A, B) UAS-driven Hrp48-mCherry was expressed in haemocytes using two copies of the haemocyte-
specific srp-Gald driver (red). The actin cytoskeleton was labelled using two copies of UAS-driven
moesin-GFP (green). The localization of Hrp48-mCherry was revealed by live confocal imaging of
embryonic haemocytes in vivo in stage 15 embryos. (A) Hrp48 is not present within the lamellipodial
protrusions, but is localized only to the haemocyte cell body. Hrp48 was occasionally enriched in some
regions of actin enrichment within the cell body (red arrowheads), but this was not the case in the
majority of haemocytes observed. (C) Larval haemocytes were dissected out and cultured on glass
before subsequent fixing and immunostaining with a primary antibody against Hrp48 to reveal the
localization of endogenous Hrp48 (red) in haemocytes cultured ex vivo. As for haemocyte imaging in
vivo, the actin cytoskeleton was labelled by expression of UAS-driven GFP-moesin (green), which was
then revealed by immunostaining with an antibody against GFP. Nuclei were counterstained with DAPI
(blue). Immunostaining of endogenous Hrp48 in cultured larval haemocytes confirms that Hrp48 is
expressed in haemocytes. Scale represents 10 pm
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3.10 Analysis of MS2-tagged mRNAs in haemocytes using the MS2 system

As haemocytes lose their distinct polarity in fixed embryos, the distribution of candidate
MRNAs in haemocytes could only be examined through live imaging. Thus, components of
the MS2 system for visualizing the in vivo localization of mMRNA were constructed and
microinjected into embryos to create transgenic fly lines (see materials and methods). In
brief, the system requires expression of two separate constructs; the first being a
fluorescently-labelled RNA-binding MS2 coat protein (MCP) and the second an mRNA
tagged to MS2 hairpin binding sites. The MCP binds the MS2 hairpin binding sites, which
should allow the localization of the mRNA to be visualized (Bertrand et al. 1998; Forrest &
Gavis 2003).

First, a single copy of the MCP C-terminally fused to mCherry, which contained a nuclear
localization signal (NLS), was studied. We opted to use MCP-mCherry as a low level of auto
fluorescence is present in the red channel in embryos, limiting the possibility of false-positive
signal. As expected, the MCP labelled with mCherry showed a highly nuclear localization,
with a very weak and diffuse signal in the haemocyte cell body (Figure 21A). No expression

of this protein could be seen in the lamellipodial protrusions.

We then co-expressed the MCP-mCherry with the MS2-hairpin tagged actin42A mRNA, as
b-actin mRNA, the mammalian homologue of actin42A, has been shown to localize at the
leading edge of cultured migratory cells (Shestakova et al. 2001). However, we failed to see
any change in the distribution of the MCP upon addition of MS2-tagged actin42A (compare
Figure 21A & B). It is possible that MS2-tagged actind42A is expressed at low levels, so

cannot be detected above unbound MCP in the cytoplasm.

To boost the signal of the MCP, a construct containing two copies of the MCP sequence
joined by a small linker region, referred to as the tandem MCP (tdMCP) was generated, as
the MCP has to form homo-dimers within the cell cytoplasm before binding to any MS2
hairpin binding sites (developed in Wu et al. 2012). Although the level of transcript encoding
the tdMCP will be comparable to the single version, when translated the tdMCP will not need
to dimerize, doubling the levels of MCP dimer within the cytoplasm compared with

expressing a single copy of the MCP.
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Actin MS2 System Merge
UAS-moesin-GFP UAS-MCP-mCherry Actin/MS2 system

tdMCP-m Ch{ act42A mRNA

Figure 21. Analysis of b-actin (Drosophila actin4d2A) mRNA distribution using the MS2 system

UAS-driven MS2 system reagents, including both the single copy (MCP) and tandem copy (tdMCP) of
the mCherry-tagged MS2 coat protein (MCP) and the MS2-tagged actind2A mRNA, were expressed in
haemocytes using two copies of the haemocyte-specific srp-Gald driver (red). Actin42A is the
Drosophila homologue of mammalian b-actin. The actin cytoskeleton of haemocytes was labelled
using two copies of UAS-driven GFP-moesin (green). The distribution of mCherry-labelled MCP was
revealed by live confocal imaging of haemocytes in vivo within embryos at stage 15 of embryonic
development. (A & C) Control embryos expressing either (A) mCherry-fused MCP alone (MCP-mCh)
or (C) the mCherry-fused tandem MCP (tdMCP-mCh) reveals the distribution of MCP protein in the
absence of an MS2-hairpin tagged mRNA. Both the single and tandem MCP proteins contain an NLS
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to sequester unbound MCP within the nucleus. (B & D) The localization of (B) MCP-mCherry and (C)
tdMCP-mCherry when co-expressed with MS2-tagged actin42A mRNA. Scale represents 20 pm.

The tdMCP tagged with mCherry was expressed specifically in haemocytes using the
Gal4/UAS system. The protein and was enriched in the nucleus, as it also contains an NLS,
but was also weakly and diffusely distributed throughout the cell body (Figure 21C). This
pattern of localization was identical to the single mCherry-fused MCP. However, when
expressed with the MS2-hairpin tagged actind2C mRNA the distribution of MCP protein
appeared identical to the distribution seen when expressed alone, without the tagged mRNA
(compare Figure 21C & D). Similar results were obtained with the MS2-tagged actin5C (b-
actin homologue) and arp66B (arp3 homologue) mMRNAs (data not shown), which have also
been shown to localize at the leading edge of cultured motile cells (Shestakova et al. 2001;
Mingle et al. 2005).

To test if endogenous act42A mRNA localises within the lamellipodial protrusions of
haemocytes, fluorescence in situ hybridisation (FISH) was carried out on larval haemocytes,
which were dissected and cultured ex vivo, as previously described. Both antisense and
sense RNA probes were generated against act42A mRNA and used for FISH, which showed
that act42A mRNA is diffusely localised throughout the entire haemocyte, including the
lamellipodial extensions (Figure 22A). act42A mRNA appears more highly concentrated
within the haemocyte cell body, with a lower concentration within the cellular protrusions.
(Figure 22A). Enrichments of act42A mRNA were not observed at the leading edge of
cultured haemocytes. This suggests that the level of act42A mRNA is lower in the
lamellipodial protrusions than the cell body and so may not be detectable using the MS2
system. It also shows that, in cultured haemocytes, act42A mRNA is not enriched within any
specific cellular compartment. This may make its distribution difficult to follow by the MS2
system in haemocytes in vivo, as the MCP alone is also diffusely distributed throughout the
cell body of haemocytes. If this is the case, we may expect to see a depletion of MCP signal
in the nucleus and an increase in the cytoplasm, which was not observed with either the
single or tdMCP (Figure 21).
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actin42A RNA Probe Merge (actin4d2A/DAPI)

Antisense

Figure 22. Localization of actin42A mRNA in ex vivo cultured Drosophila haemocytes using
fluorescent in situ hybridization (FISH)

Drosophila larval haemocytes were dissected from third instar larvae and cultured on glass before
fixation and fluorescent in situ hybridisation (FISH) was carried out using an antisense probe against
actind2A (act42A) mRNA (red). The nuclei of cultured haemocytes were labelled with DAPI (green).
(A) Antisense probe against act42A mRNA shows that the mRNA is present in lamellipodial
protrusions, although it is found at a higher concentration within the cell body. There are no specific
enrichments of the mRNA within haemocytes. (B) Sense probe control against act42A mRNA to
reveal background fluorescence (red). Scale represents 10 um.

To confirm that the act42A mRNA fused with the MS2 hairpin binding sites is expressed
within haemocytes, RT-PCR was performed using RNA extracted from embryos expressing
either the tandem-MCP alone or co-expressed with MS2-tagged act42A mRNA.
Contaminating genomic DNA was first removed from the RNA. As a control, we decided to
tag oskar (osk) mMRNA with MS2 hairpins, using the same cloning strategy as that employed
to tag t h eactidn and arp2/3 mRNAs. We chose osk mRNA as a positive control as this
MRNA localizes to the posterior pole of the oocyte during mid to late oogenesis, which has
been successfully visualized using the MS2 system (Zimyanin et al. 2008). We also extracted

RNA from embryos expressing MS2-tagged osk mRNA to confirm its expression.
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RT-PCR to specifically amplify the MS2 hairpin-tagged act42A (primer pair 64 & 65) or osk
MRNAS (primer pair 64 & 66) (Figure 23A) showed that the mRNAs are expressed in these
embryos, compared with embryos expressing the MCP alone (Figure 23B). Negative
controls omitting the reverse transcriptase enzyme were carried out to ensure all genomic
DNA was degraded. This suggests that either the MCP does not bind the act42A mRNA, or

that act42A has a low cytoplasmic distribution which is not distinguishable from the signal of
unbound MCP.
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Figure 23. RT-PCR confirms MS2 hairpin-tagged mRNAs are expressed in Drosophila
haemocytes

The expression of MS2-tagged actin42A (act42A) and oskar (osk) mMRNAs in haemocytes was
confirmed by extraction of RNA from embryos expressing the UAS-driven mRNAs specifically in
haemocytes and subsequent RT-PCR analysis. (A) Region of hairpin-tagged mRNAs amplified by RT-
PCR primer pairs (red arrows). (B) Gel electrophoresis to separate products generated by RT-PCR.
Primers amplifying a region of rp49 mRNA (encodes a ribosomal protein) was used as positive control
(rp49+). Negative controls omitted reverse transcriptase enzyme from RT-PCR reactions to ensure no
contaminating genomic DNA was present (rp49-, osk-, act42A-). Products of the expected size
(rp49=0.15Kb, osk=0.9Kb, act42A=1.2Kb) were amplified for both osk and act42A mRNAs, confirming
that they are expressed in Drosophila haemocytes (osk+, act42A+).
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3.11 Testing the MS2 system in the Drosophila oocyte

The localization of several mRNAs within the Drosophila oocyte have been successfully
revealed in vivo using the MS2 system, including bicoid, gurken and oskar mRNAs (Jaramillo
et al. 2008; Weil et al. 2008; Zimyanin et al. 2008). To test the affinity of the MCP to the
hairpin-binding sites used in our constructs, we expressed them within the Drosophila
oocyte. This analysis should reveal whether the MS2 system fails to reveal tagged-mRNA
localization only in haemocytes or if there is a fundamental problem with the system we
constructed. MS2-hairpin tagged oskar, which is localized to the posterior, was expressed in
the oocyte, together with both the single MCP-mCherry (data not shown) and tdMCP-GFP
(Figure 24).

Two GAL4 drivers of varying strengths were used to express both the MCP-mCherry and
tdMCP-GFP and hairpin-tagged mRNAs. The pMat-Gal4 driver inserted in the third
chromosome (pMat (1)) is significantly stronger than the pMat-Gal4 driver inserted in the
second chromosome (pMat (l1)). Expression of the tdMCP alone reveals that it has a nuclear
localisation as expected, with only weak, diffuse cytoplasmic background (Figure 24A i red
arrowheads). Any cytoplasmic enrichment of tagged-mRNAs should therefore be revealed.
However, when expressed under the control of the stronger pMat (l1l) driver the tdMCP alone
caused oogenesis arrest; the egg chambers do not appear morphologically wildtype and
mature oocytes fail to develop (Figure 24C). This suggests that expression of the tdMCP
protein at high levels within the oocyte had a detrimental effect on oocyte development.
Expression of the tdMCP from the weaker pMat (I) driver allowed oogenesis to proceed and

mature oocytes were produced (Figure 24A).

The mRNA encoding Oskar protein is highly enriched at the posterior of the Drosophila
oocyte (posterior region marked by white asterisk 1 Figure 24A). However, addition of MS2-
hairpin tagged oskar mRNA revealed no difference in the pattern of expression in the oocyte
compared with the tdMCP-GFP alone, with no clear posterior enrichment (Figure 24B & D).
This was also observed for the single MCP-mCherry (data not shown). This suggests that the
MS2 system does not successfully reveal MS2-binding site-labelled mRNA localisation in
both the oocyte and haemocytes.
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Figure 24. Testing the MS2 system in fixed Drosophila oocytes to reveal localization of oskar
mMRNA

The UAS-driven MS2 system reagents, including the tandem-MCP-GFP (td-MCP) and the genomic
region of oskar (osk) mMRNA tagged with MS2-binding sites, were expressed in Drosophila ovaries
using maternal tubulin Gal4 drivers (pMat-Gal4). The ovaries were then fixed and counterstained with
DAPI to reveal nuclei (red). oskar mMRNA was used as its localization at the posterior of Drosophila
oocytes has been well characterized (Besse et al. 2009). Individual oocytes were imaged by confocal
microscopy to reveal the distribution of the tdMCP-GFP (green). (A) Control oocytes expressing
tdMCP-GFP alone and (B) the tdMCP-GFP and osk mRNA together expressed under the control of
the weaker pMat (II) Gal4 driver. (C) Oocytes expressing tdMCP-GFP alone and (D) the tdMCP-GFP
and osk mRNA together expressed under the control of the stronger pMat (Ill) Gal4 driver. Oogenesis
is arrested in oocytes expressing tdMCP-GFP with the stronger pMat-Gal4 driver, as shown by the
morphology of the oocyte nuclei (red). Red arrows highlight the nuclear localisation of the tdMCP-
GFP. osk mMRNA should be enri ched at the oocyte posterior, at
represents 100 pum.
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4.1 Effect of different fluorescently-labelled markers in haemocyte migration

velocity

Upon imaging the distribution of Imp in haemocytes in vivo, we observed that their speed
appeared significantly reduced compared to haemocytes expressing only a haemocyte label,
such as moesin-GFP. However, previous publications show that the average speed of
haemocyte migration to wounds can vary, even between different strains of control embryos
(Stramer et al. 2005; Stramer et al. 2010; Comber et al. 2013; Evans et al. 2013). To control
for this, we used wound healing assays to compare the speed of migration of haemocytes
expressing either cytoplasmic GFP, the actin-binding domain of Moesin fused to GFP (to
label the actin cytoskeleton) or the microtubule-binding domain of Clip-170 fused to GFP (to
label the microtubules) (Figure 25A-C). All three labels were expressed separately in
haemocytes using two copies of the srp-Gald driver. Although the average speed of
haemocyte migration to wounds varied significantly depending on the label expressed, the
average speed was consistent between embryos expressing the same haemocyte label
(Figure 25D).

While there was no significant difference between the migration speed of haemocytes
expressing Clipl70-GFP and cytoplasmic GFP (t-test, p=0.079), there was a significant
different in speed between haemocytes expressing moesin-GFP and Clipl70 (t-test,
p=0.0169) and between moesin-GFP and cytoplasmic GFP expressing haemocytes (t-test,
p<0.001) (Figure 25D). As it is not possible to track haemocyte speed without the use of a
fluorescent label, it is not known which strain most closely resembles the migratory speed of
haemocytes in wildtype (wt) flies that do not express a fluorescent label. These results need
to be taken into account when comparing the behaviour of haemocytes with different genetic
backgrounds (i.e. when expressing different fluorescent markers) and shows that, the effects
of knockdown or overexpression of proteins in haemocytes should be analysed in

haemocytes with the same genetic background.

108



CHAPTER 4: Role of the RNA-binding protein Imp in Drosophila haemocyte and border cell migration

*
D 6_ I * 1

3 [ |
E 54
£
=
> 44 3.14
7]
o . 2.52
o 3 L 2.09
> +
2 -+
S, 24
g 1
£ 1- 1
("]
T

0 T T T

A
//“’6 //"9\ //'{o\
& & N
0‘}0 <\° e
@O c§\Q (é\o
Q)
N
\.°Q
A

Figure 25. Effect of different fluorescently-labelled markers in haemocyte migration velocity

Three UAS-driven GFP-tagged proteins, commonly used within this project to label haemocytes during
live confocal imaging, were expressed in haemocytes. Haemocytes expressing the markers were
imaged by live confocal imaging of embryos at stage 15 of embryonic development. (A)The GFP-
labelled actin-binding domain of moesin, (B) GFP-labelled microtubule-binding domain of Clip170 (C)
and cytoplasmic GFP were expressed specifically in haemocytes using two copies of the haemocyte-
specific srp-Gal4 driver. Scale represents 10 um. (D) Epithelial wounds were generated in stage 15
embryo and time lapse imaging was carried out to calculate the speed of haemocyte migration to
wounds, to identify any potential effects of the haemocyte markers on cell motility. Box shows median
and interquartile range. Whiskers show the maximum range of migration speeds. Crosses and
numeric values represent the mean. Asterisks and brackets represent statistically significant
differences (t-test, p<0.05) in the speed of haemocyte velocity between different haemocyte markers.

4.2 Overexpression of Imp reduces the speed of haemocyte migration

When analysing the distribution of the C-terminally-tagged GFP and mCherry Imp constructs
in haemocytes, we observed that haemocyte migration to wounds was impaired when
compared to control haemocytes expressing a moesin-GFP label (Figure 26A & B). This

effect was dosage sensitive as it was only evident when using two copies of the Gal4 driver.
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In embryos containing a double copy of both the srp-Gal4 driver and Imp-mCherry, the speed
of haemocyte migration to wounds was reduced to 1.94 um/min (n=33) compared with 3.14
pm/min (n=35) in moesin-GFP labelled haemocytes. Similarly, when a double copy of the
srp-Gal4 driver and a single copy of the Imp-mCherry were expressed, the speed of
migration to wounds was reduced to 1.96 um/min (n=24). However, when only a single copy
of both the srp-Gal4 driver and Imp-mCherry were expressed, the speed was restored to
control levels (3.04 um/min, n=23) (Figure 26C).

We then compared the results described above using a Ct-tagged Imp with those obtained
using a functional Nt-tagged Imp construct, previously shown to rescue the effects of Imp
knockdown in Drosophila 2o-neurons (Medioni et al. 2014). The velocity of haemocyte
migration to a wound site in haemocytes expressing a double copy of srp-Gal4 and a single
copy of either N-terminally or C-terminally labelled Imp were compared (Figure 26D).
Velocity was significantly reduced in haemocytes expressing both Imp::GFP (1.96 pm/min,
n=24) and GFP:lmp (1.87 pm/min, n=27) compared to the moesin control (3.14 pum/min,
n=35) (t-test p<0.05). However, there was no significant difference in the velocity of
haemocytes expressing either Imp::GFP or GFP::Imp (p=0.691) (Figure 26D), suggesting
that position of the GFP tag has no effect on the function of Imp, and therefore the reduction
of haemocyte velocity. The directionality of haemocytes migrating to a wound site was also

significantly reduced in haemocytes overexpressing Imp::GFP (p=0.01) (Figure 26E).

When an epithelial wound is generated, hydrogen peroxide is released from the wound site,
which triggers haemocytes within approximately 40 yum to migrate directly to the wound
(Moreira et al. 2010). As the size of the wound determines the total number of haemocytes
recruited and the size of epithelial wounds can vary between embryos, to compare the
number of haemocytes recruited to a specific wound in different genetic backgrounds the
number of haemocytes were normalised to a wound size of 1000 pm?2. After one hour post-
wounding, the total number of haemocytes recruited to a wound in embryos overexpressing
Imp was reduced compared with the moesin control (t-test, p=0.006) (Figure 26F). This
observation is consistent with the notion that migratory speed is reduced in Imp-
overexpressing haemocytes; as the speed of haemocyte migration is reduced, the number of
haemocytes arriving at the wound site over the course of an hour is also reduced in

haemocytes overexpressing Imp.
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Figure 26. Imp overexpression compromises haemocyte migration and recruitment to wounds

Imp was overexpressed in haemocytes using two copies of both UAS-Imp-GFP and the haemocyte-
specific srp-Gald driver. Epithelial wounds were generated in stage 15 embryos and haemocyte
migration to the wound site tracked by live confocal microscopy to determine the effects of Imp
overexpression on haemocyte motility. (A,B) Stills taken from live cell imaging of haemocyte migration
to a wound site (asterisk). Haemocytes were labelled with two copies of either UAS-moesin-GFP (A)
or UAS-Imp-GFP under the control of a double copy of the srp-Gal4 driver (B). Scale represents 20
pum. (C) Speed of haemocyte migration to a wound site was calculated by tracking individual
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haemocytes with different combinations of either one or two copies of the srp-Gal4 driver and UAS-
Imp-GFP construct to determine the effects of different dosages of Imp-GFP on haemocyte velocity to
wounds. (D) Haemocyte velocity to wounds was reduced in haemocytes overexpressing either C-
terminally- or N-terminally-tagged GFP-Imp, compared with UAS-moesin-GFP controls (t-tests,
p<0.001), showing that the position of the GFP label does not affect the overexpression phenotype.
(E) The directionality of haemocytes migrating to a wound is significantly reduced in haemocytes
overexpressing UAS-Imp-GFP (t-test, p=0.01). The asterisks represent statistically significant different
(t-tests, p<0.001) haemocyte velocities. Boxes show median and interquartile range. Whiskers show
maximum range. Crosses and values represent the mean. (F) The total number of haemocytes
recruited to a wound site over time was significantly reduced when haemocytes expressing UAS-Imp-
mCherry were compared with a UAS-moesin-GFP control (t-test, p=0.006).

Apart from moving towards wounds, haemocytes display a characteristic developmental
migration during embryogenesis (Tepass et al. 1994). At stages 12-13 of embryogenesis
haemocytes migrate along the ventral midline to form a single line of haemocytes. From
there, they migrate laterally to form a single line of haemocytes at stage 14. By embryonic
stage 15, the haemocytes undergo random migration across the ventral surface within the
constraint of the three line conformation (Wood & Jacinto 2007) (Figure 27). Haemocytes
overexpressing Imp migrate normally across the ventral midline and undergo lateral
migration to migrate randomly at embryonic stage 15. However, the speed of random
migration is also significantly reduced in haemocytes expressing Imp either N-terminally or
C-terminally tagged with GFP (Figure 27A & B) (t-test, p<0.05), compared with the moesin
control (1.59, 1.45 and 2.46 pm/min respectively) (Figure 27C). There was no significant
difference in the velocity of haemocytes expressing either C-terminally or N-terminally fused
Imp (p=0.135).
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Figure 27. Random migration is reduced in haemocytes overexpressing Imp

Imp was overexpressed in haemocytes using two copies of UAS-Imp-GFP and the haemocyte-specific
srp-Gal4 driver. Haemocyte velocity during random migration (developmental migration of haemocytes
at the ventral midline of embryonic stage 15 embryos) was calculated by live confocal imaging of
embryos over a 30 minute period. (A) Tracks of control haemocytes expressing two copies of the srp-
Gal driver and a single copy of UAS-GFP-moesin over 30 minutes compared with (B) tracks of
haemocytes expressing a double copy of both the srp-Gal4 driver and UAS-Imp-GFP and a single
copy of UAS-GFP-moesin, reveals a reduction in haemocyte motility during random migration. (C)
The speed of haemocyte motility during random migration was calculated by tracking individual
haemocytes overexpressing either C-terminally-tagged or N-terminally-tagged Imp-GFP. Control
haemocytes expressing UAS-GFP-moesin were tracked for comparison. Tracking revealed that the
velocity of random haemocyte migration is significantly reduced in haemocytes overexpressing Imp,
compared with the moesin control (t-test, p<0.05). Boxes represent median and interquartile range.
Whiskers show maximum range. Crosses and values show mean. Asterisk and bracket represent a
significantly statistic difference.

4.3 Overexpression of Imp causes loss of contact repulsion behaviour in

haemocytes

Haemocytes undergoing random migration at embryonic stage 15 display contact repulsion,
as individual haemocytes that come into contact rapidly repolarise and migrate away from
each other (Stramer et al. 2010). As well as displaying slower migration during random
migration, haemocytes overexpressing Imp spent longer in contact with each other when
compared to embryos expressing the haemocyte markers moesin-GFP, Clip170-GFP and
cytoplasmic GFP (Figure 28A-D). The majority of Imp-overexpressing haemocytes spent
more than 15 minutes in contact with each other, whereas control haemocytes typically
spend less than 6 minutes in contact (Figure 28E). Before repolarising and migrating away,
haemocytes overexpressing Imp tended to stick together in clumps and migrated together
very slowly. These haemocytes do not appear to re-polarise and migrate away from each

other, although a few haemocytes are able to undergo normal contact repulsion.
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Migrating haemocytes form a structure, referred to as a microtubule arm, which consists of a
tight bundle of lamellar microtubules that protrude from the haemocyte cell body in the
direction of migration (Stramer et al. 2010). Two haemocytes displaying contact inhibition will
align their microtubules arms upon sensing that they will come into contact with each other if
they continue on their current path of migration. Microtubule arm alignment lasts
approximately three minutes before haemocytes re-polarize and migrate away from each
other (Stramer et al. 2010). To determine if haemocytes overexpressing Imp were able to
align their microtubule arms during contact repulsion, microtubule dynamics were examined
in haemocytes expressing two copies of the srp-Gal4 driver and Imp and a single copy of
Clip170 fused with GFP to visualise microtubules. Haemocytes expressing a single copy of
Clip170, driven by two copies of srp-Gal4, were used for comparison. While haemocytes
were able to align their microtubules arms in embryos expressing only Clipl170, this was not
the case for the majority of haemocytes overexpressing Imp, which frequently remained in
contact for over 15 minutes (Figure 28F).
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Figure 28. Live imaging of haemocytes overexpressing Imp in vivo reveals a loss of haemocyte
contact inhibition behaviour

Imp was overexpressed in haemocytes by expressing two copies of both UAS-Imp-GFP and the
haemocyte-specific srp-Gal4 driver and haemocyte contact inhibition behaviour, in which haemocytes
that make contact re-polarize and migration away from eachother, was examined by measuring the
total time spent in contact between two haemocytes. Control haemocytes expressing different UAS-
driven markers (moesin-GFP, Clip170-GFP and cytoplasmic GFP) were used for comparison. (A-D)
Stills taken from time-lapse imaging during random migration of embryonic stage 15 haemocytes
expressing different markers. (A) Moesin-GFP, (B) Clip-170 and (C) cytoplasmic GFP expressing
haemocytes contact and re-polarise in approximately 5 minutes (red and yellow asterisks show pairs
of haemocytes undergoing a contact event). (D) Haemocytes overexpressing Imp-mCherry tend to
stick together in clumps (red asterisk) or once contact has been made, remain in close proximity
without touching (yellow asterisk). Scale represents 10 um. (E) The time taken between the first
contact and then separation of two haemocytes was calculated to determine the length of individual
contact events. The number of contact events lasting 5 minutes or less is significantly higher in
wildtype embryos, compared with those overexpressing Imp. The majority of contact events in
embryos overexpressing Imp last over 15 minutes. (F) Time-lapse imaging of haemocytes expressing
the microtubule marker Clipl70-GFP alone or together with Imp using srp-Gal4. Haemocytes
overexpressing Imp fail to align their microtubule arms upon microtubule contact with another
haemocyte (red arrowhead), compared with haemocytes expressing Clipl70 alone (white
arrowheads). Asterisks mark contact events between two haemocytes over a time period of 8.5
minutes. Scale bars represent 10 um.

4.4 Partial knockdown of Imp rescues the overexpression phenotype

To try rescuing the overexpression phenotype of Imp, an RNAI hairpin against Imp was co-
expressed with the Imp-GFP transgene. Flies homozygous for both the srp-Gal4, UAS-GMA
and UAS-Imp::GFP transgenes were crossed to flies homozygous for the srpGal, UAS-GMA
transgene and a UAS-Imp RNAI transgene so that the resulting embryos will contain a
double copy of the srp-Gal4 driver and a single copy of both the UAS- Imp::GFP and Imp
RNAI transgenes. Embryos expressing a double copy of srpGal, UAS-GMA were used as a
wildtype control, while embryos expressing two copies of srpGal, UAS-GMA and a single
copy of the UAS-Imp::GFP transgene were used as control for the Imp overexpression
phenotype. To compare the expression level of Imp-GFP in control embryos and those co-
expressing the RNAI hairpin against Imp, embryos were imaged at embryonic stage 15 after
development at either 22°C or 29°C, using identical imaging conditions. The GFP signal in
embryos expressing the RNAI hairpin was weak when compared with the control embryos at
both 22°C and 29°C, even when subjected to a very high exposure level (Figure 29A & B).
The GFP signal was weaker in embryos developed at 29°C, suggesting that the degree of
knockdown is temperature-dependent, with the efficiency increasing at high temperatures, as
expected for the GAL4/UAS system (Figure 29B).

The developmental migration of haemocytes was also examined in these embryos. In

haemocytes overexpressing Imp::GFP alone haemocyte velocity was significantly reduced
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compared with a moesin-GFP control (1.78 vs. 3.11 um/min) as previously described and
contact inhibition behaviour was severely inhibited (Figure 28). In haemocytes expressing
both the RNAI hairpin and the Imp-GFP transgene contact inhibition behaviour was fully
restored and the velocity of developmental haemocyte migration was partially rescued (2.5
um/min), showing no significant difference compared with the controls (p=0.781, Figure
29C). This suggests that the RNAI reduces exogenous Imp-GFP levels to a level sufficient to

rescue the Imp overexpression phenotype.

However, it was unclear if the rescue seen was a non-specific effect caused by adding in the
additional UAS-Imp-RNAI transgene, effectively diluting the pool of GAL4 protein available to
drive expression of UAS-Imp-GFP (see schematic representation - Figure 29D). To ensure
that the rescue of the Imp overexpression phenotype is not due to dilution of GAL4 protein,
the Imp-GFP transgene was co-expressed with an RNAI hairpin to targeting an unrelated
RBP, Sexlethal (Sxl).

An immunoblot was carried out on an embryonic extract using an antibody against GFP to
compare the levels of Imp-GFP in control embryos expressing a single copy of UAS-Imp-
GFP and embryos co-expressing either UAS-SxI-RNAi or UAS-Imp-RNAi alongside UAS-
Imp-GFP. The blot showed that the level of exogenous Imp-GFP was only slightly reduced in
embryos expressing SxI-RNAi compared with controls, while those expressing RNAi against
Imp showed a significant knockdown in the level of Imp-GFP (Figure 29E), demonstrating
that the RNAI hairpin is effective against Imp and is a specific knockdown effect, rather than
a non-specific dilution effect.
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Figure 29. RNAIi against Imp partially rescues the effects of Imp overexpression in live
haemocytes

A UAS-driven RNAI hairpin against Imp was co-expressed with UAS-Imp-GFP, specifically in
haemocytes, to determine if restoring Imp levels close to wildtype could rescue the Imp
overexpression phenotype. (A,B) Images capture from (A & Ai) control embryos expressing Imp-GFP
alone (srp-Gal4; UAS-Imp-GFP/+) and (B & Bi) embryos expressing Imp-GFP and Imp RNAI together
(srp-Gald; UAS-Imp-GFP/UAS-Imp-RNAI) at embryonic stage 15, which were developed at either
22°C or 29°C. Images were taken with the same exposure for direct comparison of the GFP signal.
Scale represents 50 um. (C) Expression of the RNAI against Imp, together with Imp-GFP, partially
rescues the reduction of velocity seen in haemocytes overexpressing Imp-GFP alone (p=0.78). (D)
Shows the number of UAS constructs present within each condition tested by Western blot. (E) A
Western blot using anti-GFP shows that knockdown of Imp-GFP by RNAI is a specific effect, rather
than a dilution effect of expressing an additional UAS transgene within haemocytes, as expression of
RNAI against the unrelated RBP Sexlethal (SxI) had little impact on Imp-GFP levels. Numeric values
(1,2) represent two different concentrations of loaded protein.
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4.5 Knockdown of Imp expression by RNAI has no effect on haemocyte

behaviour

Our previous results indicate that overexpression of Imp impairs haemocyte behaviour. Thus,
we decided to study the effect of reducing the levels of Imp in haemocyte maotility. To this
end, we used RNAI and expressed specifically in haemocytes a short-hairpin against Imp
previously shown to rescue the Imp overexpression phenotype by reducing the overall levels
of Imp (Figure 29). A fly stock containing two copies of both the srp-Gal4 driver and UAS-
Imp RNAIi were placed at 29°C and the resulting embryos used to image haemocytes, in

parallel to controls containing two of the srp-Gal4 driver.

Haemocytes expressing Imp RNAI underwent developmental migration and were correctly
positioned along the ventral midline of embryonic stage 15 embryos (Figure 30D). During
random migration, the haemocytes migrated at speeds comparable to wildtype levels (t-test,
p=0.093) (Figure 30E). These haemocytes also display normal contact repulsion behaviour
when compared with wildtype haemocytes, with Imp RNAi haemocytes spending an average
of 6 minutes in contact compared with 6.65 minutes for control haemocytes (Figure 30F).
The speed of haemocyte migration to epithelial wounds was tracked in haemocytes
expressing Imp RNAI, which showed that the RNAI treatment had no effect on the speed of
haemocyte migration to wounds when compared with controls (t-test, p=0.798) (Figure 30A-
C).

We also examined the maotility of pupal macrophages expressing RNAi against Imp. In this
case, the RNAI hairpin is expressed throughout embryonic and larval development and it has
more time to accumulate and trigger imp mRNA degradation, compared with the short
temporal window achieved during embryogenesis. We observed a high degree of variability
in the speed of haemocyte migration among individual pupae, even in the controls (data not
shown). Although we did not observe any dramatic effect in motility of pupal haemocytes
expressing the Imp-RNAI construct (i.e. they migrated and were distributed normally, data
not shown), the variability observed from pupae to pupae prevented us to conclude with

confidence about any subtle changes in cell motility.

It is possible that, while Imp is knocked down efficiently, we fail to observe any haemocyte
phenotype due to redundancy of Imp with other RBPs within functional RNP complexes. In
conclusion, these results suggest that either Imp plays no role in haemocyte motility, that the
RNAI against Imp is inefficient in reducing Imp levels below those required to impact on cell
motility (i.e. residual Imp is able to carry out its normal function) or that other RBPs

compensate for the loss of Imp, allowing RNP complexes to function as normal.
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Figure 30. Reduction of Imp levels in haemocytes by RNAI results in no obvious phenotype

Two copies of an RNAI hairpin against Imp were expressed in haemocytes using two copies of the
haemocyte-specific srp-Gal4 driver to determine the effects of Imp depletion on haemocyte motility
and behaviour in live embryos at stage 15 of embryonic development. (A,B) Stills of time-lapse
imaging carried out after generating epithelial wounds (marked with asterisk) in (A) control embryos
(srp-Gal4, moesin-GFP), or (B) embryos expressing a copy of the short RNAI hairpin targeting Imp
(srp-Gald4, UAS-moesin-GFP; Imp RNAI). (C) Speed of haemocyte migration to wounds of embryos
shown in A & B. (D) The distribution of haemocytes at the ventral midline of embryonic stage 15
embryos appeared normal in embryos expressing Imp RNAI as three parallel lines (dashed lines) on
haemocytes were observed in all embryos examined. (E) Haemocyte velocity during random migration
was comparable to wildtype levels in Imp RNAi embryos at stage 15 of embryonic development (t-test,
p=0.093). (F) The average time spent in contact between haemocytes during random migration was
comparable in embryos expressing Imp RNAIi (6 minutes average) to wildtype embryos (6.65 minutes
average), suggesting no defects in contact inhibition behaviour as a result of Imp knockdown. Scale
bars represent 20 um.
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4.6 Characterising the role of Imp in migratory border cells

After investigating the role of Imp in haemocytes, and to determine if the effects observed
here are specific to this cell type, we decided to study the role of Imp in a different migratory
cell type. Drosophila border cells are a cluster of 6-10 somatic cells that migrate collectively
from the anterior of the female egg chamber, to a more posterior region termed the oocyte
border, during oogenesis (Spradling 1993) (Figure 5). As border cells migrate collectively,
this system allowed us to compare two different types of migration: collective migration
(border cells) and individual cell migration (haemocytes). Furthermore, as the lamellipodial
protrusions of border cells are retained upon fixation, and the progression of their migration
through the egg chamber can be scored in fixed egg chambers, live imaging is not required
to track border cell migration. Border cells are, therefore, an ideal complementary system to

characterize the role of Imp in cell matility in vivo (Montell et al. 1992).

We first examined the localization of Imp in border cells using two different approaches. The
first approach allowed us to examine the localization of endogenous Imp by using an exon-
trap line inserted in the imp locus (Morin et al. 2001; Quifiones-Coello et al. 2007). The
ovaries of females expressing endogenous Imp-GFP were dissected and fixed to examine
the localization of Imp in border cells following GFP emission. The border cell cluster could
be distinguished from the surrounding tissue, which was confirmed by DAPI counterstaining,

to reveal the location of the border cell nuclei (Figure 31A i red arrowhead).

First, this analysis confirmed that Imp is expressed in border cells, as well as their
surrounding tissue (e.g. nurse cells and oocyte) (Figure 31A). Imp appeared to be excluded
from the border cell nuclei and seemed to be distributed throughout the cell cytoplasm
without any enrichment at particular locations. However, Imp showed a speckled pattern of
small granules, which may represent RNP complexes (Figure 31B). Interestingly, Imp
decorates the cytoplasmic extensions projected by the leading cells of the cluster (Figure
31C 71 blue arrowhead), which have been shown to be enriched in actin protrusions (Prasad
& Montell 2007). While Imp was present throughout the whole egg chamber, it appeared to
be excluded from the region surrounding the entire border cell cluster, making the cluster

easy to distinguish from the surrounding tissue (Figure 31B & C i white arrowheads).
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Figure 31. Localization of endogenous Imp in migratory Drosophila border cells

Ovaries were dissected from Imp exon-trap line females (referred to as G80 - Quifiones-Coello et
al. 2007), in which endogenous Imp is labelled with GFP, to examine its localization within
migratory border cells. After fixing, ovaries were counter-stained with DAPI (blue) and Imp-GFP
(green) was imaged by detecting GFP emission. Individual oocytes were examined by confocal
microscopy. (A) The border cell cluster can be identified from the surrounding tissue (red
arrowhead (B, C) Imp does not show any specific enrichment within border cells, but is present
throughout the cell cytoplasm. Imp appears to be present within the actin protrusions extended by
the leading border cell(s) (blue arrowhead). Imp is not present in regions at the periphery of the
border cell cluster (white arrowheads). Scale bar represents 50 € m.

Next, we compared the distribution of endogenous Imp (see above) with that of an Imp-
mCherry fusion protein specifically expressed in border cells using the GAL4/UAS system.
CD8-GFP, a cell surface marker, was used to label border cells. As for the exon-trap line,
Imp was mainly present in the cell cytoplasm. However, there were some patches of Imp
enrichment within the cytoplasm (Figure 32Bi & Ci i red arrowheads). Imp was also
present within the cytoplasmic extensions of border cells, at both the rear and front of the
border cell cluster (Figure 32Bi & Ci 1 white arrowheads). These regions have been

described to contain actin structures important for cell motility (Prasad & Montell 2007).

Overall, our analysis shows that in both haemocytes and border cells, Imp is distributed
throughout the main body of the cells: e.g. the region containing the cellular organelles
(Figures 19, 31 & 32). In these two distinct migratory cell types, Imp is not clearly enriched
at the leading edge, or in any other obvious cellular structure within the cytoplasm. In
contrast to haemocytes, Imp decorates cytoplasmic actin-rich extensions at the periphery of

those cells located at the rear and leading edges of the border cell cluster.
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Figure 32. Localization of UAS-driven Imp-mCherry in migratory Drosophila border cells

The localization of Imp in border cells was examined by expressing UAS-Imp-mCherry (red) using
the border cell specific slbo-Gal4 driver. UAS-CD8-GFP was used as a border cell label (green).
Border cell nuclei were counterstained with DAPI (blue). (A) The position of migratory border cells
can be seen in the context of the entire egg chamber, counterstained with DAPI to visualize nuclei
(blue). Scale bar represents 50 ¢ m.B, ) Border cells were labelled with CD8 (green). (Bi, Ci)
Imaging of UAS-Imp-mCherry reveals that patches of Imp enrichment are present in the cytoplasm
(red arrowheads). Imp is present throughout cytoplasmic protrusions, at both the rear and front of
the border cell cluster (white arrowheads). (Bii, Cii) DAPI counterstaining shows the nuclei of
individual bordercells( bl ue) . Scal e bars represent 10 &m.
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4.7 Knockdown of Imp expression in border cells

To determine if Imp plays a role in border cell migration, we attempted to deplete Imp levels
by expressing RNAIi against Imp specifically in border cells. To ensure RNAI is effective in
border cells, we also tested RNAi lines to knockdown expression of proteins known to
prevent border cell motility, including Racl and Hrp48 (Murphy & Montell 1996; Mathieu et al.
2007), as well as PTB (Besse & LOpez de Quinto - unpublished). All RNAI lines were
crossed to flies expressing the slbo-Gal4 driver, as well as Lifeact-GFP driven from a
constitutive slbo promoter to label the actin cytoskeleton of border cells. This ensured that
our border cell marker did not deplete the pool of GAL4 protein available to drive expression
of the RNAI hairpin.

We tested three different RNAI lines against Imp, including two short RNAI hairpins and a
long RNAIi hairpin (see Appendix 5). Similarly to haemocytes, we failed to observe any
significant effect on border cell migration upon RNAI treatment against Imp (data not shown).
However, we also failed to see border cell phenotypes when expressing RNAI hairpins
against Racl, PTB and Hrp48, all of which are known to be required for border cell migration.
This suggests that our RNAIi conditions are not effective enough to reveal border cell

phenotypes.

To efficiently knockout expression of Imp in border cells, we next generated imp mutant
border cells in an otherwise phenotypically wildtype egg chamber by using the mosaic
analysis with a repressible cell marker (MARCM) technique (Lee & Luo 2001) and an imp
null allele (Medioni et al. 2014). Briefly, MARCM uses FLP/FRT-based recombination to
generate homozygous imp cells, which are GFP-labelled (see Figure 33A for a schematic
representative of the fly crosses carried out to generate imp mutant border cells). GFP-
positive border cells containing the FRT recombination site in an otherwise wildtype

chromosome were used as controls (Figure 33B).

Although we did not observe any whole imp mutant border cell cluster, we analysed a large
number of mixed clusters, in which imp was knocked out in up to three cells within the border
cell cluster. These mixed border cell clusters were able to collectively migrate, even when
mutant cells were leading the cluster, and we did not observe any defects compared with our
controls (Figure 33C). Cell-to-cell contacts were maintained between both two mutant cells,
as well as between wildtype and mutant cells, suggesting that loss of Imp does not affect the
maintenance of cell-cell adhesions (Figure 33C). However, as we failed to achieve a full imp
mutant border cell cluster, and due to the collective nature of border cell migration, we

cannot exclude the possibility that wildtype cells within the cluster can compensate for any
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defects present in mutant cells. Wildtype cells could indeed transport imp mutant cells, as the

contacts between all cells, both wildtype and imp mutants, were maintained.

A Mosaic analysis with a repressible cell marker (MARCM)
FO Control I w-FRT19A, hs-FLP, tub-GAL80 ; slbo-GAL4, UAS-CD8-GFP x FRT19A
Y CyO FRT19A
imp mutant I w-FRT19A, hs-FLP, tub-GAL80 ; slbo-GAL4, UAS-CD8-GFP x FRT19A, imp®
Y CyO FM6
F1 | w-FRT19A, hs-FLP, tub-GAL80 ; slbo-GAL4, UAS-CD8-GFP Y HEATSHOCK
FRT19A wt/imp8 + z

DISSECT OVARIES

FRT19A control

FRT19A imp°

Figure 33. imp mutant border cells show no migratory defects with the Drosophila oocyte

imp mutant border cells were generated and analysed using a Mosaic analysis with a repressible cell
marker (MARCM) approach to determine the effects of Imp knockout on border cell migration. (A)
Outline of the MARCM protocol, including fly cross schemes, to generate mutant border cells. Crosses
between FRT19A control or FRT19A Imp® mutant virgin female flies for MARCM analysis. Ovaries
were dissected from females after heat-shocking and were fixed and counterstained with DAPI to
reveal nuclei (red). Imp mutant border cells are CD8-GFP positive and were imaged by detecting GFP
emission through confocal microscopy (green). (B) Control GFP-positive border cells containing only
the FRT19A recombination site were generated by MARCM. (C) GFP-positive imp mutant border cells
were generated by MARCM using the FRT19A imp8 fly line. The progression of the border cell cluster
within the egg chamber can be seen. DAPI was used to visualize unlabelled border cells, showing that
GFP-positive cells in both the control and imp border cell clusters are located at the front of the
cluster. Scale bar represents 50 um.
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511 mp bi nds t h-enteGrid VRN of D

Our previous findings show that the overexpression phenotype of Imp phenocopies that of
myospheroid ( fintegrin) depletion in haemocytes (Comber et al. 2013). We therefore tested

if b-integrin mMRNA could be a target of Imp. In Drosophila, a short motif of primary sequence,
consisting of five nucleotides (UUUAU/C) and termed the Imp binding element (IBE), has

been shown to be required for t oskar mRNA dhichg o f
contains 13 IBEs within its 3 6 U MRinro et al. 2006).

Interestingly, we observed that b-integrin contains 13 IBEs, which were mainly concentrated

in the 30U0UDRdree¢gironmne i f | nbgntebrin wedcarrietd tuean BNAUT R o
affinity pull down. Bi otinyl at ed bpntegrin,easwelvasr e g e
t he 3sooUdcthd2A ( factin), oskar and chickadee (Profilin), all of which have been

shown to bind Imp in different cell types and tissues (Medioni et al. 2014; Munro et al. 2006;

Munro et al. 2005 i unpublished conference abstract). The coding sequence of Y14 was

used as negative control (Besse et al. 2009). Biotinylated RNAs were then bound to
streptavidin particles conjugated to magnetic beads. An embryonic extract was generated to

create a pool of soluble proteins, in which the RNAs were incubated. Biotinylated RNAs and

any bound protein complexes were precipitated using a magnet and washed to remove

unbound proteins. The binding of proteins to these RNAs were then analysed by Western

blotting (Figure 34A).

We found that the strongest binding of Impwastot he 3 6 profil. As fexpected, Imp

also bound to the 3 6 UT R sact4®Af and oskar (Figure 34A). Interestingly, this assay
confirmed an interacti on Db-iategrine whith wasmgomparabte tot he 3
that observed for the other known targets of Imp tested (Figure 34A).

For comparison, we also tested the interactior
RBP known to bind and regulate oskar mRNA (Besse et al. 2009). PTB was observed bound
t o t he 3 dskail Rctind2é fand b-integrin with high affinity but, in contrast to Imp,
showed a low affinity for the profilin 3 6 U TFRyuré 34A). This demonstrated that RBPs have
different affinities for the RNA probes, and that a single RNA can interact with more than one

RNA-binding protein, most likely in RNP complexes.

We next decided to map the binding of Imp to the entire b-integrin mRNA. To this end, we
divided b-integrin mMRNA i nt o three regions; 50UTR, seeodi ng
materials & methods section 2.3.2). Biotinylated probes were generated for the three regions

and tested as previously described. Wefound t hat alt hough I mp binds
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binds with mu c h hi gh e rFiguad 34B)n Sirilgrly, PBB alsch l@inds3 6 UT R
preferably to the b-integrin3 6 UT R, to the 586UTR and CI
s h o wlsintagiinanteradtstwigh s&/érdl RBRs, imdluding Imp.

compared
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Figure34.1l mp binds with hi ghRo&f-ihtégnri mRNAt o
RNA affinity pulldown assays were carried out using biotinylated RNAs to test and map the binding of
Imp to b-integrin mRNA. For comparison, binding of the RNA-binding protein PTB was analysed. A

Drosophila embryonic extract containing all soluble embryonic proteins was generated, in which

biotinylated RNAs were incubated and subsequently precipitated. Western blots were carried out to
determine binding of Imp and PTB to the different biotinylated RNAs tested (A) Imp binds with high

thiintegri®. 6 UTThRe  o3f dokkar Rpsofilim dnd actind2A were used as positive

affi nity to

controls, as they are known targets of Imp, while the coding region of y14 as used as an unrelated

RNA control. (B) Biotinylated RNAs that covered the entire b-integrin mRNA shows that Imp binds
to the 306UTR, c 0 mp a Fhe damev

with higher affinity
of the antibodies used for Western blotting are indicated on the sides.

5.2 Three predicted Imp binding elements (IBE) are required for Imp binding to

t he 30 B-adiin of
We next wanted to determine if the 13 IBEs required for Imp binding to the oskar 3 6 UT R

(Munro et al. 2006) also mediate the binding of Imp to other transcripts, including b-integrin.
presence of 13

Analysis of the b-integrin 36 UTR r eveal ed the
were associated with the mutation of all 13 predicted IBEs: time constraints and the difficulty
i t hepra3efnUTR r

changes in

of introducing so many
interactions. We therefore opted to mutate the three predicted IBEs contained within the

3 6 UT RuctimdRA. act42A mRNA was an ideal candidate as we previously showed that Imp
3 0 UT R Figuiret34A) énd, grlike dasfmfamnmaiiab lyjomdlogue IMP1,

binds its
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the regions of the 306UTR b-a&tipyactna4) mRMArhave hon di n g
been shown (Ross et al. 1997; Chao et al. 2010).

The positions of the three predicted IBEs within the act42A 3 6 U &rR shown in Figure 35A.

Using site-directed mutagenesis we mutated all three IBEs, changing them from UUUAY to
either GAGCTC or GGGCG, i n t h eiotimylatedt RNAst of tleef t he
wildtype act42A 3 6 UTR and its | BE mut at ed -affindy palidawn s wer
assays against the act42A 36 UTR t o test t he b i(Aigdre B3A). Toapaci |
determine if mutation of a single IBE or two IBEs has the same impact as mutation of all

three together, we generated a subset of biotinylated RNAs which included the first IBE

(pl BE1) mut ated al one, the second amodall threei r d |
mut ated together (@l BE1+2+3).

The RNA pulldown revealed that mutation of either IBE1 alone, or both IBE2 and IBE3 had
no obvious effect on Imp binding (Figure 35B). However, mutation of all three IBEs
appeared to have a significant impact on the binding of Imp, with a clear reduction in the
guantity of Imp bound to this transcript, compared to wildtype (Figure 35B). These results

suggest that all three IBEs mediate interactions with Imp (Figure 35B).

To determine if the IBE mutations could affect the binding of other RBPs to the act42A
36UTR, we al so tested the interaction oWhlePTB wi
binding of PTB was slightly reduced to the act42A3 6 UTR containing mutat.
IBEs, this reduction did not appear as dramatic as that of Imp (Figure 35B), suggesting that

mutation of these sites do not significantly perturb PTB binding.

In conclusion, the IBE changes introduced in the act42 36 UTR appear to aff e
interaction with more severity than the PTB interaction, suggesting that mutation of these
three sites does not affect the secondary structure of this region so severely that all RBP
interactions are impaired. However, secondary structure prediction analysis, and ultimately

experimental structure analysis, is required to confirm this.

5.3 Analysis of the localization of | mp a-mtegrib proteins in Drosophila

haemocytes and border cells

After showing that Imp binds b-integrin mRNA (Figure 34), we examined the distribution of
Imp a n d-intégrin proteins to see if they co-localize in different cell types. These proteins
could not be co-localized in haemocytes in vivo as t a g-tntegnirg witlh a flurophore
prevents its insertion into the cellular membrane, rendering it non-functional and unable to

localize normally (personal communication i Comber & Wood, University of Bristol). We
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therefore fixed and stained cultured larval haemocytes ex vivo, using antibodies against Imp

a n d-intégrin, as well as moesin-GFP to label the actin cytoskeleton.

A actind2A 3'UTR: 5-GCAGUAGUCGGGCUGGGCGUGGUCGUUCCUCAUCGAACACACCCAUUGCAGACAAAGGA
UGGGAGUCAAAAGUAUUGGGCAUGAGUACAUUAAUACCGGGAGCAGGCGCACAACACUUCCGCUCCUUCAGA
AGAAUGCAUUCCAUUCACUUUUAUACACAGUUGUACACGACGCAUAAGCAAACCAUAUUGUGUUCUAUUCGAA
AUUCAAGUUCAUAUGCACAUAAGCAUUUAUAAAACUGAUUCAUGUUUGGCAUUUACAUUACUUCCAUGCAUUC
CUACAUAUGUAUUAAAAGCAAACUUACCAUACCACUAAAAUACUUGUAACCGCUUCUUAAUAAUAAAGCGACGA

AAAGAACUG-3’
IBE1: UUUAU — GGGCG

AU — GAGCTC
AC — GGGCG

AIBE1
AIBE2+3
AIBE1+2+3
Y14 CDS

B
- - - - -
IMp | - —

| i & -

Kinesin
+» (| unbound
(loading control) R

bound

Figure 35. All three predicted Imp binding elements (IBEs) mediat e | mp bi ndi ng
of actin42A (b-actin) mRNA

RNA affinity pulldown assays were carried out using biotinylated RNAs to test and map the binding of
Imptot he 3 6 BclinR2A ¢bfactin) mRNA, in which different combinations of three predicted Imp
binding elements (UUUAU/C) were mutated. For comparison, binding of the RNA-binding protein
PTB was analysed. A Drosophila embryonic extract containing all soluble embryonic proteins was
generated, in which biotinylated RNAs were incubated and subsequently precipitated. Western blots
were carried out to determine Imp and PTB binding to the biotinylated RNAs tested. (A) actin42A
36UTR sequence showing the Il ocation of t he t|
introduced to their primary sequences. (B) Western blot analysis of RNA affinity pulldown assays
using the biotinylated RNAs indicated above the immunoblots. Antibodies are shown on the left. The
coding region of y14 was used as an unrelated RNA control. Detection of Kinesin-heavy chain was
used as a loading control.

As previously described for Imp (Figure 14) , t he | o c aiftegrin aalsd \ames o f

depending on cellular morphology. In highly spread cells with widespread protrusions, b-
integrin shows a diffuse distribution throughout the entire cell, including the lamellipodia. Imp
also appears diffusely distributed throughout the cell, but is present at much lower levels
within the protrusions. In contrast, rounded cells with much smaller protrusions showed a
punctate | oc al-nedgtand imp, adme &f evhich coBHocalize within the cell
body. H o we v 4ntegrin gramules are f@resent, which are more defined and larger
than the majority of smaller Imp-containing granules. Interestingly, haemocytes that are
highly rounded and fail to form cellular protrusions contain a few, large granules of Imp, while

b-integrin is spread diffusely throughout the cell with enrichments at the periphery, without
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any clear granular enrichment. These results show that, as previously highlighted, the
localization of Imp  a nridtegfin changes depending on cellular morphology. In this context,
I mp a +integrinb partially co-localize to some cellular granules, depending on the
morphology of the cell. However, they do not co-localize in the majority of haemocytes
examined.

Actin Imp bPS-integrin Merge
Phall oidin-l mp -b P &tegrin  Imp/integiJDAPI

U-imp 1° Ab (Rabbit)

U-Imp 1° Ab(Rat)

L 170 o ! WEWE

Figure 36. Co-localization of | mp a-mtegrim in cultured Drosophila larval haemocytes

Larval haemocytes were dissected out from third instar larvae, cultured on uncoated glass, fixed
and immunostained with primary ant i bodi e s -iatgganiandsimp td det8rmine if these
proteins co-localize in cultured haemocytes. Two distinct Imp antibodies were used, raised in
either rabbit (A & C) or rat (D). Phalloidin staining was used to visualize the actin cytoskeleton,
while nuclei were counterstained with DAPI (blue). Merged images con t a i nintégfhgreen),
Imp (red) and DAPI (blue). (A) I n highly spread haemodnegrie and
Imp is diffuse. (B)  b-iRt&grin is enriched in a granular distribution, which co-localizes with some
smaller granules containing Imp (white arrowheads). (C & D) In rounded haemocytes which do
not form large protrusions, | mp i s present i n | aintggen shows aradree
diffuse localization with some enrichment around the cell periphery. Scale bar represents 5 um.

—
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The localization of Imp and b-integrin was also examined in Drosophila border cells to
investigate the localization of these proteins in vivo. Imp-mCherry was expressed specifically
in border cells and was imaged directly by detection of mCherry emission, while endogenous
b-integrin distribution was revealed with an anti-b-integrin antibody. Border cells also
expressed the CD8-GFP marker.

Il mp showed a diffuse distri but i dntegrihwas localgddo ut t
in a granular pattern to the edges of the border cells (Figure 37) . I mp -intagnird b
appeared to show a different pattern of localization within border cells and did not
significantly co-localize (Figure 37) . I n concl u-éniegrimseemltarbe endchetl inb
different cellular compartments in migratory cells, which may reflect the different roles these

proteins perform.
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Merge

Figure 37. Co-localization of Imp and b-integrin in Drosophila border cells

To determine if Imp and b-integrin co-localize in migratory border cells within Drosophila oocytes,
ovaries expressing UAS-Imp-mCherry specifically in border cells, using the slbo-Gal4 driver, were
dissected and immunostained with anti-b-integrin (green). Imp-mCherry was imaged directly by
visualizing mCherry emission using confocal microscopy (red). Border cells were labelled by
expression of UAS-CD8-GFP and counterstained with DAPI to reveal nuclei (blue). (A) A migrating
border cell cluster within the context of the entire egg chamber, seen by expression of the UAS-CD8-
GFP label (green). Nuclei are counterstained with DAPI to reveal the surrounding egg chamber (blue)
Scale represents 50 um. (B) Border cells were labelled with CD8-GFP, (C) b-integrin antibody
staining, (D) UAS-Imp-mCherry and (E) DAPI to highlight individual cells within the cluster. (F) The
merged image contains Imp (red), b-integrin (green) and DAPI (blue). Scale represents 10 um.
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We next decided to analyse if depletion of Imp has any effect on the expression or
| ocal i z a-integsim Ano RNAI fhairpin against Imp was expressed specifically in
haemocytes, which were then cultured and immunostained ex vivo. Two copies of the RNAI
hairpin were expressed by both the srp-Gal4::VP16 and srp-Gal4 drivers for comparison. The
actin cytoskeleton of these cells was labelled with anti-GFP as these haemocytes expressed

moesin-GFP.

In general, we did not observe a significant difference i n t he | oiotegtinibetvween on o f
I mp RNAI and control c-intégtinsappedbed incretisbdein haembcegtess i t y
expressing RNAI against Imp (compare Figure 38A-C). To quantify changes in the levels of

b-integrin and Imp the averagef | uor escence i 4ntegimand Imystamihgwasot h b
measured in individual haemocytes expressing RNAI against Imp, and was compared to

wildtype controls. Four repeats of the immunostaining were carried out on haemocytes
expressing Imp RNAIi under the control of the srp-Gal4::VP16 driver and two repeats using

srp-Gal4 (n=20 haemocytes per assay). Haemocytes were isolated from a total of 20 larvae

to control for differences between animals. We observed variable results across each repeat

of the immunostaining assay, as t he fl uor escence -integrinestaiingt y of
appeared to either increase or decrease relative to wildtype controls, suggesting a difference

in the degree of knockdown achieved with the RNAI hairpin or in the efficiency of the
immunostaining itself (Figure 38D & E).

However, the average fl uor escenc eintegrin tstaimng iwasyhightyf I mp
consistent between individual haemocytes within a single condition, as shown by calculating
the standard error of the mean (SEM) (Figure 38D & E). This suggests that the sensitivity of
staining was not that variable from cell to cell, but rather from assay to assay. We tried to use
a more quantitative approach, but we were unable to achieve the numbers of isolated

haemocytes required for carrying out Western blot analysis.

One important conclusion from these assays is the observation that the knockdown of Imp by
RNAI is inefficient in haemocytes, as the average fluorescent intensities on Imp staining in
RNAI treated haemocytes did not vary dramatically, compared with the controls in any of the

assay repeats (Figure 38D & E). This is consistent with our in vivo observations (Figure 30).
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Figure 38. RNAI against Imp fails to efficiently knockdown Imp expression in cultured larval
haemocytes

Larval haemocytes expressing a UAS-driven RNAI hairpin against Imp, expressed using either the
srp-Gal4::VP16 or srp-Gal4 drivers, were dissected out of third instar larvae and cultured ex vivo.
Cultured haemocytes were fixed and i mmunost ai
integrin (red). T h eintdgran imemlunostaining | waspthem qudntifi@dFrSindividual
cells by calculating the average fluorescent intensity, which was compared to wildtype controls to
determine if Imp is efficiently knocked down by Imp RNAI, as well as identify any potential effects on
b-integrin levels. The actin cytoskeleton was labelled by expressing UAS-moesin-GFP, driven by two
copies of the haemocyte-specific srp-Gal4 or srp-Gal4::VP16 driver and staining haemocytes with
anti-GFP antibody (green). Cultured haemocytes were counterstained with DAPI to reveal nuclei
(cyan). Scale bar represents 10 um. (A) Control haemocytes expressing only UAS-moesin-GFP. (B)
Haemocytes expressing Imp RNAIi under the control of the stronger srp-Gal4::VP16 driver, (C) or
weaker srp-Gal4 driver. (D-E) Average fluorescent intensity values (mean gray value) of (D) Imp and
(E) -iritegrin staining in control vs. Imp RNAi haemocytes (n=20 haemocytes) across five repeats of
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5.5 Depletion of Imp in Drosophila S2R+ cells by RNAI

In an attempt to reduce Imp levels more efficiently, we used the haemocyte-like S2R+ cell
line, as treatment of Drosophila cell lines with double-stranded RNA (dsRNA) against the
gene of interest produces a highly efficient knockdown (Kao & Megraw 2004; Rogers &
Rogers 2008). As large numbers of cells can be treated, this would also allow us to perform
Western blots.

We generated and treated S2R+ cells with dsRNA against Imp, using dsRNA treatment
against GFP as a negative control. Western blot analysis confirmed that the knockdown of
Imp was efficient (Figure 39A). Real-time quantitative PCR was then carried out to
determine if the levels of candidate mRNA targets of Imp, including b-integrin, were affected
by Imp depletion in S2R+ cells. All MRNA levels were compared to the control gene RNA
polymerase Il (polll) and then normalized to the mRNA levels of the untreated control. gPCR
confirmed that in Imp-treated cells imp mMRNA levels were reduced to 8% of the levels
observed in untreated controls (Figure 39B). However, we did not observe any change in the
levels of b-integrin mMRNA in Imp-treated cells, suggesting that Imp does not regulate the
levels of b-integrin MRNA (Figure 39B).

We also tested other candidate Imp target mRNASs, including actin42A, profilin and arp2, as
well as mRNA encoding the ribosomal protein Rp49 as a negative control. The mRNA levels
of all genes tested were increased by 20-28% in GFP-treated controls, compared to the
untreated control, suggesting that uptake of dsRNA into S2R+ cells causes a general
increase in the global level of MRNAs (Figure 39B). Although the mRNA levels of b-integrin,
rp49, actind2A and arp2 were increased in Imp-treated cells compared with GFP-treated
controls (38%, 65%, 52% & 22% upregulated respectively), these appear within the error
range of the assay, and so comparable to the GFP-treated control (Figure 39B). Consistent
with this, we did not observe any change in the protein levels of Actind2A in Imp-treated
cells, as shown by Western blot analysis (Figure 39A), despite a 52% increase in the act42A
MRNA levels compared with GFP-treated controls (Figure 39B). We would therefore not

expect to see changes in the levels of these genes at the mRNA level.

Interestingly, the levels of profilin mRNA levels are increased to 249% of GFP-treated
controls in Imp-depleted cells, which suggests that Imp negatively regulates profilin mRNA
stability and/or expression (Figure 39B). This is in contrast to the finding that overexpression
of profilin i n  t-reerons of the Drosophila brain rescues the effects of Imp depletion,

suggesting that Imp positively regulates profilin levels (Medioni et al. 2014).
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In contrast, profilin mMRNA was si gni f i can t-intggrindreated celss gpoul0%a t ed i
of GFP treated controls, suggesting that integrin signalling operates in a feedback loop to

regulate profilin expression. b-integrin-treated cells also showed downregulation of arp2

MRNA as these cells had 64% arp2 mRNA levels compared with GFP-treated controls

(Figure 39B). The downregulation of profilin and arp2 mRNA | evel s oiltegréeny v e d
treated cells appears to be aspe c i f i ¢ eirtegren dépletiorf, as bve did not observe
downregulation of any mRNAs in GFP-treated cells compared with untreated controls

(Figure 39B).

Unfortunately, Western bl ot a niatégsinsliaveds intlmp-depbetadntells was b
unsuccessful as a clear band of the correct size was not observed when blotting with the only
known antibody available against Drosophila b P tegrin (Appendix 6). However, several
smaller bands were detected suggesting tha t -integrin could be degraded. To determine if
this was t he c aistegrinineS2Rireqlld by dsRNA tfeatment and compared
this with untreated cells to see if the smaller bands observed were depleted. They were not,
confirming that these bands are the result of non-specific antibody binding (Appendix 6).

&
<
o) @
S = 3 £
= E o > El Untreated
© < S o
2 ® I 9 [l GFP treated
@ > ol o [ Imp treated
o ® D D . .
A o o Q B Il p-integrin treated

*

G-Imp

U-Actin | s s e —

% of untreated control

U-Kinesin
(loading
control)

Figure 39. profilin mRNA levels are upregulated in Imp-depleted S2R+ cells

To determine if k n-intedad lmasvany @ ff f d arips oa n bt-dcten orl aetin-e
regulatory mRNAs and/or proteins, Drosophila S2R+ cells were treated with dsRNA against Imp and
b-integrin. Cells were treated with dsSRNA against GFP as control. (A) Western blot analysis confirms
that Imp protein is downr egul ated in S2R+ <cells tr eataetoh
(Actin42A) protein levels are unaffected by Imp depletion. Kinesin was blotted against as a loading
control. (B) Real-time quantitative PCR analysis of candidate mRNA targets of Imp i n | mp
integrin-depleted cells by comparing to a control gene, RNA polymerase Il (polll). Results represent
an average of three independent repeats of dsRNA treatment and gqPCR. Standard errors are
calculated from reactions performed in triplicate.
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5.6 Testing an in vivo interaction between Imp and b-integrin

Our finding t hat the overexpression of | mp-intggimem oc o p i
haemocytes and Imp binds to b-integrin mRNA in vitro, prompted us to test whether there
may be a genetic i nt eridagininyivo. Qvestrveexen elsimagroenn o fb
has a severe effect on haemocyte migration (Figure 40B). To determine if Imp plays any role
i n the r egiatégdantin lmaemoaytés inbvivo we over expressed- both
integrin in haemocytes to see if | mp ciotegind r es

levels.

We therefore expressed a UAS-b P tegrin and UAS-Imp-mCherry transgene specifically in
haemocytes and examined the migration of these cells to those expressing UAS-b P S
integrin alone (Figure 40B & C). Haemocytes expressing only cytoplasmic GFP, were used
to label haemocytes and as control. Embryos were then fixed and immunostained with an
antibody against GFP to label haemocytes. By embryonic stage 15 the Drosophila embryo is
clearly divided into fourteen distinct segments, with two head, three thoracic and eight
abdominal segments (Figure 40A). The progression of haemocyte migration was examining
by scoring which embryonic segment haemocytes had reached by embryonic stage 15. The
first two head segments were not taken into account as haemocytes are specified within this

region, and so always occupy these segments.

We obtained a UAS-b P htegrin transgene (Martin-Bermudo & Brown. 1996) which, when
expressed specifically i n haemocyt eistegrin rine v e al
haemocytes has a severe effect on their motility in vivo (Figure 6B). While control
haemocytes had migrated along the entire length of the developing ventral nerve cord by
embryonic stage 15 (Figure 40A), haemocyt es o videgria shpwed seveéren g b
delays in their migration and had failed to migrate the full length of the embryo, often
becoming stuck in the head mesoderm. We also failed to see haemocytes at the posterior of

the embryo, which suggests that they fail to migrate from the head mesoderm to the
germband, before it retracts at embryonic stage 12 (Figure 40B). Interestingly, we see the
characteristic three line pattern of haemocytes in embryonic parasegments which are
occupied by haemocytes, suggestingthath ae mocyt es oV eintegrinparealdedsd ng b
complete lateral migration at embryonic stage 14. We therefore propose that haemocytes

oV er expr-mtegin anegablebto respond normally to developmental migration cues, but

do so at significantly reduced speeds.

Expression of Il mp failed to rescusegrinlaesweovere
observed no significant difference in the number of segments occupied by haemocytes
(p=0.91) (Figure 40D). This suggests that either Imp does not negatively regulate the level of
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b-integrin in vivo, or that an increase in | mp alone

integrin overexpression.
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Figure 40. Imp fails to rescue the overexpression effects of b-integrin in Drosophila haemocytes

Over expr e s-mtegoimin lbaémodytes prevents their migration from the head mesoderm of
Drosophila embryos. Too determine if increased expression of Imp could rescue the overexpression
phenot y-mtegrim UASHB8mp-GFP and UAS-b P dntegrin were overexpressed in haemocytes using
two copies of the haemocyte-specific srp-Gal4 driver. UAS-GFP was used to label haemocytes and
Drosophila embryos were fixed and stained with an antibody against GFP. The progression of
haemocyte migration along the ventral midline of Drosophila embryos was examined at embryonic stage
15. (A) In wildtype embryos haemocytes migrate from both the anterior and posterior along the entire
length of the ventral midline and occupy all embryonic segments. (B-C) Haemocytes overexpressing (B)
b-integrin alone and (C) both b-integrin and Imp fail to migrate along the entire length of the ventral
midline (n= 30 embryos per genotype). (D) Shows the average number of embryonic segments occupied
with haemocytes, which suggests that overexpression of Imp has no effect on the overexpression
phenotype of b-integrin (two-way ANOVA, p=0.91). Scale bar represents 50 um.
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5.7 RNA immunoprecipitation (RIP) to identify mRNAs bound to Imp-GFP

To try obtaining evidence of an in vivo interaction between Imp and b-integrin mRNA, as well
as other candidate mRNAs, we used immunoprecipitations of a GFP-tagged Imp and purified
the associated RNAs. We first attempted immunoprecipitations from embryos expressing
Imp-GFP specifically in haemocytes. As controls, we used both wildtype embryos that were
negative for GFP expression, and embryos in which haemocytes expressed MCP-GFP as an
unrelated RBP.

Western blot analysis was carried out to ensure that GFP-labelled proteins were present
within the input and were successfully precipitated. Analysis of precipitated RNAs was
carried out by real-time quantitative PCR (qPCR) to compare the levels of candidate mRNAs
with the wildtype and MCP-GFP controls. The data gained from gPCR analysis is expressed
as the fold-change in mRNA levels relative to wildtype, with all wildtype mRNAs normalized
to 1 (Figure 7). The fold-change values obtained by qPCR can be seen in Appendix 7.

The immunoprecipitation was repeated three times without cross-linking proteins and RNA.
However, although Western blot analysis showed that Imp-GFP was precipitated, we
obtained variable results by gPCR as different levels of the RNAs analysed were precipitated
with Imp-GFP in each repeat, when compared with the wildtype and MCP-GFP controls (data
not shown). As the mRNA levels of each gene were normalized to the input levels, it is

unlikely that the variability is due to differences in the amount of starting material.

It is possible that the RNP complexes, in which Imp is bound, are re-modelled after embryos
are homogenized, as Imp-GFP expressed specifically in haemocytes is then exposed to the
entire embryonic proteome. Formaldehyde cross-linking was then used on intact embryos to
cross-link RNA and proteins within RNP complexes, preventing complex re-modelling.
Western blot analysis showed that Imp-GFP and MCP-GFP are successfully precipitated
(Figure 41A). However, after two repeats of cross-linking immunoprecipitation, the levels of
candidate mRNAs precipitated with Imp were highly variable compared to wildtype and MCP-
GFP controls, showing that cross-linking did not resolve this variability (compare Figure 41B
& C).
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Figure 41. RNA precipitation to identify mMRNAs associated with Imp in haemocytes

RNA immunoprecipitation was carried out to identify transcripts associated with Imp in Drosophila
embryonic haemocytes. Imp-GFP was expressed specifically in haemocytes and precipitated from
an embryonic extract, after cross-linking of RNAs and protein in intact embryos. MCP-GFP was
precipitated as an unrelated negative control. (A) Western blot analysis shows that Imp-GFP and
MCP-GFP are present within the input and are successfully precipitated in the bound fraction
(white arrowheads). However, 2% of the total input and bound fractions were loaded compared
with 50% of the total bound fraction, revealing that precipitation of Imp-GFP and MCP-GFP is
inefficient. (B,C) Real-time quantitative PCR to detect candidate mRNAs precipitated with Imp-
GFP, compared to the wildtype and MCP-GFP controls in two biological replicates. mRNA levels
detected within the bound samples were first normalized to the levels of those detected within the
input to control for differences in starting material. The levels of mMRNAs precipitated with Imp-GFP
and MCP-GFP were then compared relative to the levels of those mRNAs precipitated in the
wildtype control. The results are expressed as fold-change relative to the wildtype control. Standard
errors of the mean were calculated from reactions carried out in triplicate.
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As a control for the RIP assays performed with embryos (see above), we attempted to
identify mRNAs associated with both Imp and PTB in the Drosophila ovary, as mRNA targets
of both these RBPs have been identified in the oocyte, including oskar and gurken mRNAs
(Geng & Macdonald 2006; Munro et al. 2006; Besse et al. 2009; McDermott & Davis 2013).
We therefore expressed both Imp-GFP and PTB-GFP in the germline of Drosophila oocytes
and used wildtype ovaries, and those expressing MCP-GFP, as controls. However,
formaldehyde cross-linking was not carried out on ovaries used for RIP assays.

Western blot analysis showed that all GFP-labelled RBPs were successfully precipitated
(data not shown). Two distinct biological replicates of the RIP were performed and real-time
guantitative PCR was then carried out, as described for embryos above. The RIP was carried
out to test the levels of several mMRNASs, including oskar and gurken, which are both known
targets of Imp and PTB (Munro et al. 2006; Besse et al. 2009). As for RIPs from embryos,
data gained from gPCR analysis was expressed as the fold-change in mRNA levels relative
to wildtype, with all wildtype mRNAs normalized to 1 (Figure 42). The fold-change values
obtained by gPCR can be seen in Appendix 7.

As expected, oskar mRNAs appeared highly enriched with PTB. bicoid mRNA was also
highly enriched with PTB in both replicates (206-fold & 108-fold enriched, compared with
wildtype controls), which suggests that bicoid is a target of PTB (Figure 42). However,
gurken mRNA appeared highly enriched with PTB in only one of our replicates (136-fold
increased vs. 12-fold increase compared to wildtype controls). This was also true for one of
our negative controls H2A, which appeared enriched with both Imp and PTB in the first
replicate (77 & 80-fold-change, respectively) compared with the second (7 & 3 fold-change,
respectively). However, another negative control rp49, showed an 18-fold increase with PTB
in the second replicate, compared with only a 7.5-fold change in the first replicate.
Interestingly, actin42A mRNA appeared to be enriched with PTB in both replicates (75 & 16-
fold change, respectively) (compare Figures 42A & B). However, it is difficult to determine if
this is a real or non-specific enrichment, due to the fold-changes observed for the rp49 and

H2A controls, which are described above.

The above observations showed that fold-change of mMRNAs associated with our RBPs was
variable between biological replicates of the RIP and highlights the difficulties in determining
if MRNAs that show a low fold-increase are non-specifically precipitated or are specifically
associated with the RBP of interest. The overall levels of mMRNA associated with both Imp
and PTB, compared with wildtype controls, was higher in the first replicate (Figure 42A)
compared with the second (Figure 42B). This suggests that either the overall level of total
RNA was higher, or that more GFP-labelled RBP was precipitated in the first replicate. It is
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also likely that some mRNAs could interact non-specifically with an RBP at a higher level in
one replicate, compared with another, which may lead to false-positive enrichments. To
control for this variability and ensure that we are detecting enrichments correctly, the global
level of mMRNAs precipitated with GFP-labelled RBPs, compared with wildtype, should be
examined in in each biological replicate to set a minimum fold-change threshold, over which
a specific mRNA is then considered enriched with an RBP. This threshold will be RIP-
dependent and will vary in each independent biological replicate. At least three independent
biological replicates of each RIP should also be carried out and compared to control for
variability.

In conclusion, while RIP and subsequent gRT-PCR analysis of candidate mRNAs may be
used to identify mRNAs that are highly enriched with RBPs of interest, such as bicoid and
oskar, it is difficult to detect lower affinity mMRNA-RBP interactions. To detect low affinity
interactions, global mMRNA levels should be compared between both the input and bound
fractions, by either RIP-Chip or RNA-seq following RIP.
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Figure 42. RNA precipitation to identify mRNAs associated with Imp and PTB in Drosophila
oocytes

A number of mRNAs associated with Imp and PTB in Drosophila oocytes have been previously
characterized, including oskar and gurken mRNAs. To determine the effectiveness of our RIP assay,
Imp-GFP and PTB-GFP were expressed specifically in the germline of Drosophila oocytes and
precipitated from an ovarian extract. gPCR was then carried out to establish if oskar and gurken
mMRNAs can be detected with Imp and PTB. MCP-GFP was precipitated as an unrelated negative
control. (A, B) Real-time quantitative PCR to detect candidate mMRNAs precipitated with Imp-GFP and
PTB-GFP, compared to the wildtype and MCP-GFP controls in two biological replicates. mRNA levels
detected within the bound samples were first normalized to the levels of those detected within the input
to control for differences in starting material. The levels of mRNAs precipitated with Imp-GFP and
MCP-GFP were then compared relative to the levels of those mMRNAs precipitated in the wildtype
control. The results are expressed as fold-change relative to the wildtype control. Standard errors were
calculated from reactions carried out in triplicate.
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6.1 Analysis of the model systems and tools used to study the role of RNA
regulation in cell motility in vivo

6.1.1 Evaluating the strengths and weaknesses of using Drosophila haemocytes as an
in vivo model to study the role of RNA regulation in cell motility

Here we have established a model system to investigate the role of RNA regulation in cell
motility in vivo. After attempting to fix Drosophila embryos it was established that the
lamellipodial protrusions were destroyed within the fixation procedure (Figure 10C).
Therefore, all analysis must be carried out using live imaging, placing a limitation on the use
of the system, as transgenic flies must be generated to study the localization of proteins and
MRNAs of interest.

Imaging of our GFP- and mCherry-labelled transgenes and the haemocyte labels (eg.
moesin-GFP/mCherry) revealed that two copies of a GAL4 driver are required to drive these
proteins at sufficient levels to be detected (data not shown). This limits the number of
transgenes that can be expressed within haemocytes. The number of fly crosses required to
achieve sufficient GAL4 drivers, a haemocyte marker and a transgene will also be
significantly increased. We were able to improve the strength of the GAL4 drivers by
generating a haemocyte-specific Gal4::VP16 driver, which did not remove the need for two
drivers, but increased our capacity to overexpress RBPs, as well as knock down their
expression by RNAI.

The use of protein trap lines to image the distribution of proteins within haemocytes is limited
by the expression of the labelled protein in the surrounding tissues, making it difficult to
establish if our proteins are expressed in the haemocytes themselves, particularly in the
lamellipodial protrusions (Figure 17C). To overcome this problem, we constructed

fluorescently-labelled RBPs that could be expressed specifically in haemocytes.

As previously shown, imaging showed that haemocytes are highly amenable to live imaging,
as their polarisation and migration can be captured when imaging the ventral surface of the
embryo (Stramer et al. 2005; Stramer et al. 2010). The available haemocyte labels also allow
both the actin and microtubule structures to be clearly visualized, ensuring that any changes
to the haemocyte cytoskeleton as a result of overexpression or knockdown of proteins of
interest can be seen. The embryos can be easily staged, allowing animals of different stages
to be selected, as well as ensuring reproducibility of assays. The developmental migration of
haemocytes can be easily followed upon leaving the head mesoderm at embryonic stage 10,
until their random migration across the ventral surface at embryonic stage 15, so that

migratory defects at different stages would to be easily seen (Evans et al. 2010).
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Wound healing assays are highly successful and allow the migration of haemocytes to be
directed to a specific region of the embryo (Stramer & Wood 2009). Analysis of haemocyte
velocity to wounds in embryos of different genetic backgrounds revealed that there is a high
consistency in the average speed of haemocyte migration to wounds between different
embryos of the same genetic background (Figure 25D). This makes them an ideal model to
study cell motility as any changes in the speed of haemocyte migration, within haemocytes
both depleted for or overexpressing proteins of interest, should be consistent between
different embryos compared with controls, making any migratory defects easy to see and
analyse.

6.1.2 Analysis of the MS2 system to study in vivo mRNA localisation in haemocytes

As fixed haemocytes lose their lamellipodial protrusions, in situ hybridisations could not be
used to examine the distribution of mMRNAs in migratory haemocytes. Instead, the MS2
system was used to follow the in vivo localisation of candidate mMRNAs. Although several
groups have utilised the MS2 system to visualise mMRNA localisation, it has been mostly used
to follow the mRNAs in cultured cells such as budding yeast (Bertrand et al. 1998; Hocine et
al. 2013), primary cultures of mammalian fibroblasts (Lionnet et al. 2011) or bacteria (Golding
& Cox 2004), as well as in whole tissues including Drosophila embryos, egg chambers and
adult brain (Becalska and Gavis 2009; Forrest and Gavis 2003; Jaramillo et al. 2008; Ashraf
et al. 2006; Belaya & St Johnston 2011; Lange et al. 2008). However, there are currently
limited examples in which the MS2 system has been used to examine the localisation of an
MRNA within a single cell in vivo, in the context of a whole living organism (JayaNandanan et
al. 2011).

To test the MS2 system in haemocytes, several MS2 hairpin-tagged mRNAs, including the
Drosophila homologues of b-actin and arp3 mRNA (actin5C, actin42A & arp66B), were
tagged and expressed in haemocytes, as these transcripts have been shown to localise at
the leading edge of migratory cultured cells (Shestakova et al. 2001; Mingle et al. 2005).
However, the distribution of the MCP protein looked identical with or without co-expression of
the actbC, act42A and arp66B mRNAS, suggesting that these mRNAs are not localised to
the lamellipodia of haemocytes (Figure 21 i act42A, data not shown for act5C & arp66B).
However, other explanations are possible (see below). RT-PCR showed that the hairpin-
tagged actind2A and oskar mRNAs are expressed in haemocytes, although their level of

expression is unknown (Figure 23B).

The MS2 tools constructed in this project were tested in the Drosophila oocyte, as this
system has been successfully used to study the localization of oskar mMRNA (Zimyanin et al.

2008). However, we failed to see the previously characterised enrichment of oskar at the
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oocyte posterior (Figure 24B), suggesting an issue with our MS2 system reagents/tools. Our

MS2 binding sites were placed abtkarneRNA, Iwkile thep st r e ¢
previous studies placed the binding sites within the full-length transcript, directly after the

stop codon (Zimyanin et al. 2008). Similarly, to study the localisation of nanos, bicoid and

gurken mMRNAs within the oocyte, the MS2 binding si
three transcripts (Forrest & Gavis 2003; Jaramillo et al. 2008; Weil et al. 2008).

The expression of the MS2 hairpin-tagged oskar, bicoid, nanos and gurken mRNAs were all

able to successful rescue phenotypes caused by down-regulation of their products within the

oocyte, revealing that these tagged transcripts are effectively translated (Forrest & Gavis.

2003; Jaramillo et al. 2008; Weil et al. 2008; Zimyanin et al. 2008). We therefore decided to

place the MS2-bi ndi ng si t el ofaour candidate mRNAs to prevent their
translation, as overexpression of the selected actin-related proteins in haemocytes is not

likely to be innocuous. Although RT-PCR has shown that our transcripts are detectable

when expressed in haemocytes (Figure 23B), their levels may be low or they may be rapidly

degraded upon synthesis due to the presence of the MS2 hairpins at t he 56UT
Alternatively, the MS2 hairpins may interfere with trafficking or localisation of the mRNA.

We also cannot exclude the possibility that the MCP protein does not bind the MS2 hairpin-
binding sites and so, although present, the localisation of the candidate mRNAs cannot be
seen. It is also possible that the candidate mRNAs selected are not specifically enriched in
any region within haemocytes and so bound MCP is undistinguishable from the pool of
unbound cytoplasmic MCP. However, if this were the case then the nuclear enrichment of
MCP seen in haemocytes expressing the MCP proteins should appear diminished, which
does not seem to be the case. The most likely explanation is that the MS2-h ai r pi ns at t
of the tagged mRNA trigger degradation. In this case, even if the MCP were able to bind the
MRNA prior to degradation, it is likely that its localization would be changed compared with

wildtype as mRNA targeted for degradation would be sequestered in P-bodies.

A study to test the resolution of the MS2 system in cultured fibroblasts for the application of
tracking individual RNA molecules revealed that discrete particles of GFP-labeled mRNA
were resolvable only when 24 MS2 binding sites were present in the reporter mRNA, and not
in the presence of only 6 or 12 MS2 sites (Fusco et al. 2003). Although we originally
attempted to generate MS2 hairpin-tagged mRNAs with 24 and 32 repeats of the MS2 sites,
the repetitive nature of the DNA constructs caused degradation of the DNA when introduced
into competent bacteria. The maximum number of MS2 hairpins we managed to introduce in
our candidate mRNAs was 18 repeats, which may not be detectable above background level

in both the oocyte and haemocytes.
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We have recently acquired previously characterized fly lines containing an MS2-tagged
gurken mRNA, as well as an extensively characterized MCP-mCherry fusion protein
expressed under the control of a nanos promoter. We aim to test these reagents within the
oocyte, with both our own MS2-tagged mRNAs and MCP proteins, to determine which part of
our MS2 system is failing.

6.1.3 The RNA-binding proteins PTB, Hrp48 and Imp are differentially localized in

haemocytes in vivo

The localization of the RNA-binding proteins PTB, Hrp48 and Imp was different upon
expression in live haemocytes, suggesting that they may play functional different roles in this
cell type. PTB was highly enriched in the nucleus (Figure 17A), which was not surprising as
PTB has been well characterized as a nuclear regulator of RNA processing (Sawicka et al.
2008). PTB was also present at low levels throughout the lamellipodial protrusions, but was
not enriched at any particular region within them (Figure 17A). In contrast, Imp and Hrp48
were not highly enriched in the nucleus, but diffusely localized throughout the cell body of
haemocytes. While Hrp48 was exclusively restricted to the cell body (Figure 20A), Imp was
present in some arm-like protrusions enriched for both actin and microtubules (Figure 12 &
13).

None of our RBPs were enriched at the leading edge of haemocytes, suggesting that either
these specific RBPs are not required for localization of mMRNAs at the leading edge, or that
local RNA translation is not required for haemocyte migration. This idea is also in agreement
with the observation that there are not enrichments of actin at the leading edge of
haemocytes in vivo (Figure 12A). Immunostainings to reveal the localization of endogenous
RBPs in cultured larval haemocytes supported our in vivo findings as PTB, Hrp48 and Imp
were not enriched within, or at the periphery, of the actin protrusions (Figures 14, 18 & 20C).

6.1.4 Over-loading of proteins in migratory cells may cause migratory defects
Overexpression of Imp in haemocytes results in migratory defects as the speed of
haemocytes is significantly reduced, during both random migration and directed migration
towards an epithelial wound site. This effect appears to be dose-dependent as expression of
a double copy of both the haemocyte-specific srp-Gal4 driver and Imp produces a more
severe migratory defect, compared with expressing only a single copy of srp-Gal4 and Imp
(Figure 26C).

These results should be taken with caution as the expression of different non-functional

proteins in haemocytes can also cause variations in the speed of haemocyte motility (Figure
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25D). It is possible, that despite being non-functional, the binding of moesin-GFP to actin
filaments causes changes in actin dynamics and therefore the migratory behaviour of
haemocytes. Equally, the binding of Clip170 to microtubules could prevent the binding of
functional microtubule-binding proteins, causing the slower migration speeds observed.
Alternatively, expression of cytoplasmic GFP, which diffuses throughout the entire cytoplasm
of haemocytes, may also have an effect on haemocyte motility. Unbound cytoplasmic GFP
may be targeted for degradation, increasing the phagocytic load of these haemocytes and
diluting the pool of proteins required for efficient cell migration. Overexpression of proteins in
haemocytes may also place a burden on the translational machinery, reducing the levels of
proteins required for efficient migration.

The effects of markers used to track the migration of cells in vivo should be taken into
account when analysing the effects of overexpression or depletion of a protein on interest on
cell migration. It has been well documented that Imp is transported along microtubules by the
molecule motors dynein and kinesin (Nielsen et al. 2002; Boylan et al. 2008).
Overexpression of Imp in haemocytes could lead to an excess of Imp bound to microtubules,
to transport it to regions of the cell where it is required. This could have a similar effect to
Clip170 expression, resulting in a decrease in the speed of haemocyte migration. Therefore,
the motility defects caused by overexpression of Imp may not be due to its functional role

within the cell, but may instead be a by-product of overexpressing the protein itself.

6.2 Actin dynamics in haemocytes and implications for Imp function

6.2.1 In contrast to cultured haemocytes, actin is not enriched at the leading edge of

haemocytes in vivo

We observed that, although actin was enriched at the periphery of lamellipodial protrusions in
some cultured haemocytes in vitro (Figure 18A), this was not the case in vivo, using live
imaging of embryonic haemocytes (Figure 12A). We examined the localisation of actin in
haemocytes in vivo by following the distribution of the actin-binding domain of moesin fused
to GFP (Dutta et al. 2002). This showed that actin is not enriched at the periphery of the
lamellipodial extensions, also referred to as the leading edge (Figure 12A & B).

Addition of ecdysone to larval haemocytes cultured ex vivo triggered them to polarize and
migrate across a 2D substrate (Sampson et al. 2013). Interestingly, in contrast to
haemocytes in vivo, actin was highly enriched at the leading edge of a large proportion of
cultured haemocytes treated with ecdysone (compare Figure 19A & Figure 18E). This
suggests that cells migrating in vivo, within the context of a living organism, regulate their

actin cytoskeleton in a different manner to those migrating across a 2D-surface.
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Our understanding of the mechanisms governing cell motility is based on the haptokinetic
model of fibroblast migration across a 2D substratum (Friedl & Weigelin 2008). The model is
a cyclic process which first requires the polarization of the cells and the formation of actin
protrusions. Various receptor complexes, including integrins, then cluster at sites within the
protrusions to form adhesions with the substrata, termed focal adhesion complexes (FACSs).
Myosin motors assist in retraction of the cell body, which establishes a gradient of binding
and traction forces between the front and rear of the cell to generate directional cell
movement and dissolution of adhesion complexes (Friedl & Brocker 2000). However,
cultured cells migrating along a flat surface are likely to employ different mechanisms of
migration compared with cells in vivo, migrating within the constraints of an extracellular
matrix. Cells migrating along a flat surface do not encounter any mechanical resistance,
unlike cells migrating within the constraints of a tissue (Friedl & Brocker 2000) and assume a
flat, spread morphology. However, motile cells such as fibroblasts assume different
morphologies within a 3D matrix with a bi- or tri-polar morphology. They project cylindrical
pseudopodia, unlike the flat, ruffling pseudopodia of fibroblasts within a 2D environment
(Hakkinen et al. 2010). This difference in morphology means that arrangement of the actin
cytoskeleton in likely to be different in cultured migratory cells versus those migrating within a

tissue or 3D matrix.

Actin stress fibers are contractile actomyosin bundles that are required for adhesion of
fibroblasts to the substrate and retraction of the rear edge (Hotulainen & Lappalainen 2006).
Thick actin stress fibers are observed in fibroblasts cultured on 2D substrates, but when
migrating within a 3D matrix they were not observed (Friedl & Brécker 2000; Hakkinen et al.
2010). Migratory Dictystelium were also observed to lack stress fibers, indicating that they

may not be required for certain types of cell migration (Rubino et al. 1984).

Stress fiber formation appears to inversely correlate with migration velocity as fibroblasts
containing few or no stress fibers migrate on average 2.8 times faster than fibroblasts
containing a higher density of stress fibers (Lewis et al. 1982). Fibroblasts within a 2D
environment migrate at lower speeds, at an average of 0.2-0.4 um/min (Ware et al. 1998;
Hakkinen et al. 2010), while haemocytes in vivo show a much quicker migration speed of
around 2.4 yum/min (Figure 27C), and are continually re-polarizing during migration. We did
not observe a high density of actin stress fibers within haemocytes (Figure 12A), which are
often found at the leading edge of cultured migratory cells. This could reflect the differences
in the velocity of haemocytes, compared to cultured migratory cells. It is therefore likely that

the regulation of actin dynamics within migratory cells in vivo are different to those migrating
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on a 2D substrate in vitro, which may have an impact of the speed of their migration. This

would explain the lack of actin enrichments at the leading edge of haemocytes in vivo.

Actin stress fibers are found in focal adhesion complexes (FACs) (Hotulainen & Lappalainen
2006). While the FACs formed in cells cultured on a 2D substrate are large and well-
developed, the adhesions formed between migratory cells and a 3D matrix are much smaller
and fewer are often formed (Friedl & Brécker 2000). This is not surprising, considering the
lack of actin stress fibers within migratory cells within a 3D matrix. Cultured haemocytes are
sessile and so are likely to form strong actin-rich adhesions with the substrate on which they
are cultured. FACs are formed between the substrate and the lamellipodial protrusions,
particularly at the leading edge, and are mediated through integrin complexes at the cell
membrane (Zaidel-Bar et al. 2004). This could account for the enrichments of actin that we
observed at the tips of lamellipodial protrusions in cultured haemocytes (Figure 14).
Meanwhile, highly motile cells in vivo, such as haemocytes, are less likely to form strong
adhesions to the extracellular substrata due to the speed of their migration. This is supported
by the fact that depletion of Zyxin in Drosophila pupal haemocytes, a protein required for the
maturation of nascent adhesions into stable focal adhesions (FAs), significantly increased
their in vivo migration (Moreira et al. 2013). Consistent with this, cultured fibroblasts form
small, less developed adhesions with the substrate and show increased speeds of migration
in a 3D matrix, compared with a 2D substrate (Friedl & Brocker 2000; Hakkinen et al. 2010).

6.2.2 Local translation of b-actin mRNA at the leading edge is unlikely to play a role in

haemocyte migration in vivo

Although actin was not enriched at the leading edge of haemocytes in vivo, we found that a
belt of actin enrichment was frequently present at the edge of the cell body, in regions from
which the lamellipodial protrusions would extend (Figure 12A & B). Frequently, an arm of
actin would extend from this belt into the lamellipodial protrusions, which also showed a
higher concentration of actin compared with the surrounding lamellipodia (Figure 12A & B).
This pattern of actin enrichment has also been observed for other migratory cell types, such
as Zebrafish primordial germ cells, which show an enrichment of actin at the edge of the
region that houses the cellular organelles (cell body), from which lamellipodial protrusions
extend (Blaser et al. 2005). The lamellipodial protrusions of these cells were not highly
enriched with actin (Blaser et al. 2005). This suggests that there is a distinction between the
cell body and the lamellipodial protrusions, which may be formed by a basket of microtubules

formed around the haemocyte cell body (Stramer et al. 2010).
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IMP1, the rat and chick homologue of Imp, has been shown to localise b-actin mRNA at the
leading edge of cultured migratory cells, where actin protein also accumulates upon local
translation at this region (Ross et al. 1997; Shestakova et al. 2001; Oleynikov & Singer
2003). Local translation of b-actin mRNA at the leading edge regulates cell motility in vitro
(Huttelmaier et al. 2005). However, as observed for actin, Imp was clearly not enriched at the
leading edge of lamellipodial protrusions in haemocytes in vivo (Figure 12).Interestingly, Imp
was present within the base of some arm-like protrusions that extend into the lamellipodia,
which co-localized with the aforementioned arm of actin enrichment (Figure 19). Imp was
present in the cytoplasmic extensions of migratory border cells (Figures 31 & 32). However,
even in this case, we did not observe strong enrichments of Imp at the leading edge of
border cell protrusions. Taken together, these findings suggest that Imp does not localise
and regulate mRNAs at the leading edge of lamellipodial protrusions in haemocytes,

although it may regulate mRNAs in other regions of the cell.

We have shown that the mRNA of actin42A (b-actin) is not enriched at the periphery or within
any regions of the lamellipodial protrusions in cultured haemocytes ex vivo by in situ
hybridization (Figure 22). Our observation that actin protein was also not enriched at the
leading edge of haemocytes in vivo (Figure 12) suggests that b-actin mRNA may not be
localized to, or locally translated, at the leading edge of these cells. To support this idea,
recent studies have revealed that b-actin mRNA is not enriched within the cellular protrusions
of motile cultured cells, when compared with the levels of mMRNAs within the cell body (Mili et
al. 2008; Thomsen & Lade Nielsen 2011; Jakobsen et al. 2013). These findings contrast to
previous reports using in vitro cultured migratory fibroblasts (Ross et al. 1997; Shestakova et
al. 2001; Oleynikov & Singer 2003), suggesting cell-type specific differences in the regulation
of MRNAs and proteins required for cel l

approach cannot be taken when investigating the mechanisms of cell motility, in both

cultured cells and different migratory cell types in vivo.

One interesting possibility is that the enrichments of actin at the cell body edge, and in arms
extending from this region, supply actin monomers to the continually re-polarizing
lamellipodial protrusions. Actin monomers could be transported from these regions of actin
enrichment and into the growing lamellipodial protrusions, ensuring a continual feed of actin
to replenish actin stores at the leading edge. If this is the case, actin may be locally
translated at these actin-rich structures, to which Imp is also localized (Figure 19). It would
be interesting to examine the localization of the translational machinery in haemocytes, to

determine if it is present or specifically enriched at the sites of actin enrichment.
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6.3 Characterizing the role of Imp in motile cells

6.3.1 Imp may play a role in regulating microtubule dynamics in haemocytes

Although expression of cytoplasmic GFP, moesin-GFP or Clip170-GFP results in notable
differences in the speed of haemocyte migration, haemocytes expressing these protein
markers display comparable contact repulsion behaviour (Figure 28A-C). In contrast,
haemocytes overexpressing Imp do not display normal contact repulsion but stick together in
clumps and are often unable to re-polarise and migrate away from each other (Figure 28D).
This suggests that the contact repulsion phenotype seen in haemocytes overexpressing Imp
is a specific effect of increased Imp expression and therefore function, rather than an effect
of simply overloading the haemocytes with a protein.

Migrating haemocytes form a structure, referred to as a microtubule arm, which consists of a
tight bundle of lamellar microtubules that protrude from the haemocyte cell body in the
direction of migration (Stramer et al. 2010). As haemocytes re-polarise, the microtubule arm
will either be retained and re-orient if the change in the angle of migration is less than 40°. If
the turn angle is greater than 40° the microtubule arm is dis-assembled and then re-
assembled in the new direction of migration (Stramer et al. 2010). To undergo normal contact
repulsion, haemocytes will align their microtubule arms upon contact for approximately three
minutes before re-polarising and migrating away from each other. In the majority of cases,
when the tip of a microtubule arm of one haemocyte comes into contact with another
haemocyte, the haemocyte rapidly re-polarises before further contact is made (Stramer et al.
2010).

Examination of both microtubule and actin dynamics in mys (b-integrin) mutant haemocytes
showed that while haemocytes were able to form a microtubule arm, this arm frequently
collapses during random migration (Comber et al. 2013). Failure to maintain a microtubule
arm prevents efficient contact repulsion, as assembly of a microtubule arm is essential to
enable haemocyte to re-polarise upon contact (Stramer et al. 2010). Despite the ability of
haemocytes overexpressing Imp to form a microtubule arm during random migration (Figure
20), the majority of haemocytes failed to align these microtubule arms or re-polarise upon
contact with another cell (Figure 28F), suggesting that their ability to maintain a microtubule

arm is impeded by an increase in Imp levels.

Interestingly, haemocytes that fail to form a microtubule arm can still migrate to wound sites,
although they take longer to response to wound cues, take a less directional route to the
wound site and show increased migratory speeds (Stramer et al. 2010). Although

haemocytes overexpressing Imp formed a microtubule arm (Figure 20), the speed of their
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migration and directionality was significantly reduced compared with controls (Figure 26).
This suggests that Imp overexpression affects the ability of haemocytes to re-polarise,
consistent with defects in microtubule arm formation. It would be interesting to fully examine
the microtubule dynamics in haemocytes overexpressing Imp to determine if these
haemocytes take longer to form a microtubule arm or once formed, fail to maintain it during

migration.

In support of the idea that Imp may play a role in regulating microtubule dynamics, we
observed co-localization of Imp and microtubules in haemocytes in vivo, with Imp always
present in the base of the microtubule arm, without extending towards the tip (Figure 20).
When haemocytes re-polarize, the microtubule arm is disassembled and re-formed in the
new direction of migration (Stramer et al. 2010). In haemocytes that lacked a microtubule
arm (e.g. in the process of disassembling and re-forming the microtubule arm), Imp was
restricted to the cell body and we did not detect it within any protrusions (Figure 20C). This
suggests that Imp is co-localized primarily to microtubules within haemocyte protrusions,
rather than actin filaments. We propose that Imp may therefore regulate the localisation
and/or translation of mMRNAs that encode proteins required for microtubule dynamics. An
alternative possibility is that Imp is transported in RNP granules along microtubule filaments,
which has been observed in other cell types, and so Imp co-localization with microtubules is

a result of Imp transport along the cytoskeleton (Nielsen et al. 2002; Medioni et al. 2014).

6.3.2 Changes in cellular morphology could trigger changes in the distribution of Imp

Interestingly, we observed that the localization of Imp in cultured haemocytes and the
Drosophila S2R+ cell line varied in cells with different morphologies. Haemocytes and S2R+
cells that were spread and formed extensive lamellipodia showed a more diffuse distribution
of Imp, while cells with a highly round morphology, which either failed to form lamella or
produced very few cellular extensions showed a highly punctate distribution of Imp (Figures
14 & 15). This pattern was particularly pronounced in cells undergoing division (Figure 15D).

This revealed the degree of heterogeneity in cells, even in culture conditions.

Plating of Drosophila S2R+ on different substrates induces changes in their morphology and
it has been shown that some proteins, including the Drosophila b P tegrin subunit, show

different patterns of localization depending on the degree of spreading of the cells (Pereira et

al. 2011). Similarly to our observations of Imp localization,in r ounded u-iptegane !l | s

( Bntegrin) was localized in distinct puncta, indicative of FAC formation, while highly spread
cells with branched | amel | i p o dntegrin, suggestirgd lack

of FACs (Pereira et al. 2011). Consistent with these findings, we also observed variations in
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the locali z at i ointegrim fin clitured haemocytes, with some cells containing distinct
granulesatefgrbn | ocalization, while highly- spre:
integrin throughout the entire cell (Figure 36). However, | 4miegrinadiddnot b
significantly co-localize when gr anul es -nfegrin wepe olserved (Bigurefs6),

showing that there-l o c a |l i z antegrio mponcactiangls in cell morphology is distinct from

the re-localization of Imp.

As g r an uihtegen arefindidative of sites of FAC formation (Pereira et al. 2011), we
presume that Imp is not localized to FACs in cultured haemocytes. Previous research has
shown that integrin binding to the ECM substrate results in mechanical restructuring of the
intracellular actin cytoskeleton, which acts as a trigger for mRNA and ribosome recruitment
to FACs (Chicurel et al. 1998). This suggests that Imp does not play a role in recruitment of
MRNAs to FACs upon integrin binding to the ECM. It would be interestingly to analyse the
nature of Imp granules as mammalian IMP1 has been shown to associate with specific
MRNASs in stress granules to positively regulate their stabilization during cellular response to
stress (Stohr et al. 2006). The rounded-up morphology of haemocytes and S2R+ cells could
be indicative in a change in cellular morphology, due to cellular stress, which could trigger
the localization of Imp into stress granules. However, characterization of the molecular
composition of IMP1-containing granules in human embryonic kidney (HEK) cells showed
that IMP-1 granules are distinct from stress granules or cytoplasmic foci containing the
MRNA decay machinery, termed processing-bodies (P-bodies) (Jgnson et al. 2007). This
could be tested by co-localizing Imp with stress granule and P-body markers in haemocytes.

6.3.3 Lack of phenotype in imp loss-of-function haemocytes and border cells

Haemocytes expressing RNAIi against Imp behaved as wildtype (Figure 30), suggesting that
either knockdown of Imp expression has no effect on haemocyte motility/behaviour, or that
our RNAI treatment was not effective enough to reveal a phenotype. We propose the latter,
as we did not observe a dramatic reduction in the level of Imp staining in cultured
haemocytes expressing Imp RNAI, and residual Imp protein was detectable (Figure 38).
However, RNAi against Imp was effective at knocking down exogenous Imp-GFP,
suggesting that the hairpin works, even if residual Imp-GFP was detectable at low levels
(Figure 29A & D). Studies to characterize protein functions in haemocytes in vivo have
utilized either dominant-negative proteins or mutants to generate a loss-of-function against
the proteins of interest (Stramer et al. 2005; Stramer et al. 2010; Tucker et al. 2011; Evans et
al. 2013; Evans et al. 2015), as RNAI hairpins against many different proteins appear

ineffective at knocking down their targets (Will Wood 1 personal communication).
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Haemocyte motility cannot be observed in imp null or hypomorphic mutant embryos as these
embryos die before the onset of haemocyte specification (Boylan et al. 2008). Our attempts
to generate imp mutant embryonic haemocytes by MARCM failed, which we attribute to the
short time window available for haemocytes to express the GFP marker following heat
shocks and subsequent recombination events. Therefore, to examine the effects of Imp
depletion in haemocytes, MARCM analysis could be carried to generate imp mutant
haemocyte clones in pupal haemocytes, as previously demonstrated (Moreira et al. 2013).

Similarly, we failed to observe border cell phenotypes by expression of RNAIi against targets
known to be required for border cell migration, including Racl and Hrp48 (Murphy & Montell
1996; Mathieu et al. 2007). It was therefore not surprising that we did not observe any effects
on border cell migration by expression of an RNAI hairpin against Imp. A recent RNAI screen
to identify regulators of border cell motility was successfully in identifying border cell
phenotypes by co-expression of Dicer, which increases the efficiency of RNAIi hairpin
processing (Luo et al. 2015). Further attempts to knockdown Imp by RNAI could incorporate
the expression of Dicer, to increase RNAI efficiency.

We cannot exclude the possibility that RNAi against Imp is effective and that depletion of Imp
expression has no effect on haemocyte motilty. RBPs often function in large RNP complexes
containing many different RBPs, some of which may act redundantly. Depletion of Imp levels,
together with those from other components of such RNPs, may reveal the role of Imp within
haemocytes. IMP1, the chicken homologue of Imp, represses the translation of b-actin
MRNA at the leading edge of cultured migratory cells, until IMP1 is repressed upon
phosphorylation by Src kinase (Hittelmaier et al. 2005). If Imp is also functioning as a
translational repressor in haemocytes, then although depletion of Imp may cause increased
translation of specific mMRNAs, the excess protein may not reach a level high enough to
induce an aberrent effect on haemocyte maotility. In contrast, overexpression of Imp could
prevent the translation of mMRNAs whose protein products are essential for cell motility,
producing the effects seen in haemocytes overexpressing Imp. However our finding that
levels of Ac t i n 4aztilk) pfotkin, or MRNA, were not affected by Imp depletion in S2R+
cells (Figure 39) suggests that, at least in vitro, Imp does not regulate the stability or

translation of actind2A mRNA (although this may not be applicable to haemocytes in vivo).

Knockout of Imp expression in migratory border cells did not appear to impede their
migration through the egg chamber (Figure 33C), suggesting that Imp is not required for cell
migration in this system. However, we failed to generate full mutant border cell clusters by
MARCM, and so only examined downregulation of Imp in mixed clusters that contained 2-3
imp mutant cells in a cluster of 6-10 border cells (Figure 33C). Therefore, we cannot exclude
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the possibility that, due to the collective nature of border cells, wildtype cells are able to

compensate for the loss of Imp in mutant cells.

Border cells at the front of the cluster must extend protrusions to drive their migration through
the nurse cells, to the oocyte border (Montell 2003). Mixed border cell clones containing imp
mutant cells at the front of the cluster showed normal progression of migration through the
egg chamber, suggesting that these cells were able to drive migration of the cluster.
However, it has also been shown that border cells have the capacity to move around within
the cluster, with cells at the front sometimes moving around the outside of the cluster to take
up position at the rear (Prasad & Montell 2007). Thus we cannot confidently conclude that
mutant cells at the front of the cluster are capable of driving migration, and are therefore
functioning as wildtype.

We frequently observed clusters, in which two imp mutant border cell clones in direct contact
were present at the front of the cluster. These cells were also able to maintain contact with
each other throughout migration as we often observed imp mutant border cell clones in
contact at the oocyte border, upon completing their migration. This finding suggests that Imp
does not play a significant role in the establishment and maintenance of cell-to-cell contacts.

6.4 ldentification of potential candidate mRNAs for regulation by Imp

6.4.1 Global levels of b-actin mRNA and protein are unaffected by downregulation of

Imp in cultured cells

As previously discussed in section 6.2.1, our results suggest that the actin cytoskeleton of
haemocytes in vivo is regulated in a different way to that of haemocytes cultured on a 2D
surface. This suggests that the cytoplasmic regulation of actin mRNAs may also differ in

motile cells in vivo, compared with cultured cells.

We showed that | mp adtind@Ad(B-actinhneRNA (&igufeR34A9, findicating
that it may indeed be a target of Imp. However, we did not observe a change in either global
MRNA or proteins levels of actin42A in Imp-depleted S2R+ cells (Figure 39), consistent with
recent reports (Hansen et al. 2015). Previous findings show that knockdown of the dimp
orthologue IMP1 does not cause a change in b-actin mRNA or protein levels, but instead
results in its de-localization and a subsequent loss of cell polarity (Ross et al. 1997;
Shestakova et al. 2001; Oleynikov & Singer 2003). We may, therefore, not expect to see a
change in the levels of actin upon Imp-depletion, but rather, a change in its cellular

distribution.
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We found that overexpression of Imp in haemocytes in vivo reduced the overall speed of
their migration, both during random migration and directed migration to wounds, as well as
inhibiting contact repulsion behaviour. Compared to control haemocytes, haemocytes
overexpressing Imp re-polarized upon receiving a wound cue, despite exhibiting a significant
reduction in directionality to the wound site (Figure 26). Previous studies of chicken
embryonic fibroblasts (CEFs) show that overexpression of IMP1 causes a significant
decrease in fibroblast speed, although their directionality was unaffected (Farina et al. 2003).
b-actin mMRNA was not de-localized in these cells (Farina et al. 2003). In contrast, treatment
of CEFs with antisense oligos against the zipcode of b-actin mRNA, that prevent IMP1
binding, resulted in the delocalization of the mRNA. While the migratory speed of these cells
was not affected, their directionality and persistence were significantly decreased
(Shestakova et al. 2001).

We did not observe a significant change in the localization of actin in haemocytes
overexpressing Imp, based on the distribution of moesin-GFP in haemocytes (Figure 12).
However, as IMP1 acts as a translational repressor of b-actin mRNA (Huttelmaier et al.
2005), we may expect that an increase in Imp levels in haemocytes could cause a decrease
in the levels of b-actin protein. If this is the case, b-actin mMRNA would be locally translated as
expected, but at a reduced rate, which may impede the formation of lamellipodial protrusions.
This could account for the reduction in haemocyte speed that we observed upon Imp
overexpression, although we did not observe significant changes in the structure of

lamellipodial protrusions (Figure 12).

6.4.2 Imp may alter actin dynamics by regulating the mRNAs of actin-regulatory

proteins

Interestingly, Imp depletion caused a reduction in the amount of filamentous actin, and a
subsequent increase in actin monomers, in S2 cells (Hansen et al. 2015). This finding
suggests that Imp may play a role in the regulation of transcripts that encode proteins
required for regulation of the actin cytoskeleton. A role for mammalian IMP1 in the regulation
of mMRNAs of actin regulatory proteins has been demonstrated. For example, the mRNA of
the actin depolymerizing protein Cofilin is localized at the leading edge of cultured migratory
cells by IMP1 (Maizels et al. 2015). Our observation that, in Imp-depleted S2R+ cells there is
a change in the levels of the mRNA encoding Profilin, a protein required for the formation of
filamentous actin, provides further evidence that Imp is likely to regulate the mRNAs of actin-

regulatory proteins (Figure 39).
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6.4.3 Characterization of Imp binding sitesint h e 3 6 B-adtin mRNA

We showed that mutation of the three predicted Imp binding elements (UUUAU/C) (Munro et

al. 2006) within the actin42A (b-actin) 36 UTR si gni f i c aimterakttipn betwedru c e d

Imp and act42A mRNA (Figure 35B). However, further qualitative assays are required to

characterize the binding of Imp to these elements.

As mutation of the three IBEs inthe actindl2A3 6 UTR resul ted in only
binding, compared with the significant reduction in the binding of Imp (Figure 35B), other
regi ons i n shodidemedate thé& iRteraction with PTB. Consistent with this, we found
polypyrimidine-rich regions, to which PTB binds, that were located outside of the IBE-

containing region of the act42A 3 6 U TTRis shows that other regions of the actind2A3 6 UT R,

besides the three predicted IBEs, are required to mediate the binding of other RBPs,
supporting the idea that 3 6 U Trdgions function as a scaffold on which different RBPs
assemble to form a ribonucleoprotein complex (RNP).

By aligning the 30 UTR of b-adin an& Brosophila act42A mRNAs we identified
regions of conserved nucleotides within, and directly up- and downstream of, the 111
nucleotide region that contains the three predicted IBEs (Figure 43 i IBEs highlighted in

red). A 54 nucleotide sequence,whi ch i s | ocated at bactn3d5UTRN

termed the zipcode, has been shown to mediate the binding of IMP1 to b-actin mRNA (Ross
et al. 1997). Interestingly, no zipcode could be identified in the 111 nucleotide region
containing the IBEs in the act42A 3 6 U THRdwever, we identified a conserved region of
seven nucleotides, CATTCCA, located seven nucleotides upstream of the first predicted IBE
site in the actin42A 3 6 U THguré 43 i highlighted yellow).This short motif shared the
highest level of nucleotide conservation observed between the sequences of the b-actin and
actind2A3 6 UT Rs

The 36UTR ©6-hctinccontaiodd évo predicted IBEs, which are located 28 and 430
nucleotides downstream of the zipcode. Neither of these IBEs aligned with the 111
nucleotide region containing the 3 IBEs in the actin42A 3 6 U.THAwever, although the IBEs
themselves did not appear to be conserved, we did observe conserved sequences of either
three or four nucleotides that were located in the regions downstream of each predicted IBE
(Figure 43 i highlighted in blue) Conservation of the region containing the three IBEs
supports the idea that these sequences participate in the formation of conserved secondary
structure that may assist in mediating Imp/IMP1 binding and it would be interestingly to carry
out secondary structure analysis of this region, to determine the functionality of the

conserved elements described here.
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B-actin CTTTTTTAATAGTCATTCCARAATATTGTTATAATGCATTGTTACAGGAAGTTACTCGCCT
actin4z2Aa = ——————————- TGCATTCCATTCACTTTT-——————————— ATACACAGTTGTACACGACG
dkkkkkodk - o ok ok okk Skkkk - kkk - okk ok
B-actin CTGTGAAGGCAACAGCCCAGCTGGGAGGAGCCGGTACCAATTACTGGTGT——————————
actindZA CATA-—-AG-—-CAAACCATAT---TGTGTTCTATTCGAAATTCAAGTTCATATGCACAT
*: - .* **..*** .* :* . * .*:* **:*:*:.**
pB-actin 0 —————————-- TAGATGATAATTGCTTGTCTGTAAA==—===== TTATGTAACCCAACARAG
actin4ZA AAGCATTTATAAAACTGATTCATGTTTGGCATTTACATTACTTCCATGCATTCCTACATA
:*..****:.:** * ok ke *: *:*. * ok ok *: **:-}r**:.

Figure 43: Conservation of primary sequence between chicken and Drosophila actin
MRNAs Al i gnment of t he b-&fbndAdRsDrasdphila Hormotogue actind2A show
that they contain regions of conserved primary sequence (highlighted in blue) around the three
predicted Imp binding elements (IBEs) (highlighted in red), which includes a conserved motif of
seven nucleotides (highlighted in yellow) located seven nucleotides upstream of the first IBE.

Since the discovery of the zipcode region in chicken b-actin mRNA, there have been several
attempts to identify specific nucleotides within its sequence, that are required for IMP1
binding (Ross et al. 1990; Chao et al. 2010; Hafner et al. 2010; Pater et al. 2012). An
ACACCC motif at both t he egureddonifPLldidding, s muthtion
of these motifs abolishes IMP1 binding (Ross et al. 1997). The third and fourth KH-domains
of IMP1 were shown to recognize regions within the first 28 nucleotides of the zipcode, which
is sufficient for IMP1 to b-actin mRNA (Chao et al. 2010). A CGGAC motif is required for
binding of KH3 at the 5&AGfUtmet izi pabbdehe
binding of KH4. Interestingly, the orientations of these two motifs wi t hi n t haee
interchange abl e wit hin t éal 2012)UThR se¢omdary sructure formed by
both the rat and chicken zipcode is conserved, forming a well-defined stem loop structure,
with the ACACCC motif residing in the terminal loop of the stem loop (Kim et al. 2015). IMP1
binding to the zipcode depends on this stem loop, showing that secondary structure is critical
for IMP1 binding to b-actin mMRNA (Kim et al. 2015).

Previous research has yet to determine if the zipcode of chicken b-actin is conserved in
Drosophila act42A mRNA. We therefore attempted to identify any conservation among the
zipcode of chicken b-actin, human b-actinand th e 3 6 U TtR42A (Figuaec44A). Two five
nucleotide regions were highly conserved in all three, which included the ACACCC motif that
has previously been shown to be required for IMP1 binding (Ross et al. 1997) and ACAAA,
of which ACA has been shown to participate in binding of IMP1 (Chao et al. 2010) (Figure

Zi

=
W w

[@))

44B). Al t hough the ACACCC mot i f actind2A,ave shewed thae d

this motif alone, and the regions directly up- and downstream of it, are not sufficient for Imp
to bind the actind2A 3 6 U TwiRh high affinity, as mutation of all three UUUA(Y) motifs
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(predicted

| B E s ,)evewif thelACACCQ rhotif argl th&régions directly up- and

downstream of the motif were wildtype, significantly decreased the binding of Imp (Figure

35B).

Chicken @B-actin 3UTR zipcode:
SUAAACCGGACUGUUACCAACACCCACACCCCUGUGAUGAA AAACCCAUAAAUGC ¥

Human B-actin 3'UTR zipcode:
S TAGGCGGACTATGACTTAGTTGCGTTACACCCTTTCTTG AAACCTAACTTGCGCAGAAAAC
AAGATGAG ¥

Drosophila actind2A 3'UTR:
§GCAGUAGUCGG(G)CUGGGCGUGGUCGUUCCUCAUCG(A)ACACACCCAUUGCAG AAGG
AUGGGAGUCAAAAGUAUUGGGCAUGAGUACAUUAAUACCGGGAGCAGGCGCACAACACUUCC
GCUCCUUCAGAAGAAUGCAUCCAUUCACUUUUAUACACAGUUGUACACGACGCAUAAGCAAAC
CAUAUUGUGUUCUAUUCGAAAUUCAAGUUCAUAUGCACAUAAGCAUUUAUAAAACUGAUUCAU
GUUUGGCAUUUACAUUACUUCCAUGCAUUCCUACAUAUGUAUUAAAAGCAAACUUACCAUACC
ACUAAAAUACUUGUAACCGCUUCUUAAUAAUAAAGCGACGAAAAGAACUG ¥

Primary sequences implicated in ZBP1/Imp binding:
ACACCC (Ross ef al. 1997)

(Chao et al. 2010) B-actin 3'UTR
CGGAC (Pater et al. 2012)
CIA-CA-C/U (Pater et al. 2012)
CAUA/U/C (Hafner et al. 2010)
UUUAU/C (IBE) (Munro et al. 2006)

Chicken TAAACCGGACTGTTACCAAC———ACCC——-ACACCCCTGTGATGARACAAANC ———————
Human ~TAGGCGGACTATGACTTAG-—-TTGCGTTACACC-CTTTCTT--GACAAANC ———————
Drosophila ————CTGGGCGTGGTCETTCCTCATCGRAACACACCCATTGCA-G-—ACAAAGGATGGGAG
**-* :* . . 3 .9: H *****_
Chicken CCAT---AAATGC
Human —-CTA-—-ACTTG
Drosophila TCAAAAGTATTG
*i: HE-
Figure 44: Identification of conserved b-actin mRNA zipcode mot i f s in t h

Drosophila actin42A mRNA

The

36UTR

of h u nbaaotin mRNd\s cortain @ komgerved region of approximately 50

nucleotides, termed the zipcode, which contains elements required for IMP1 binding. The zipcodes
of human and chicken b-actih mMRNA and t he e radtind2AemRBA (Dbdephia H-actin
homolog) were aligned to identify conserved zipcode regions in the act42A 3 6 U T(R).Shows the
location of motifs within the chicken and human zipcodes implicated in IMP1 binding, and the
corresponding motif within the actind2 3 6 UT R, i fB) Am aighmmemtt of chicken and human
zipcodes, and the region containing conserved zipcode motifs within the actin42 3 6 UTR. Se
conserved in only the human and chicken zipcodes are highlighted in yellow, while sequences
conserved in all three are highlighted in red.
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The RNA-binding protein Muscleblind-like splicing regulator 1 (MLP1), a human homologue

of Drosophila Muscleblind, has been shown to regulate both b-actin and integrin-U 3mRNAs

by binding to the conserved z etac200b)eDeltiori oithen t h e |
conserved ACACCC motif within the zipcodes of the integrin-UBand b-actin 36 UT Rs ,
abolished MLP1 binding to both b-actin and integrin-U 3(Adereth et al. 2005). However, the
conserved ACACCC moti f i s n Drbsoghila&-gitegnrt mRNA, brhi n t
any of tihnet efgiriensU (data not shown). Our obbserva
integrin in the absence of the ACACCC motif (Figure 34B) suggests that either dimp binds to

different RNA motifs to those characterized for IMP1, or that the ACACCC motif assists in the

formation of conserved secondary structures that are achieved by different primary
sequences in Drosophila transcripts.

Il mp binds with high B-ihtégring whileyonlyt a residdalebind3ng WasR o f
observed between Imp and the b-integqrin5 8 UTR and codi ng (Fgerg3dB)nce (
While the b-integrin 36 UTR contains 13 predict edanlaiasd, t he
the CDS contains only one IBE (data not shown). This suggests that a basal level of Imp

binding exists to regions of RNA that do not contain predicted IBEs. Consistent with this idea,

mut ation of al | t hree praddAcaedeal Inp Bikding to levels he 3 ¢
comparable to that of the b-integrin5 6 UTR and CDS, suggesting that
reduces Imp binding to a basal level (compare Figures 34B & 35B). Reduction of Imp

binding to a basal level, upon mutation of the three IBEs, supports the idea that the predicted
zipcode, whi ch appears to benddfthecaatd268 0BT Rt hies 560t rec
Imp binding (Figure 35A). However, to confirm that the region containing conserved zipcode
nucleotides is not required for Imp binding to the act42A3 6 UTR, t hes e Ieotidass er v e (

could be mutated to determine the effects on Imp binding.

6.4.4 Imp binds b-integrin mMRNA but does not regulate its stability

Interestingly, overexpression of Imp produces a very similar phenotype to that observed
upon depl et i-ntegrirosuburiitheecodedPbg myospheroid (mys) (herein referred
t o ardegrih), in Drosophila haemocytes (Comber et al. 2013) (Figures 26-28). Integrins
are cell surface receptors required for cellular adhesion to the ECM and for transducing
extracellular signals to regulate cell motility, differentiation and proliferation (Giancotti &
Ruosla h t i 1 9 9 9 )integriA subunithfermsthetero-dimers with all five Drosophila U-
integr i N subunit s, -integrimeubunit disrodted thenfermakion of the majority of
integrin receptors within Drosophila (Comber et al. 2013). Zygotic knockout of b-integrin
results in a significant reduction in the speed of both random and directed haemocyte

migration to wounds, as well as a loss of contact repulsion behaviour (Comber et al. 2013),
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similar to the effects observed in haemocytes overexpressing Imp (Figures 26- 28) (see

section 6.3.1 for an evaluation of this phenotype).

We confirmed that Il mp bi nds integnin MiRNA, lkompafed
with the 506UTR s(Rigured4Bj which is corsigtenbwith the finding that Imp
is associated with b-integrin mMRNA in Drosophila S2 cells (Hansen et al. 2015). The effects
o f -intlegrin knockdown in haemocytes are consistent with the effects that we observed upon
overexpressing Imp, suggesting that Imp may play a role in the regul at i o-imtegonf by
either destabilizating or translationally repressing b-integrin mRNA. We therefore attempted
to rescue the motility defects caused by the o v e r e x p r e gntegrio in haenfiocytes, by
overexpressing Imp. However, we observed no changes in the severity of b-integrin
overexpression upon co-e X pr es si on  oiftegrin,nspggeatingdthatblmp does not
destabilize or repress the translation of b-integrin mMRNA in haemocytes in this assay (Figure
40).

Although we were unable to detect b-integrin protein levels in Imp-depleted cells by Western
blot (Appendix 6), we show that knockdown of Imp has no effect on the level of b-integrin
MRNA, compared with controls (Figure 39), supporting the findings of our in vivo genetic
interaction assay (Figure 40) . Up on Kk n o cikegrm gxprdssionrin SBR+ cells we
observed that the cells became highly rounded, failed to produce lamellipodial protrusions
and then detached from the substrate (data not shown). However, we did not observe any
changes in the morphology of Imp-depleted S2R+ cells, demonstrating that Imp does not
positi vel yintegria groteéiralevels ib these cells. Taken together, these findings
suggest that Imp does not regulate the stability of b-integrin mRNA, which contrasts with
assays showing that downregulation of IMP1 in human embryonic stem cells (hESCs) results
in depletion of integrin-b 5mRNA, due to an increased turnover of integrin-b 5in the absence
of IMP1 (Conway 2014). This supports the idea that Imp may play different roles in the

regulation of transcripts in different cell types.

The result of our genetic interaction assay suggests that Imp does not regulate b-integrin
MRNA in haemocytes,despi t e bi ndi Riguret34B). Hiwsver3othér alternafive
explanations are plausible. RBPs regulate mRNAs in functional RNP complexes, containing
other RBPs (Martin & Ephrussi 2009). Overexpression of Imp alone may therefore not rescue
t he ef f-mtegrirsoveoekpresgsion in haemocytes, due to a lack of other RBPs, in which
to form a functional regulatory complex. It is also possible that the levels of Imp in
haemocytes were too | ow -ibtegrin©ownexpression. Altereatively,
Imp may play a different role in the regulation of b-integrin mRNA. For example, it may
mediate its localization within the cytoplasm. In all these cases, overexpression of Imp may
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not have an i mpact on the migrator yintegrinfirect s

haemocytes, or b-integrin MRNA levels upon Imp depletion in S2R+ cells.

6.4.5 Imp may not be required for local translation of b-integrin mRNA in haemocytes
Interestingly, integrin mRNAs have been shown to be localized by other RBPs in other cell
types. Human Muscleblind-like splicing regulator 1 (MLP1), a homologue of Drosophila
Muscleblind, localizes i nt e g mRNA toltl8 protrusions of human carcinoma cell lines in
vitro, where it is locally translated (Adereth et al. 2005). Overexpression of MLP1 resulted in
an increase in both i nt e g and b-actthanRNA and protein levels, as well as an increase
i n cel | motility, whil e knockdown of ML P 1 r e
localization in cell protrusions (Adereth et al. 2005). This confirms that mMRNAs encoding
integrins have the potential to be localized and locally translated in the protrusions of cultured
cells, although this may not be the case in vivo, or for other migratory cells. In contrast, we
observed that overexpression of Imp in vivo decreased the motility of haemocytes (Figures
26 & 27) and show that this phenotype resemble the effects seen by knocking down
expression of integrin complexes (Comber et al. 2013). However, compared with human
carcinoma cell lines (Adereth et al. 2005), over expr entegrin cnhaemdcytedh
severely inhibits haemocyte maotility (Figure 40), highlighting differences in the regulation of
migration between these cell types. These findings suggest that if Imp does regulate the
localization and/or translational of b-integrin mRNA, it does so in a different way to other
RBPs that have been shown to localize integrin mRNAs in motile cells.

Previous studies showed that both i nt e g rmRNA dd® protein co-localize in distinct
granules with MLP1, which regulates the translation of i nt e g rmRNA (Adgreth et al.

2005). IMP1 and b-actin mRNA also co-localize at the periphery of cultured migratory
fibroblasts, where the mRNA is locally translated (Huttelmaier et al. 2005). Therefore, newly
synthesized proteins from the pools of localized mMRNA have the potential to co-localize with

the regulatory RBP. If Imp plays a role in localizing b-integrin mRNA to regions of the
cytoplasm in which it is locally translated, we would expect to see co-localization of Imp and
b-integrin proteins in the regions in which b-integrin MRNA is localized and translated.
However, we did not observe significant co-l ocal i zat i on -intedgrin ih either a n d
cultured haemocytes (Figure 38A) or migratory border cells (Figure 37F). While b-integrin

was localized in distinct granules within the border cell cluster, Imp was not present in these
granules (Figure 37F). If b-integrin mMRNA i s | ocal |l y t r aintegtingproteid at r
enrichment, then it is unlikely that Imp plays a role in its translational regulation. However, - b
integrin mMRNA may not be locally translated, but the protein trafficked to regions of the cell

where its function is required. It would be interesting to carry out in situ hybridizations to
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detect the localization of b-integrin mRNA in both cultured haemocytes and border cells, to

determine if it | ocaantegriamdadeinwi t h either | mp

6.4.6 Depletion of Imp in Drosophila S2R+ cells suggests that Imp differentially
regulates mRNAs targets, including profilin, in different cell types.

Our findings suggest that Imp may play a role in the stabilization of profilin mRNA, as profilin
MRNA levels were increased in Imp-depleted S2R+ cells (Figure 39B). We also showed that
Imp binds with high affinity to the profilin 3 6 U THRyuré 34A), as previously reported by
Medioni et al. 2014. Profilin is required for the formation of filamentous actin by binding G-
actin monomers and presenting them to elongating actin filaments (Carlsson et al. 1977).
Profilin also plays a role in promoting cell adhesion as knockdown of Profilin in S2 cells
inhibits cell spreading on ConA and results in cell detachment (Rogers et al. 2003). Profilin
increases the adhesiveness of cells in a variety of ways, including recruitment of integrin
receptors to the cell surface (Moldovan et al. 1997), and increasing the expression level of R-
cadherin in endothelial cells to aid adheren junction formation (Zou et al. 2009). It would be
interestingly to determine if overexpression of Imp in haemocytes in vivo causes a decrease
in Profilin levels, which could account for the observed reduction in velocity and loss of
contact inhibition of these cells. This may be consistent with our observation that Imp

overexpression in haemocytes phenocopies knockdown  o-integfin, as Profilin-depleted S2

cells show a | oss of adhesi oeimegrmkneadkdownyRogerseti dent |

al. 2003). Moreover, loss of Profilin in gastric carcinoma tissue caused a reduction in integrin-
bl | evel etal.@B)eng

In addition, knockdown of Profilin expression in cultured Drosophila haemocytes increases
their phagocytic activity, suggesting that Profilin negatively regulates phagocytosis (Pearson
et al. 2003). The efficiency of phagocytosis in haemocytes overexpressing Imp in vivo could
be analysed by acridine orange staining of live Drosophila embryos, to stain apoptotic bodies
and examine their uptake in haemocytes (McCall & Peterson 2004; Evans et al. 2013).
Alternatively, fluorescently-labelled bacteria could be injected into embryos to assess the

phagocytic uptake of haemocytes (Vlisidou et al. 2009).

In contrast to our findings in S2R+ cells, a recent study showed that the levels of both profilin
MRNA and protein are unaffected by Imp knockdown in Drosophila S2 cells (Medioni et al.
2014). We observed an increase in the level of profilin mRNA in Imp-depleted S2R+ cells,
suggestive of an increase in Profilin protein levels. If this is the case, we would expect an
increase in the level of filamentous actin in these cells. However, Imp depletion in S2 cells
revealed a decrease in filamentous actin and no change in global mRNA levels (Hansen et
al. 2015). This suggests that Imp may play distinct roles within S2 and S2R+ cells, which are
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both derived from Drosophila embryos (Schneider et al. 1972). Although both S2R+ and S2
cells express haemocyte markers, characterization of their transcriptional profiles showed
that they express different subsets of genes, so are molecularly different (Celniker et al.
2009; Cherbas et al. 2011). Their morphologies also differ, as S2R+ cells are more adherent
and spread lamellipodial protrusions on glass, while S2 cells are more rounded and do not
form protrusions unless plated on Concanavalin A (ConA) (Rogers & Rogers. 2008).
Drosophila S2R+ cells express the Frizzled receptor, which acts as a receptor in the Wnt
signalling pathway, while S2 cells do not (Yanagawa et al. 1998). Non-canonical Wnt
signalling has been shown to activate actin-regulatory proteins including Rhol, Racl and
Profilin (Komiya & Habas. 2008), which may reflect the observed differences in S2 and S2R+
morphology. The above studies suggest that S2R+ and S2 cells regulate their cytoskeleton in
different ways. Given the differences between these two cell types, it is possible that
regulation of profilin mRNA stability by Imp is required in S2R+ cells, but not in S2 cells. This
finding has implications for the applicability of regulatory mechanisms identified in one cell

type applying to another.

6.4.7 Low affinity mRNA-Imp interactions could not be identified by RNA-
immunoprecipitation

We show that Imp-GFP protein was successfully precipitated from Drosophila embryos,
using GFP-nanotraps (Figure 41A). However, we failed to detect any mRNAs that were
significantly enriched with Imp (Figure 41 B & C). As controls, we tested if mMRNAs known to
associate with Imp and PTB in the oocyte could be identified in our RNA-immunoprecipitation
(RIP) assay, including gurken and oskar mRNAs. (Geng & Macdonald 2006; Munro et al.
2006; Besse et al. 2009; McDermott & Davis 2013). We observed that oskar and bicoid

MRNAs are significantly enriched with PTB in the two biological replicates performed.

While oskar mRNA has been shown to associate with PTB (Besse et al. 2009), bicoid had
not previously been identified as PTB target so this result was surprising. PTB and oskar
MmRNA are highly enriched at the posterior of the oocyte (Besse et al. 2009) while, in
contrast, bicoid mRNA forms a gradient with a high concentration at the oocyte anterior (St
Johnston et al. 1989). One possibility is that, while the majority of bicoid mRNA is
concentrated at the oocyte anterior, PTB may associate with residual bicoid mRNA at the
posterior or during transport of this mRNA through the nurse cells, to repress its translation
and ensure that mis-expression of Bicoid protein does not occur during transport. PTB is
necessary to repress the translation of oskar mRNA during its transport to the oocyte

posterior (Besse et al. 2009), showing that PTB has a translational repressor function.
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Although gurken mRNA was enriched with PTB, it was present at much lower levels
compared with bicoid and oskar mRNA (Figure 41B & C).

Our RIP from ovaries showed that, while high-affinity mRNA-protein interactions can be
identified, it is difficult to identify lower-affinity interactions, or those interactions in which the
MRNA is not significantly enriched with the RBP of interest. Other attempts to identify Imp-
associated mRNAs by RIP show that the mRNAs associated with Imp were highly enriched.
For example, the control mRNAs rp49 and GAPDH were shown to be 4 fold and 8-fold
enriched with Imp, respectively, compared with controls in the testis stem cell niche, while
unpaired (upd) mRNA was ~208-fold enriched, as shown by RIP and subsequent gRT-PCR
analysis (Toledano et al. 2012). Further analysis showed that upd mRNA is stabilized by Imp
in the testis stem cell niche (Toledano et al. 2012).

A RIP and subsequent RT-PCR analysis to identify mRNAs associated with Imp in the
Drosophila brain revealed that of profilin, actind2A, arp2, arp3, rhoA or cofilin mRNAs, only
profilin was significantly enriched with Imp (Medioni et al. 2014). This is consistent with our
finding that | mp prdfiinmmiRNA withhhegheB affibity Ran o@ther transcripts,
including act42A (Figure 34A), and suggests that other Imp-mRNA interactions are not
detectable or are washed out during the RIP procedure. A recent RIP and subsequent RNA-
seq screen to identify mMRNAs associated with Imp in Drosophila S2 cells also failed to detect
actind2A (b-actin) mRNA (Hansen et al. 2015). However, when individual-nucleotide
resolution cross-linking and Immunoprecipitation (i-CLIP) was carried out, in which RNAs and
RBPs are cross-linked in RNP complexes prior to IP, actind2A mRNA was detected.
However, it was not significantly enriched compared with other mRNAs including profilin,
Cdc42 and Rhol, suggesting that it is washed out in standard RIP protocols (Hansen et al.
2015). This suggests a low affinity association between Imp and actin42A mRNA, compared
with other mRNA targets, and highlights difficulties in identifying low affinity mRNA-RBP

interactions using standard RIP techniques.

While previous research shows that profilin mRNA is a target of Imp (Medioni et al. 2014;
Hansen et al. 2015) and can be identified by RIP and subsequent RT-PCR analysis, we
failed to detect an enrichment of profilin mRNA with Imp in all of our RIP assays (Figures 41
& 42). This was surprising, as we found that Imp bindst h e 3 6 prdfilth mBNA with high
affinity (Figure 34) and profilin mRNA levels are increased in Imp-depleted cells (Figure
39B), which is suggestive of an interaction between profilin and Imp. Although Imp may not
be associated with profilin mRNA in either haemocytes or the germline of the oocyte, we
cannot exclude the possibility that we failed to reproducibly identify mRNAs enriched with
Imp for technical reasons.
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The possibility of complex re-modelling within the embryonic extract, and the potential loss of
low affinity interactions during subsequent washing steps, led us to carry out formaldehyde-
based cross linking on whole embryos (as described in Liu et al. 2009), prior to generating
the embryonic extracts. After precipitation, the cross-linking was reversed by heating before
subsequent RNA purification. However, it is possible that the crosslinking was not reversed,
which could have interfered with RNA purification or subsequent PCR steps. Alternatively,
the formaldehyde may have failed to penetrate intact haemocytes within embryos, leading to
a loss of low affinity mRNA-Imp interactions. All wash steps of our initial RIPs, performed
without cross-linking, were carried out with a low salt concentration (150 mM NacCl) to
preserve low affinity interactions. However, upon the addition of cross-linking we performed
all washes with a higher salt concentration (1 M NaCl), to reduce non-specific binding of
transcripts. However, if cross-linking was not fully effective, low affinity mRNA-Imp
interactions may have been washed out prior to RNA purification.

Although we show that Imp was successfully precipitated from embryos by RNA
immunoprecipitation (Figure 41A), the level of bound Imp-GFP represented only a small
fraction of the total Imp-GFP present in the embryonic extract (Figure 41A i Western blot
shows 2% of total input and unbound protein vs. 50% of the total bound protein), suggesting
that the pulldown may have been inefficient. Associated mMRNAs may therefore not appear
significantly enriched, compared with wildtype controls. Another possibility is that we are
unable to identify mMRNAs enriched with Imp because of a high level of background, caused
by a large amount of non-specific binding of MRNAs to the mRNA-RBP-bead complex. High
levels of non-specific MRNA binding may be due to the design of our assay, in which Imp-
GFP is expressed in a small population of cells (~700) in the embryo and so, to acquire a
sufficient level of Imp-GFP protein, a high number of embryos were used. This is likely to
result in a very high concentration of total protein and mRNA, compared with total Imp-GFP.
Non-specific binding of mMRNAs could therefore mask the levels of mMRNAs specifically

associated with Imp-GFP.

In conclusion, the RIP assay requires optimization. While RIP and subsequent qRT-PCR
analysis of candidate mRNAs appear successful in identifying mRNAs that are highly
enriched with RBPs of interest, such as bicoid and oskar, it is difficult to detect lower affinity
MRNA-RBP interactions. To detect low affinity interactions, global mRNA levels should be
compared between both the input and bound fractions, by either RIP-Chip or RNA-seq
following RIP, to set a minimum fold-change threshold, over which a specific mRNA is then

considered enriched with an RBP.
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1)

2)

Evaluation of haemocytes and border cells as model systems to study the role of
RNA regulation in cell motility:

Markers used to label cells and follow their in vivo migration could have an impact on cell
motility, as we found that haemocytes expressing different markers migrated at different
speeds. This highlights the importance of using appropriate controls when following
motile cells overexpressing proteins of interest. This also demonstrates that even
expression of non-functional proteins could disrupt normal functions within cells of

interest.

In contrast to current research carried out in cultured migratory cells, we found that actin
was not enriched at the leading edge of haemocytes in vivo. As actin protein is not
enriched at the leading edge, it is unlikely that b-actin mRNA is locally translated at this
region in haemocytes in vivo. However, enrichments of actin were seen at the periphery
of some haemocytes cultured ex vivo, particularly in those that were induced to polarize
and migrate with the addition of ecdysone. This highlights striking differences in the
regulation of the actin cytoskeleton in a single cell type when migrating in vivo, within the
context of living organism, compared with an ex vivo, two-dimensional type of cell

migration.

We show that RNAI is inefficient in both haemocytes and border cells. Attempts to
generate imp mutant border cells using MARCM showed that generation of whole imp
mutant border cells was challenging. In contrast, dsRNA treatment of cultured cells
resulted in highly efficient knockdown of the proteins of interest. This highlights the
challenges faced when attempting to perform loss-of-function analysis in vivo, compared

to in vitro approaches.

Analysis of tools generated to investigate RNA regulation in cell motility:

Attempts to examine the localization of b-actin and arp2/3 subunit mMRNAs in haemocytes
in vivo using the MS2 system failed. We confirmed that both components of the system
required for detection of mMRNAs are expressed in haemocytes. However, as their
expression fails to highlight the localization of mMRNAs previously characterized using this
system, we conclude that either some of our MS2 transgenes do not work, or that the
signal generated by the MCP bound to the MS2-tagged target remains under detection

levels.

The RBPs Imp, Hrp48 and PTB show distinct patterns of localization in Drosophila

haemocytes, suggesting that they may play functionally different roles in the regulation of
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3)

4)

RNAs in haemocytes. None of the above RBPs were enriched at the leading edge

haemocytes, suggesting that they do not play a role in localizing mRNAS to this region.

Evaluating the association of Imp and b-actin mRNA:

Our finding that actin is not enriched at the leading edge of haemocytes, and our
observation that Imp was not present at the leading edge strongly suggests that, in
contrast to findings in cultured cells, Imp does not regulate the localization and/or local
translation of b-actin mRNA at the leading edge of haemocytes. Although Imp binds the
3 6 UT Rb-adifm mRNA, depletion of Imp in cultured cells did not affect its mRNA or
protein levels, showing that Imp does not regulate the stability and/or translation of b-
actin mRNA in S2R+ cells. However, we cannot rule out the idea that Imp is required for
localization of b-actin mMRNA to specific regions of the cell.

After confirming that Imp binds b-actin mRNA, we identified three sites spanning a 111
nucl eoti de r egi ®@-actni(Drosdphila acth42h) TMRNAG that are required
for binding of Imp. We show that the conserved ACACCC zipcode motif, which is
required for binding of IMP1 to mammalian b-actin mRNA, is not sufficient for Imp binding
to the actind2A3 6 UT R.

Overexpression of Imp in haemocytes results in a reduction of migration speed during
development, as well as in directed migration to epithelial wounds, and causes a loss of
contact repulsion behaviour. Loss of contact repulsion is indicative of microtubule
regulatory defects, as haemocytes are unable to align microtubules arms. Consistent with
this, we observed co-localization of Imp with microtubules filaments. We therefore
propose that Imp may play a role in the regulation of mRNAs whose products are

required to direct microtubule dynamics in haemocytes.

Other potential candidate mRNAs for regulation by Imp:

Imp overexpression in haemocytesinvivoc auses a si mil ar pregrimot ype

loss-of-f uncti on. We found t ha tb-integnip mRNA ralthsughtliop t h e

a n d-intégrin do not significantly co-localize in cultured haemocytes, suggesting that
either b-integrin MR N A i s not l ocally t r antegrih gitoteird
enrichment, or that Imp is not present in pools of locally translated b-integrin mRNA. As
b-integrin is enriched at sites of FACs, we propose that Imp does not play a role in local
translation of transcripts which may be localized to FACs. Finally, we showed that Imp

does not regulate the stability of b-integrin mMRNA in S2R+ cells.
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1 Our findings suggest that Imp may negatively regulate the stability of profilin mRNA, as
profilin levels are increased in Imp-depleted cells. Interestingly, previous research shows
that the effects of Profilin loss of function in cultured cells is consistent with those seen in
b-integrin-depleted cells. As Imp overexpression in haemocytes produced a phenotype
simila r t o t-iftemrin lossfof-fubction, it would be interesting to determine if the
effects seen in haemocytes overexpressing Imp are caused by a reduction in profilin
MRNA levels.

1 Our attempts to confirm the association of Imp and candidate mRNAs in vivo by RNA-
immunoprecipitation (RIP) and subsequent real time quantitative PCR analysis showed
that this approach may be unsuitable for detecting low-frequency and/or low-affinity
MRNA-RBP associations. To detect these interactions, global association of mMRNAs
with RBPs should be determined by RIP-Chip or RIP-seq. Alternatively, individual-
nucleotide resolution cross-linking and immuno-precipitation (i-CLIP) could be carried out
to preserve in vivo mRNA-RBP interactions. In conclusion, the RIP assay requires

optimization.
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Appendix 1: A) Constructs generated and tested for fly transgenesis

Table showing the constructs generated and tested for fly transgenesis in this project, the
vectors into which they were cloned, whether the construct expresses a protein or an
MRNA, and the PhiC31 landing site into which the transgene was integrated during fly
transgenesis. A map of the vectors used for cloning can be found in Appendix 3.

Construct UAS Plasmid(s) Protein or PhiC31
MmRNA landing site
expressed
Fluorescently-labelled RNA-binding proteins
UAS-Hrp48-mCherry pTiger (P UASP-14xUAS) Protein Attp2
UAS-Hrp48-GFP pTiger Protein Attp2
UAS-Imp-mCherry pTiger & pUASt-attB Protein Attp2
UAS-Imp-GFP pTiger & pUASt-attB Protein Attp2
UAS-PTB-GFP pTiger Protein Attp40
UAS-GFP-PTB pTiger Protein Attp40
MS2 system Reagents
UAS-MCP-GFP (No NLS) pTiger & pUASt-attB Protein Attp40, Attp2
UAS-NLS-MCP-mCherry pTiger & pUASt-attB Protein Attp40
UAS-NLS-MCP-GFP pTiger & pUASt-attB Protein Attp40
UAS-NLS-tandemMCP- pTiger Protein Attp40
mCherry
UAS-NLS-tandemMCP-GFP pTiger Protein Attp40
UAS-18x hairpin MS2 pTiger MRNA Attp40
binding sites-actin42a
UAS-18xMS2-actin5c pTiger MRNA Attp2
UAS-18xMS2-arp14D pTiger MRNA Attp3
UAS-18xMS2-arp66B pTiger MRNA Attp2
serpent-Gal4::VP16 driver
serpent-Gal4::VP16 pUAST (NO UAS sites) Protein Attp40, Attp2
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Appendix 1: B) Constructs generated for the synthesis of RNA probes

Table showing the constructs generated in this project for in vitro transcription of RNA
probes. The restriction enzyme used for template linearization is shown, together with the
promoter used for in vitro transcription, the orientation of the probe and the type of assay
in which the probe was used.

Construct Linearized | Promoter/ Purpose
with Probe

Biotinylated RNA Probes

pBS-myospheroid-56 UTR Xbal T7/Sense RNA-affinity pull down assays
pBS-myospheroid-3 6 UTR Xbal T7/Sense RNA-affinity pull down assays
pJET2.1-myospheroid-coding Xbal T7/Sense RNA-affinity pull down assays
sequence

pBS-chickadee-3 6 UTR Xbal T7/Sense RNA-affinity pull down assays
pBS-actin42A-3 6 UT R Xbal T7/Sense RNA-affinity pull down assays
pBS-actin42A-3 6 U-DIRE1 Xbal T7/Sense RNA-affinity pull down assays
pBS-actin42A-3 6 U-T IBE2- Xbal T7/Sense RNA-affinity pull down assays

IBE3

DIG RNA Probes

pBS-actin42A-cDNA(b-actin) Hindlll T3/Antisense In situ hybridization (FISH)

pBS-actin42A-cDNA (b-actin) Xbal T7/Sense In situ hybridization (FISH)
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Appendix 2: Table of primer sequences used for PCR amplification, cloning and
sequencing of constructs.

N° Primer Name Primer Sequence Purpose
MS2 System
1 GW_Sphl_Fwd 56 AA SBAEGCGGTATACAAGTTTGT | Cloning of Gateway cassette
AC 360 into pTiger
2 GW_Sphl_Rev 56 AASBAGCTTACGTCACCAC 3 6| Cloning of Gateway cassette
into pTiger
3 MS2_Notl_Kpnl_Fwd 5 6 C QGKEGCCGCCGGTACCATGGCT | Cloning of MCP (No NLS) into

TCTAAC 36

pTiger/UASt

Cloning of NLS-MCP into

4 | NLS_MS2_Notl_ Tier/UASE (Bnd
BamHI_Fwd 56 GT@GGCCGCGATAAGCT T G| PTI9erUASt (Endogenous
BamHI site further down in
sequence)
5 | MS2_Notl_Rev 56 GBAGCCGCCGTAGATG 3 g Soningof both MCP (No NLS)
& NLS-MCP into pTiger/UASt
Cloning of NLS-tdMCP into
6 |tdMCP_Notl Fwd 56 AAAGGTACCGCTGT GAT ¢ PTiger-GFPimChery
G (Endogenous Notl site further
down in sequence)
7 tdMCP Notl Rev 50 A(AOGGCECGCCGTAGATGCCGGAG Clqnlng of NLS-tdMCP into
- - TTTG 36 pTiger-GFP/mCherry
8 Act5C_gDNA_Fwd 5 (3 CACCACTTTCAGTCGGTT Clolnlng of actin5C genomic
30 region into pENTR-TOPO
9 | Act5C_gDNA Rev 56 GTGTGTGGAATGGEGAGAa| Soning of actin5C genomic
region into pENTR-TOPO
10 | Act42A_gDNA_Fwd 56C f\ CCACTTTAACTCGAAA Clo_nlng of actin42A genomic
G 360 region into pENTR-TOPO
11 | Act42A_gDNA_Rev 56 CATGCCAGCCAAATGCT al cloning of actin42A genomic
region into pENTR-TOPO
12 | Arp14D_gDNA_Fwd 50CACCGCCGATAGTATCGA Clolnlng of arp14D genomic
region into pPENTR-TOPO
13 | Arp14D_gDNA_Rev 500G S: ATTCACTTACATAATT Clolnlng of arp14D genomic
C 360 region into pPENTR-TOPO
14 | Arp66B_gDNA_Fwd 56 CACCGCGAATGTGT GT G| cloning of arp6eB C genomic
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region into pENTR-TOPO

Cloning of arp66B genomic

15 | Arp66B_gDNA_Rev 50CGAAAGCGACGAAAGTGT L
region into pENTR-TOPO
16 | Oskar_gen_Fwd 50CACCGGATCCAAGAATAT
36 Cloning of oskar genomic
region into pENTR-TOPO
17 | Oskar_gen_Rev 50AAGCTTAGAGCAAACAAA
serpent-Gal4::VP16 Cassette
18 | Srp_Fragl_Kpnl_Fwd 56 AGG\TACECCTACTGCTTCCCACTC
TAAG 3606 .
Cloning upstream fragment of
R serpent promoter
19 | Srp_Fragl_xhol_Rev 50 A(ATA:GAAGGGCAATGCCCCACCC
CTTG 36
20 | Srp_Frag2_ Xhol_Fwd 56 AGATA:GAGCAAGCGGGAGCAACAG
GATCAA 390 .
Cloning downstream fragment of
R serpent promoter
21 | Srp_Frag2_Sall_Rev 56 A@\T,QGACTAATGGGATCCGTGCTG
GGGTAG 390
22 | Gala:VP16_Sall_Fwd 50 A(ATA:GACATGAAGACTACTGTCTT
CTATCGAAC 350
Cloning Gal4::VP16
23 | Gal4:VP16_Hindlll_Rev 50 A/AA&CA:TTCATATCCAGAGCGCCG
TAG 36
24 | SV40_EcoRI_Fwd ? : QGT“ “G;Q‘;TTCTTTETCTTA\;)TTGCAGCTTA
° Cloning SV40 terminator region
N from pUAST
25 | SV40_BamHI_Rev 50 A(AG’JATCCAGAC,eTGATAAGATA
CATTGATG 356
UAS-Imp, Hrp48 & PTB
5 06 ABGNACCATGGCATCCGAACTGG
26 | Imp_Kpnl_Fwd .
ATCAATTCG 30 . . .
Cloning of Imp coding region
5 6 AAACCCTGTTGTGAGCTCGCC | MO PTiger & pUASt-atsB
27 | Imp_Kpnl_Rev N
AGCTG 36
28 | Hrp4a8_Kpnl_Fwd ioG,é%G'gAcsc,f\TGGAGGAAGACGAG
0 Cloning of Hrp48 coding region
N into pTiger & pUASt-attB
29 | Hrp48_Kpnl_Rev 5 6 ABGGNACCGGACAGCCTGCGAGG

TTGC 360
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5 0 ABGNACCATGATGTCCTGCCCCA

30 | PTB_Kpnl_Fwd TTC 36
° Cloning of PTB coding region
5 6 ABGYACCCGATGTTCGACTTCGA | MO PTiger (PTBEGFP)
31 | PTB_Kpnl_Rev .
GAAGCTTAC 360
32 | GEP-PTB_Kpnl_Fwd 5 BAAGGTACCATGGTGAGCAAG
Cloning of PTB coding region
33 | GFP-PTB_Spel Rev | 5 6 AACAAGTCTTGTACAGCTCGTCC | INto pTiger (GFP:PTB)
ATG36
pBS clones to synthesize digoxigenin probes for in situ hybridization
34 | Act42A_Hindlll_Fwd 2 g éﬁiAgiTgGgC?TTCCTCATCGAA Cloning full-length cDNA of
0 actin42A into pBS-SK+ to
35 | Act42A Xbal_Rev 5 6 APCAAGACGGTTACAAGTATTTT | 98nerate an RNA probe forin
AGTGGTATGG 36 situ hybridization
pBS clones to synthesize biotinylated RNA probes
36 | Mys_5'UTR_Kpnl_Fwd 5 6 AGGNACCACATTGACTGTTGTT
CCACCCCCTG 38 Cloning BypdpieRid o
(' Bntegrin) into pBS-SK+
37 | Mys_5'UTR_Xbal_rev 5 6 APCAAGAGGCUUUGGCGGUUA
GCGGUU 36
38 | Mys_CDS_EcoRI_fwd 56 AGAMMTTCATGATCCTCGAGAGA
AACCGG 30 Cloning CDS of myospheroid
into pBS-SK+
39 | Mys_CDS_Xbal_rev 5 6 ARCAAGACUAUUUGCCCGCAU P
A 306CAUGGG
40 | Mys_3'UTR_Kpnl_fwd 56 ABGNACCATTCGCTAACTAACT
AAACATTAG 30 Cl oni ng 3ngosphdroido
into pBS-SK+
41 | Mys_3'UTR_Xbal_Rev 5 6 ARCAAGAAUUUUACUAAAAUUA P
GCGUCAAAC 36
42 | Chic_3'UTR_Kpnl_Fwd 5 6 AGGNACCTAGGAGAATAGATCA
ACAC 30 Cloning Ghkd®e® o
Profilin) into pBS-SK+
43 | Chic_3'UTR_Notl_Rev 5 6 ARCAAGACGTGTGGATTTATGT ( ) P
ACG 360
44 | Act42A 3UTR _Kpnl_Fw |5 6 AGGNACCGCAGTAGTCGGGCT
d GGGC 30 Cloning 2diN4IAR Ho
actin) into pBS-SK+
45 | Act42A 3'UTR_Xbal Rev | 5 6 APCAAGACAGTTCTTTTCGTCG ) P

CTTTATTATTAAGAAGC
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Site directed mutagenesis (SDM) T actin4d2A3 6 UT R

46 | Act42A 3'UTR 56 AGIASCATTCCATTCACTGGGCG | Site-directed mutagenesis of
_Nsil_adBE1_ Fwd ACACAGTTGT 30 Imp binding site 1 (IBE1)
47 |Act 42 A BéeUER 5 6 GTCATATGCACATAAGCAGAGCT Slte—d_lre(_:ted mutageness of
BE2 sBE3 CAAAACTGATTCATGTTTGGCAGGGC | Imp binding sites 2 and 3 (IBE2
- GATTACTTCCATG 356 & IBE3)
48 | T3 56 ATTAACCCT CACTAA A ( Antisense primer for site-
directed mutagenesis
Sequencing
. ~ Sequence the 56
49 | pTiger_seq 56CCGCATAGGCCACTAGT
constructs
. ~ Sequence the 36
50 | pTiger_down 56TCAAAGGCAGAAATGTT .
A 18x MS2 hairpin-
ACC 360
Gateway/mRNA constructs
Sequence the 56
51 | pUASt_fwd 56CAACTABRATCT GCCAAG,| constructs and srp-Gal4::VP16
cassette
Sequence t he 3
52 | GFP_Rev 56GTCCAGCTCGACCAGGA| terminally-tagged GFP
constructs
Sequence the 36
53 | mCherry_Rev S5E€ACCCTTGGTCACCTT CA| terminally-tagged GFP
constructs
54 | Srp_700bp_Fwd 56 CAGCCCATTAAAAGTG
55 | Srp_1400bp_Fwd 560 ACCACAAGGCATCTTC
Sequence the entire srp-
57 | Srp_2500bp_Fwd 56CTCTCGCTCTATCTGTG Gal4::VP16 cassette
58 | Srp_3280bp_Fwd 56 GCTTGCTTAGCGCCTG
59 | Gal4_vpl6 500bp Fwd |56 AGACGATTTCGATCTG
Transgenic fly screening
Screen for insertion of pTiger
60 | pTiger_attB fwd 56ACCAGCTCTTCGGCTT G | constructs into appropriate
PhiC31 landing site
61 | pUAST attB_fwd 56 CACTGCATTCTAGTTGT ( Screen forinsertion of pUAST

AAAC 306

constructs into appropriate
PhiC31 landing site
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50GCGGAGAGTACGTGGTA/

Screen for insertion of constructs

62 |Attpd4d0_306_r N . : .
C 360 into Attp40 landing site
63 |[Attp2_ 306 re 50GAATACAATTGGCTTA C( Screenforinsertion of constructs
into Attp2 landing site
Screening for MS2-binding site mRNA expression in haemocytes
64 Mdsz—mRNA—Scree”—f 56 GATCTGCTACCGGTATA(
w PCR screen for expression of
. MS2-binding site labelled actin42A
65 | act42A_screen_rev 56CCGGAGTGTTGAAGGTTT and oskar MRNAs
66 | oskar_screen_rev 506 GCGCACCTCACTATCTAT
Generate PCR template for dsRNA synthesis
67 | Imp RNAI_T7_Fwd 5 BAATACGACTCACTATAGGGCACTGT
CAGCTCTATCAACGACATC Generate PCR template for
synthesis of dsRNA against imp
. 5 DAATACGACTCACTATAGGGCCGGTG
68 | Imp RNAI_T7_Rev N
- - TGCCAACAATCGTC 36
69 | GFP_RNAI T7_Fwd 5 BAATACGACTCACTATAGGGGC?AGA
TACCCAGACCACAT 30 Generate PCR template for
5 BAA synthesis of dsRNA against gfp
70 | GFP_RNAI T7_Rev TACGACTCACTATAGGGATTGGG
GTGTTCTGCTGGTA 3 6
71 | Mys_RNAI_T7_Fwd 5 DAATACGACTCACTATAGGGTGTGCA
- - - TCGAAGGAAAAGTGT CACA d Generate PCR template for
synthesis of dsRNA against
myospheroid (b-integrin
72 | Mys_RNA_ T7 Rev 5 'BAATACGACTCACTATAGGGTACTC'[ yosp ( grin)
- - - TCGTATCCGCTGGCGG 350
Real-time quantitative PCR Primers
73 | Rp49_fwd 56 GCTAAGCTGTCGCACAAAT Quantify rp49 mRNA levels
(gPCR)
74 | Rp49_rev 50TCCGGTGGGCAGCATGTG
75 | H2A(CG31618)_fwd 56 CCGTGCCGGTCTTCAATTC( Quantify H2A mRNA levels
(gPCR)
76 | H2A(CG31618)_rev 56 CGAGAACCTCAGCGGCCAC
77 | RNA polll_fwd 50 TGGTGGTTCGGCCAAGAAT
Quantify RNA polll levels (QPCR)
78 | RNA polll_rev 50 CCACACAAGCAATAACCTC(C
79 | Act42A RT PCR fwd |50 GATGAGGCACAGAGCAAAC( Quantify actin42A (b-actin) mRNA
. levels (QPCR)
80 | Act42A_screen_rev 5606CCGGAGTGTTGAAGGTTTA(
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81 | Imp_pPCR_fwd 50TCGAGAAGATGCGCGAAGA Quantify imp mRNA levels
. (9PCR)
82 | Imp_gPCR_rev 56 AATGATACGGCCCACCTGA
83 | Mys_fwd 50GCTGCTCACTACGAT CCA({ Quantify myospheroid (b-integrin)
mMRNA levels (QPCR)
84 | Mys_rev 566CCCGCATACATGGGGTTCT
85 | Profilin_fwd 56 GAGCTCTCCAAACTGATCA Quantify chickadee (profilin)
. . mMRNA levels (QPCR)
86 | Profilin_rev 56GTCTTCATGCAGTGCACTUA(
87 | Arp2_fwd 50 GGATCTGATGEGGAATGAG 3 Quantify arp14D (arp2) MRNA
. levels (QPCR)
88 | Arp2_rev 50GTGTTCGTCGGATCGATGT
89 | Arp3_fwd 506CGATGTGCGGCGTCCTCTA Quantify arp66B (arp3) mMRNA
. levels (QPCR)
90 | Arp3_rev 50GCGTCCCTCGGACAAATTA(
91 | Oskar_fwd 50GCA ACT a6Ca&a TA&C GCQ(dg Quantify oskar MRNA levels
R (9PCR)
92 | Oskar_rev 56CCC GTC AGT TTT CGA
566GGC AGC CTG AAG A
93 | Tub67C_fwd GAG 30 Quantify tubulin67C (tub67C)
. MRNA levels (QPCR)
94 | Tub67C_rev 56CAC TGC TCT GCG AT(
95 | Bicoid_fwd 566GAC CT GCG CCA TCG Quantify bicoid MRNA levels
N 56 ACC CTT CAA AGG CT (9PCR)
96 | Bicoid_rev TAG C 35
97 | Gurken_fwd 560CCC GCG CTT GCT GCT Quantify gurken mRNA levels
N (qPCR)
98 | Gurken_rev 56 CAC ACT TGC ATC3DBC(
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Appendix 3: Maps of empty vectors used to clone constructs listed in Appendix 1

Appendix 3.1: Map of pTiger (pUASP-attB-14X UAS) expression vector
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8000
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6000

pTiger was designed to express constructs primarily within the germline of flies. The
pTiger vector contains 14 UAS sites upstream of the multi-cloning site (MCS) to drive
transgene expression using the GAL4/UAS system. The P-transposase promoter aids
expression in the germline. The K10 30UTR ensures transcr
polyadenylation of the transgene cloned into the MCS. The attB site allows the vector to
be integrated into attP landing sites within the fly genome through the PhiC31 system
(materials & methods). The mini white gene (w+) encodes an eye pigment transporter that
restores eye colour in flies lacking the white gene, to screen adult flies for positive
integration events. T hlactanfiase ampicillin resistance gene allows for bacteria positive
selection. pTiger was constructed by Scott B. Ferguson and described in Ferguson et al.
2012.

202



APPENDICES

Appendix 3.2: Map of the pUAST-attB-19XUAS expression vector.

40002

pUAST-attB (19xUAS)
8755 bp

(5546) Xbal

(5544) Kpnl —-

(5534) Xhol —
(5525) Eagl - Notl

{5518) BglII

(5506) EcoRI

N

The pUAST-attB vector was originally designed to express transgenes mainly within the
somatic tissue of flies using the GAL4/UAS system. The original vector was a gift from the
Basler lab (Zurich, Switzerland) and contained five UAS sites. To increase transgene
expressions, a Hindlll fragment digested from pTiger and continaing 14X UAS sites was
inserted into the pUAST-attB vector. The resulting modiefied pUAST-attB plasmid
contains 19XUAS sites upstream of the multi-cloning site (MCS). The Hsp70 promoter
aids transgene expression in the soma. The SV40 terminator ensures transcription
termination and polyadenylation of the transgene cloned into the MCS. The attB site
allows the vector to be integrated into attP landing sites within the fly genome through the
PhiC31 system (materials & methods). The mini white gene (w+) encodes an eye pigment
transporter that restores eye colour in flies lacking the white gene, to screen adult flies for
positive integration events. T hlaetanbase ampicillin resistance gene allows for bacteria

positive selection.
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Appendix 3.3: Map of the pBlueScript Il (pBS) KS+ cloning vector.
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The pBS-KS+ vector (Stratagene) was used as an intermediate cloning step to build
complex constructs before they were cloned into the final expression vector, or to clone
sequences required to generate probes for in situ hybridisation. The pBS-KS+ vector
contains T7 and T3 promoters on either side of the multi-cloning site (MCS), allowing for

in vitro transcription of cloned sequences from these promoters. The vector also contains
the ampicillin resistance gene for bacteria selection.
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Appendix 3.4: Map of the pBlueScript Il (pBS) SK+ cloning vector.

As for pBS-KS+ (see Appendix 3.3), but the multi-cloning site (MCS) is orientated in the
opposite direction.
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