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Abstract 

In recent years it has become apparent that neuronal development and function relies 

not just on the regulation of transcription but also on posttranscriptional events. Two 

prevalent mRNA-based regulatory mechanisms in neurons are asymmetric mRNA 

localisation and the generation of different 3’UTR isoforms by alternative 

polyadenylation (APA). While experiments in mammalian systems indicate that 

subcellular mRNA localisation plays an important role in regulating local expression 

of proteins in neuronal processes, little is known about how mRNAs reach their 

destinations. It has been proposed that APA allows the production of mRNA isoforms 

with different roles. However, the importance of 3’UTR extensions has not been 

addressed in detail, particularly at the organismal level.  

In my PhD, I investigated the mechanisms of mRNA localisation and 

functional consequences of APA using the Drosophila embryonic nervous system as a 

genetically tractable model. I screened for mRNAs that localise in embryonic axons 

using an available transgenic library of 3’UTR sequences, as well as publically 

available in situ hybridisation data. I found that Ankyrin2 (Ank2) mRNA localises in 

Drosophila embryonic sensory neurons, and showed that this is dependent on the 

Kinesin-1 motor and microtubules. These data reveal an active mRNA transport 

system in embryonic neurons. I also showed that the Ank2 mRNA has an extended 

3’UTR that is found in axons, suggesting that APA could be relevant to axonal 

functions of Ank2. I demonstrated that while mRNA molecules could still localise to 

axons upon CRISPR-Cas9-mediated deletion of the Ank2 3’UTR extension, a fraction 

of the mutant embryos had a disrupted nervous system. Interestingly, embryos that 

lack the ability to make Ank2 protein have an overtly normal embryonic nervous 

system. This observation reveals that the extension does not simply promote Ank2 

protein function. Further experiments revealed that the extended 3’UTR is required 

for efficient locomotion of adult flies. While the exact function of the Ank2 3’UTR 

extension requires future investigation, I show that it is unlikely to be associated with 

the trafficking of associated proteins into axons. RNA affinity purifications from 

embryonic extracts provide evidence that the 3’UTR extension selectively binds 

conserved RNA-binding proteins. I speculate that the extension plays a role in 

regulating axonal morphogenesis by regulating the relative expression level of 

different Ank2 protein isoforms.  
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The purpose of my thesis research was sheddling light on mRNA localisation and 

posttranscriptional modification using axons of the Drosophila embryonic nervous 

system. The findings of the initial phase of my work led me to focus on Ankyrin 2 

(Ank2) mRNA localisation and the involvement of an extension of the Ank2 3’UTR in 

nervous system development. Therefore, this literature review covers mRNA 

localisation, the Drosophila embryonic nervous system, Ank2 and 3’UTR extension 

by alternative polyadenylation (APA).  

1.1 An overview of mRNA localisation  

Many aspects of cell behaviour and signalling require spatial control over the 

distribution of proteins. The positioning of proteins to different regions of the cell can 

determine their function. The common depiction in the central dogma of molecular 

biology that mRNAs are simply transcript molecules for transferring nuclear 

information in the DNA to the protein synthesis machinery in the cytoplasm has 

changed. Local control over the expression of genes can be achieved by trafficking 

mRNA molecules to different subcellular compartments, where they are translated to 

their protein products. Thus, mRNAs can have active roles in regulating protein 

expression through their subcellular localisation and local translation. 

The first evidence for asymmetric mRNA localisation in the cytoplasm was 

found in an ascidian, Styela plicata about 35 years ago (Jeffery et al., 1983). In situ 

hybridisation using a DNA probe showed that actin mRNA was asymmetrically 

distributed in different regions of the cytoplasm of the ascidian embryo, with the 

highest concentration in the myoplasm and the lowest concentration in the endoplasm 

(Jeffery et al., 1983). Since then, it has been shown that various systems such as 

Saccharomyces cerevisiae (Long et al., 1997), migrating fibroblasts (Lawrence and 

Singer 1986), Caenorhabditis elegans (Tabara et al., 1999), Drosophila melanogaster 

(Berleth et al., 1988), Xenopus laevis (Melton, 1987), epithelial cells (Houle et al., 

2003), neuroblasts (Broadus et al., 1998), and nerve cells (Garner et al., 1988) can 

localise mRNAs. Observations of asymmetrical distribution of mRNAs in different 

systems and across different species indicate that subcellular localisation of mRNAs 

is a prevalent and evolutionarily conserved mechanism to distribute proteins to 

different regions of the cell (Fig. 1.1) (Holt and Bullock, 2009; Parton et al., 2014).  



	 19	

 
Figure 1.1. mRNA localisation is a prevalent mechanism across different cell 
types and species. Examples of (A) Ash1 mRNA localisation (red) in budding yeast, 
(B) β-actin mRNA (red) at the leading edge of a fibroblast, (C) hairy (red) in apical 
and (D) Kruppel (Kr) (green) in the apico-basal axis of a Drosophila syncytial 
embryo, (E) bicoid (bcd) (green), (F) gurken (grk) (red), and (G) oskar (osk) (cyan) in 
a Drosophila oocyte. Scale bars represent 10 µm. Reproduced from Bullock (2007). 
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1.2 Functional importance of mRNA localisation in different 

systems 

mRNA localisation plays a significant role in cell polarity, stem cell maintenance, cell 

migration, cell fate determination, development, and neuronal signalling  (Buxbaum 

et al., 2015; St Johnston 2005). However, mRNA trafficking and protein trafficking 

are not mutually exclusive mechanisms for subcellular localisation of cargoes in the 

cytoplasm. mRNA localisation can work in parallel to the protein sorting machinery, 

ensuring efficient targeting of proteins to their site of action. For instance, in 

Saccharomyces cerevisiae, some ASH1 protein still localises to the bud tip after 

ASH1 mRNA localisation was abolished by disruption of the RNA trafficking 

machinery (Shepard et al., 2003).  

Coupled to local translation, mRNA localisation can provide several 

advantages compared to protein trafficking. Asymmetric distribution of mRNAs in 

the cytoplasm can provide cells with both temporal and spatial resolution over the 

expression of proteins in different regions of cytoplasm, as translation of prelocalised 

messages can be triggered on-demand (Weatheritt et al., 2014). The ability to rapidly 

respond to different stimuli and regulate the expression level of the corresponding 

proteins can be crucial in highly polarised cells such as epithelia and neurons (Garner 

et al., 1988; Houle et al., 2003).  

Local translation of mRNAs not only ensures proteins are available where 

required but also acts as a safety mechanism to prevent ectopic expression of the 

proteins elsewhere in the cytoplasm. This can be particularly relevant in cases where 

mistargeting of proteins has severe consequences on the cell and organism. For 

example, in Drosophila, microtubules (MT)-dependent localisation of bicoid mRNA 

to the anterior and oskar and nanos transcripts to the posterior pole of the developing 

oocyte helps to establish the future anterior-posterior axis of the body (Clark et al., 

1994; Johnstone and Lasko, 2001; Pokrywka and Stephenson, 1991; Roth et al., 1995; 

St johnstone, 1989; Weil et al., 2006). Anterior mislocalisation of oskar and nanos 

results in the formation of a second abdomen instead of the head and thorax, 

terminating development (Ephrussi et al., 1991; Gavis and Lehmann 1992). 

Translation of bicoid after egg fertilisation generates a diffusing morphogen protein 

gradient essential for anterior-posterior patterning with the highest concentration at 
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the site of mRNA localisation (Driever and Nusslein-Volhard, 1988a; St Johnston, 

1989). bicoid encodes a transcription factor which activates transcription of the 

segmentation gene hunchback in a concentration-dependent manner (Derivier and 

Nusslein-Volhard, 1989). Increasing or decreasing bicoid protein level at ther anterior 

of the embryo results in anteriorisation or posteriorisation of the developing embryo, 

respectively (Derivier and Nusslein-Volhard, 1988b). Therefore, it is critical to ensure 

that the localisation of bicoid RNA and its translation is restricted to the anterior pole. 

It has been suggested that another potential advantage of targeting proteins by 

prelocalising their RNAs is that proteins that are newly synthesised from localised 

mRNAs can have different functions compared to the existing repertoire of proteins in 

the cell, due to differences in their posttranslational modifications (PTM) (Weatheritt 

et al., 2014). For example, newly synthesised β-actin protein from localising mRNAs 

is required for cell polarity and directional movement of fibroblasts (Shestakova et al., 

2001). However, the critical molecular distinction between old and new β-actin 

protein molecules is not known. 

In addition, direct transportation of some proteins, especially those that have a 

high binding affinity to cytoskeletal elements and other cytoplasmic factors, could 

pose logistic challenges for cells. In such cases, cells can take advantage of localising 

translationally silenced mRNAs to their target sites, followed by triggering of 

translation at the destination. For example, Map2 and Tau proteins bind to MT and 

cannot readily be trafficked to the distal regions of the neurons; therefore they are 

localised as precursor mRNAs to dendrites and axons, respectively before they are 

translated (Kolarova et al., 2012).  

It has also been argued that mRNA localisation can be more energy-efficient 

than direct trafficking of individual proteins. This is because, in principle, multiple 

proteins can be synthesised from a single localised mRNA on-demand (Buxbaum et 

al., 2015). 

Finally, locating the elements that mediate mRNA localisation in the 

untranslated regions (UTR) of mRNAs does not require any changes in the coding 

sequence of transcripts (Holt and Shuman, 2013). Thus, there are no additional 

constraints placed on the sequences used to code the protein.  
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1.3 Different mechanisms of mRNA localisation 

Fig. 1.2 provides a general overview of the process of cytoplasmic mRNA 

localisation. RNA localisation begins in the nucleus. In eukaryotes, RNA polymerase 

II is responsible for transcribing mRNAs from the DNA (Harlen and Churchman, 

2017). The transcribed molecules undergo various nuclear processing events, usually 

during the transcription process, such as alternative splicing, 5’-end cap formation and 

3’-end polyadenylation (Tian and Manley, 2017). The mature transcripts are usually 

exported to the cytoplasm through the nuclear pore complexes (NPC) (Kabachinski 

and Schwartz, 2015; Natalizio and Wente, 2013). However, NPC-independent 

translocation of mRNAs to the cytoplasm, involving vesicular budding from the 

nuclear envelope, has been reported in some cell types (Speese et al., 2012). 

Localisation-competent ribonucleoproteins (RNP) are usually earmarked by 

recruitment of trans-acting factors to the RNA in the nucleus (Lee and Lykke-

Andersen, 2013). Formation of a localisation-competent RNP can be dependent on 

proteins that interact with the NPC. For instance, localisation of ASH1 RNP in 

budding yeast requires the nucleoporin protein Nup60p, which resides on the 

nucleoplasmic side of the NPC (Powrie et al., 2011). Mutations in Nup60p partially 

block ASH1 mRNA export from the nucleus, and those mRNAs that are exported fail 

to localise, indicating abnormalities in downstream processes (Powrie et al., 2011).  

Other nuclear events, such as alternative splicing, can also play an essential 

role in mRNA localisation. For instance, oskar mRNA trafficking to the posterior of 

the Drosophila oocyte requires premRNA splicing of the first intron (Hachet and 

Ephrussi, 2004). This splicing event deposits components of the exon junction 

complex (EJC) –Y14/Tsunagi and mago nashi – at this site. The canonical role of the 

EJC is in the quality control of premRNA splicing. EJCs are deposited 20-24 

nucleotides upstream of the intron removal site regardless of the RNA sequence (Kim 

et al., 2001; Le Hir et al., 2000; Le Hir et al., 2016) and act in a nonsense mediated 

decay (NMD) pathway, during which mRNAs with premature translation stop codons 

are degraded (Fribourg et al., 2003; Gehring et al., 2003; Kataoka et al., 2001; Lykke-

Andersen et al., 2001; Tange et al., 2004). In the case of oskar mRNA, however, the 

EJC components have another function in allowing the transcript to be transported to 

the posterior pole (Hachet and Ephrussi, 2001; Micklem et al., 1997; Mohr et al., 

2001; Newmark and Boswell, 1994; Newmark et al., 1997; Palacios et al., 2004). It is 
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not understood how the EJC promotes oskar localisation but this is an area of current 

research. 

 

 
Figure 1.2. Subcellular mRNA localisation at a glance. Reproduced from Mofatteh 
and Bullock (2017). 

 

Once in the cytoplasm, mRNAs can employ various cytoplasmic mechanisms 

to localise asymmtrically such as local protection from degradation, diffusion-

mediated entrapment, and active directional transportation. 

 

1.3.1 Local protection from degradation 

Subcellular mRNA localisation can be achieved by degrading transcripts that are not 

in the region of interest and selectively protecting the transcripts that are. For 

example, Hsp83 mRNA is degraded in most of the Drosophila egg, but is protected 

from degradation at the posterior region (Ding et al., 1993). Localisation of Hsp83 

mRNA to the posterior site is achieved with the help of two distinct cis-regulatory 

elements present in the 3’UTR: a protection element that is responsible for stabilising 

the mRNA in the posterior and a degradation element that results in the elimination of 

the transcript in all other regions of the embryo (Bashirullah et al., 1999). nanos takes 

advantage of several mechanisms for localisation to the posterior region of the 

Drosophila egg, including local protection from degradation, which is mediated in 
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part by Oskar protein. Smaug-responsive elements (SRE) are present in the 3’UTR of 

nanos and are recognised by Smaug (Oberstrass et al., 2006). Smaug recruits the 

CCR4-NOT deadenylation complex, resulting in deadenylation and degradation of 

mRNA (Temme et al., 2014). Oskar, which is localised at the posterior, masks SRE 

sequences and prevents binding of Smaug to the nanos 3’UTR and subsequent 

deadenylase recruitment, thereby stabilising the transcript in the posterior region 

(Zaessinger et al., 2006). 

Similarly, in vertebrates, Vasa and nanos mRNAs are confined to the 

primordial germ cells of zebrafish by local protection from degradation (Koprunner et 

al., 2001; Wolke et al., 2002; Yoon et al., 1997). Hence, this mechanism is an 

evolutionarily conserved means for distributing mRNAs to the germline. It is still 

unknown whether localised protection from degradation is used for localising mRNAs 

in other systems. 

 

1.3.2 Diffusion and entrapment 

Transcripts can move randomly in the cytoplasm before being anchored at their 

destination, usually with the help of the cytoskeleton. In the Drosophila oocyte, 

nanos, germ cell less and Cyclin B transcripts are concentrated to the pole plasm by 

diffusion and anchorage during late stages of oogenesis. The localisation of these 

transcripts is dependent on the localisation and translation of oskar mRNA (Ephrussi 

and Lehmann 1992; Jongenes et al., 1992; Nakamura et al., 1996, Raff et al., 1990; 

Wang et al., 1994). MT-dependent cytoplasmic streaming at late stages of Drosophila 

oogenesis facilitates encounters of nanos mRNA with posteriorly localised anchors 

that depend on the actin cytoskeleton (Forrest and Gavis 2003). Thus, the MT 

cytoskeleton contributes indirectly to nanos localisation by generating cytoplasmic 

flows, and the actin cytoskeleton mediates anchorage. Diffusion and entrapment can 

also occur in vertebrate systems. During early stages of Xenopus laevis oogenesis, a 

mitochondrial cloud composed of mitochondria and mRNAs diffuse to the vegetal 

pole following by a MT-independent anchorage (Chang et al., 2004).  

Real-time imaging of single, endogenous labelled β-actin mRNA in vivo 

showed that same mRNA could adopt different strategies for localisation in different 

cell types. While localised mainly by diffusion and trapping as individual transcripts 
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in fibroblasts, many β-actin mRNAs move actively in cultured neurons and brain 

slices (Park et al., 2014).  

 

1.3.3 Active transportation 

The best-studied mechanism of mRNA localisation is the active transportation of 

mRNAs along the cytoskeleton by molecular motors.  

Myosin-mediated transportation of mRNAs along the actin cytoskeleton 

One of the most studied examples of a localising mRNAs is ASH1, which is 

transported to the Saccharomyces cerevisiae daughter cell (Bertrand et al., 1998; 

Long et al., 1997). ASH1 encodes a transcription factor that represses the transcription 

of homothallic switching endonuclease, thereby inhibiting mating type switching in 

the daughter cell (Maxon and Herskowitz 2001). ASH1 mRNA interacts with several 

RNA binding proteins (RBP) to form a protein complex called the locasome, which is 

translocated along polarised actin filaments by a Myosin-V class motor to the 

growing tip of the daughter (Takizawa et al., 1997). In vivo live imaging of ASH1 

mRNA showed that mRNA particles move at a speed of 0.2-0.44 µm/s (Bertrand et 

al., 1998) and that ASH1 anchorage is mediated by a complex of proteins involved in 

actin organisation (Beach et al., 1999).  

Migrating fibroblasts have been extensively used for studying mRNA 

localisation (Sundell and Singer, 1991). In migrating fibroblasts, β-actin mRNA 

localisation to the leading edge in response to external cues provides the cell with a 

high concentration of β-actin protein, which is important in cell motility. β-actin 

localises to the lamellipodia (Lawrence and Singer, 1985), dependent on myosin IIB 

and actin filaments (Latham et al., 2001; Sundell and Singer, 1991), and localised β-

actin mRNAs are trapped by cortical actin filaments and are translated (Sundell and 

Singer, 1991). Either inhibiting the myosin ATPase or mutating myosin IIB abolished 

β-actin mRNA localisation (Latham et al., 2001). On the other hand, promoting actin 

stress fibre formation increased β-actin mRNA localisation in chicken fibroblasts 

(Sundell and Singer, 2001) and mouse embryonic fibroblasts (Latham et al., 2001; 

Latham et al., 1994). Therefore, the actin cytoskeleton plays a crucial role in both 

mRNA transportation and anchorage. 
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prospero mRNA is localised to the basal side of the neuroblast during mitosis, 

resulting in selective segregation of prospero to the daughter ganglion mother cells 

(GMC) (Broadus et al., 1998). prospero localisation in neuroblasts is dependent on 

actin and Myosin VI, as well as interaction with the double-stranded (DS) RNA 

binding protein Staufen with the prospero 3’UTR (Li et al., 1997; Petritsch al., 2003).  

Dynein-mediated transportation of mRNAs towards the minus end of MT 

mRNA localisation has been studied extensively in the Drosophila syncytial embryo 

(Bullock et al., 2003; Lasko, 2012) and oocyte (Lasko, 1999; van Eeden and St 

Johnston, 1999; Weil, 2014). Bicaudal-D (BicD), Egalitarian (Egl), and Dynein are 

responsible for transporting many mRNAs from their site of transcription in the nurse 

cells into the oocyte in Drosophila (Bullock and Ish-Horowicz, 2001; Dienstbier et 

al., 2009; Vazquez-Pianzola et al., 2017). mRNAs encoding the pair-rule class of 

transcription factors are transported by Dynein towards the MT minus end, resulting 

in compartmentalisation in the apical cytoplasm of the cellularising embryo (Davis 

and Ish-Horowicz, 1991). pair-rule mRNA particles move at a speed of 

approximately 0.5 µm/s and are anchored in the vicinity of the MT minus ends 

(Delanoue and Davis, 2005; Wilkie and Davis, 2001). The Egl-BicD-Dynein 

machinery also transports inscuteable mRNA to the apical side of embryonic 

neuroblasts, which facilitates asymmetric cell division (Hughes et al., 2004).  

The same mRNA species can be transported by MT motors to different 

regions of the same cell type during development. For example, gurken mRNA is kept 

translationally silent and is first transported to the posterior site of the Drosophila 

oocyte before being relocated to the anterodorsal region to establish the 

anteroposterior and dorsoventral axes (Davidson et al., 2016; Neuman-Silberberg and 

Shupbach, 1993; Roth et al., 1995). Genetic experiments coupled to injections of 

function-blocking antibodies indicate that Dynein plays a role in both phases of 

gurken mRNA localisation (MacDougall et al., 2003). Thus, changes in the 

arrangement of MT during oogenesis appear to contribute to the different patterns of 

gurken RNA localisation.  

Motors can also facilitate asymmetric mRNA localisation by moving on a 

nonpolarised MT network. Live imaging of the Drosophila oocyte revealed that 
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bicoid mRNA undergoes rapid Dynein-dependent random movement, followed by 

stable anchorage at the anterior region (Trovisco et al., 2016). 

Kinesin-mediated transportation of mRNAs towards the plus end of MT 

The role of Kinesin superfamily of molecular motors in transporting mRNAs has been 

well-established. Although there are many Kinesin proteins (e.g. falling into 14 

families in mammalian cells (Goldstein and Gunawardena, 2000; Lu and Gelfand, 

2017) and 3 families in flies (Saxton and Hollenbeck, 2012)), much of the focus in the 

mRNA localisation community has been on the conventional Kinesin, Kinesin-1.  

The first evidence for active mRNA localisation in living cells was provided 

by studies showing transport of microinjected mRNA encoding myelin basic protein 

(MBP) to the myelinated membranes of cultured oligodendrocytes where it was 

anchored and translated (Ainger et al., 1993; Hoek et al., 1998). Fluorescently 

labelled MBP transcripts formed granules that moved along the MT at the speed of 

0.2µm/s (Ainger et al., 1993). Either disrupting MT with depolymerising drugs or 

using antibodies against the Kinesin-1 heavy chain (KHC) abolished the localisation 

of the injected mRNAs (Carson et al., 1997), supporting a model in which MBP 

mRNA is translocated along oligodendrocyte processes by the Kinesin-1 motor.  

Kinesin-1 also mediates oskar mRNA localisation to the posterior of the 

Drosophila oocyte (Brendza et al., 2000; Clark et al., 1994). This process also 

requires the Staufen protein (Kim-ha et al., 1991; Rongo et al., 1995), although no 

biochemical interaction with Kinesin-1 has been found. Although there are some 

insights into how mRNAs are linked to Dynein and Myosin molecular motors, there is 

very little known about how Kinesins are linked to RNAs. Recent work has instead 

highlighted an atypical Tropomyosin as a candidate to link oskar to Kinesin-1 

(Gaspar et al., 2017). The recruitment of oskar mRNA by Tropomyosin occurs early 

in the perinuclear cytoplasm of the nurse cells during nuclear export of the mRNA, 

where oskar mRNA molecules dimerise via their 3’UTR (Gaspar et al., 2017; Little et 

al., 2015). Future dissection of Tromopyosin binding partners are required to 

investigate whether Tropomyosin acts as a trans-acting factor to recruit other 

mRNAs, for example in axons, to Kinesin-1. 

In mammalian neurons, Kinesin-1 heavy chain associates with many mRNAs 

such as ARC and CamKIIα as well as many other RBPs (Kanai et al., 2004). This was 
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shown by performing pulldown experiments with a recombinant cargo binding region 

of the motor. During development of myelinated axons in zebrafish, glial cells use 

Kif1b motor for translocating mRNA encoding for Mbp (Lyons et al., 2009).  

Different molecular motors can also coordinate mRNA localisation.  Similar 

to oskar transportation in the Drosophila oocyte, the positioning of mRNAs in the 

vegetal cortex of Xenopus oocyte is achieved by plus-end-directed transport along the 

MT (Messitt et al., 2008). In vivo imaging of live Xenopus oocytes revealed that while 

Kinesin-1 and Kinesin-2 mediates bidirectional transport of Vg1 mRNA within the 

vegetal cortex, Dynein first directs unidirectional transport of RNA to this region 

(Gagnon et al., 2013). Therefore, a multistep process involving multiple MT motors 

mediates mRNA localisation.   

 

1.4 Cis-acting elements 

Untranslated regions of mRNAs in the 5’- and 3’- end frequently contain cis-acting 

elements to regulate different aspects of the mRNA life cycle such as nuclear export, 

subcellular localisation, translation and decay. These processes occur through the 

interaction of cis-acting elements with RBPs. RBPs, in turn, interact with various 

other proteins to mediate their function, such as molecular motors (Czaplinski, 2014).  

The cis-acting elements that mediate mRNA localisation, called localisation 

elements or zipcodes, are usually folded to form higher order secondary and tertiary 

structures such as bulges, hairpins and stem-loops (Bullock et al. 2010; Hamilton and 

Davis, 2007; Weil, 2014). These structures are recognised by trans-acting factors to 

form RNP complexes, which are competent for transportation by the localisation 

machinery (reviewed in Kato and Nakamura 2012).  

Unlike well-defined protein sorting signals which are composed of one or two 

discrete primary sequence motifs (Duffy et al., 2010; Von Heijne, 1985), mRNA 

localisation elements identified so far show a great degree of diversity in their length 

and structure. For example, MBP localisation requires as little as a 21-nucleotide 

localisation element in its 3’UTR, recognised by a trans-acting factor, heterogeneous 

nuclear ribonucleoprotein A2, (hnRNPA2) (Ainger et al., 1993; Hoek et al., 1998; 

Munro et al., 1999). β-actin localisation is dependent on a short 54-nucleotide zipcode 
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in the 3’UTR (Kislauskis et al., 1994) that interacts with the zipcode binding protein 

ZBP1 and mediates its localisation to dendrites and axonal growth cones (Eom et al., 

2003; Zhang et al., 2001). The 3’UTR of hairy mRNA, which encodes a pair-rule 

protein, has a localisation element that comprises 121 nucleotides in the form of two 

stem-loops that are both necessary for efficient localisation by Egl-BicD-Dynein 

(Bullock et al., 2003). In contrast, MT-dependent localisation of bicoid mRNA to the 

anterior of the Drosophila oocyte requires ~600 nucleotides, which fold into five 

stem-loops (Brunel and Ehresmann, 2004; Macdonald 1990; Macdonald and Struhl, 

1988) with some degree of functional redundancy (Macdonald and Kerr, 1997). 

The primary RNA sequence is not necessarily what is directly recognised by 

the mRNA trafficking machinery. Rather the secondary and tertiary structure of the 

RNA can be critical (Hamilton and Davis, 2011). For example, Bullock et al. (2010) 

demonstrated that mutating the primary sequence of K10 mRNA localisation element 

while maintaining the secondary and tertiary structure did not disrupt localisation of 

the mRNA to the apical cytoplasm of the Drosophila embryo; however, disrupting the 

tertiary RNA structures abolished mRNA localisation. Similarly, in Saccharomyces 

cerevisiae, recognition of four elements in ASH1 mRNA by the She2p RNA-binding 

protein is dependent on their secondary structure, as individual elements show no 

significant sequence homology (Chartrand et al., 1999; Gonzalez et al., 1999; Long et 

al., 2001). 

The number of localisation element present in a single mRNA can dictate the 

number of motor proteins that can bind to the element. Adding localisation elements 

could increase the number of RBPs and motors associating with the mRNA and hence 

increasing the distance that individual mRNAs can move along the cytoskeleton 

(Amrute-Nayak and Bullock, 2012; Sladewski et al. 2013). 

On the other hand, after removing all of its localisation elements, ASH1 

mRNA was still capable of interacting with a myosin motor in vitro and undergoing 

some degree of movement (Sladewski et al., 2013). mRNA movement in the absence 

of any localisation elements can suggest the presence of an inherent tendency of 

mRNA molecules to interact with molecular motors, which might have been selected 

for to help spread RNPs in the cytoplasm (Bullock et al. 2006; Fusco et al. 2003). 

Robust transportation via localisation elements and molecular motors can, however, 

greatly increase the efficiency of mRNA trafficking.  
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The majority of localisation elements identified so far are in the 3’ UTR region 

of the mRNA, but zipcodes can be present elsewhere in the transcript. For instance, an 

ASH1 mRNA localisation element is present in the 3’UTR of the transcript, but this 

signal is not sufficient for its localisation into the daughter of the dividing cell. 

Efficient localisation of ASH1 mRNA also requires three discrete elements in the 

coding region, which are detected by trans-acting She2p/She3p proteins (Chartrand et 

al., 1999; Gonzalez et al., 1999) that recruit the Myosin V motor (Chung and 

Takizawa, 2010). Also, a 2.2-kb sequence within the protein coding region of the 

bitesize transcript, which codes for a synaptotagmin-like protein, is necessary and 

sufficient for its localisation to the apical site of epithelial cells (Serano and Rubin, 

2003). 

Multiple localisation elements in the same mRNA can be employed in a 

temporally-restricted manner to ensure control over asymmetric distribution. 

Localisation elements of the gurken mRNA have been reported in both the 5’ and 

3’UTRs (Thio et al., 2000; Van de Bor et al. 2005). The 5’UTR signal is essential 

during localisation of gurken in early egg chambers, and the 3’UTR signal is required 

for gurken mRNA localisation in later egg chambers (Thio et al., 2000). In contrast, 

nanos requires four partially redundant elements, which are recruited simultaneously 

for localisation of the mRNA to the posterior pole of Drosophila oocyte (Bergsten et 

al., 2001; Crucs et al., 2000; Gavis et al., 1996). These finding demonstrate that 

multiple signals can act cooperatively or redundantly to mediate the localisation of a 

single mRNA species. 

 

1.5 Trans-acting factors  

The association of mRNAs with different RBPs regulates the localisation of mRNAs. 

Diffusion and trapping, protection from nucleases, and active transportation are all 

dependent on the interaction of RBPs with mRNAs. Zipcodes and, occasionally, other 

cis-regulatory elements such as the promoter region (Zid and O’Shea, 2014) 

determine the interaction of different RBPs with RNAs (Jambhekar and Derisi, 2007; 

Shahbabian and Chartrand, 2012). Table 1.1 illustrates examples of RBPs that are 

involved in active transport of mRNA. 
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Table 1.1. Examples of mRNA transport complexes across different species 

 
Reproduced from Mofatteh and Bullock (2017). 
 

 

 

A single type of RBP can have hundreds of mRNA targets. For example, the 

splicing factor, poly-glutamine rich (SFPQ), binds to motifs in the 3’UTR of a range 

of mRNAs including bcl2l2, Creb1, Impa1, Lmnb2 to mediate mRNA localisation 

into axons of dorsal root ganglia neurons and thereby promotes axon survival (Cosker 

et al., 2016).  

On the other hand, a single mRNA species can interact with many RBPs 

simultaneously. Efficient localisation of ASH1 mRNA to the yeast bud tip is mediated 

by five SHE genes (Takizawa and Vale, 2000), two of which (She2p and She3p) 

encode proteins that interact directly with the four cis-regulatory elements in the 

mRNA (Edelmann et al., 2017).  

One of the less clear concepts about mRNA localisation is the number and 

type of mRNA molecules in a granule. Different studies have shown that multiple 

mRNAs can be cotransported within a single granule. However, some granules 

contain only one type of mRNA. For instance, microinjected Septin7 and CamKIIα 

particles assemble into the same granules whereas MAP2 mRNAs form distinct 

granules demonstrating a heterogeneity of RNPs present in the neuron (Tubing et al., 

2010). Using quantitative single molecule imaging, Little et al. (2015) demonstrated 

that Drosophila germ cell transcripts nanos, cyclinB and polar granule component are 

transported in the oocyte as single mRNA molecules that coassemble into granules 

containing multiple copies of the same and different mRNA species at the posterior 
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oocyte. Studies of Dynein-dependent Drosophila RNPs in vitro also demonstrated 

that most localising particles contain a single copy of an mRNA molecule (Amrute-

Nayak and Bullock, 2012). 

 

1.6 Translational control of localising mRNAs 

To achieve restricted protein localisation, translation of localising mRNA is usually 

inhibited during localisation (Chartrand et al., 2002; Gonzalez et al., 1999; Jambor et 

al., 2015). In a eukaryotic translation initiation factor 4E (eIF4E)-based repression 

pathway, the assembly of eIF4G, eIF4E, and eIF4A at the 5’ is prevented by the 

action of translational repressors which bind directly to the mRNA, thus masking 

eIF4E interaction sites (Jackson et al., 2010). Many of the trans-acting RBPs 

mediating mRNA localisation also inhibit translation during mRNA trafficking 

(Abaza and Gebauer, 2008; Besse and Ephrussi, 2008; Davidson et al., 2016). RBPs 

that function in translational repression include (but not limited to) Maskin, Musashi-

1, Pumilio and TIAR (Battelli et al., 2006; de Moor et al., 2005; Mazan-Mamczarz et 

al., 2006).  

However, other mechanisms exist for translational repression. Translational 

silencing of localising mRNAs in neurons can be achieved by formation of large 

translational-incompetent granules, which inhibits ribosome access to the mRNAs 

(Chekulaeva et al., 2006; Krichevsky and Kosik, 2001). 

Cellular activity can regulate translation of silenced mRNAs. For example, 

York-Anderson et al. (2015) used live imaging of Drosophila egg to demonstrate that 

an actin-dependent increase in intracellular Ca2+ resulted in dispersion of processing-

bodies and consequent initiation of bicoid mRNA translation. Similarly, upon 

stimulating hippocampal synapses, β-actin mRNA was released from granules to 

become accessible for translation (Buxbaum et al., 2014). mRNAs were repackaged 

into granules after removal of the stimulus, suggesting a dynamic process of 

translation activation and repression (Buxbaum et al., 2014). The exact mechanism of 

granule release and reformation is not understood and requires future investigations.  
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1.7 Anchorage at the destination 

As mentioned briefly in Section 1.3.3, mRNA anchorage at their destination is a 

crucial step in mRNA localisation. Here, I explain this process in more detail. 

The mechanism of mRNA anchorage at the destination is not fully understood, 

but the actin cytoskeleton plays a crucial role in the anchorage of moving mRNAs in 

different model systems. oskar and nanos mRNAs rely on the actin cytoskeleton for 

their anchorage at the posterior region of the developing Drosophila oocyte (Forrest 

and Gavis, 2003; Lopez de Heredia and Jansen, 2004). Components of the actin 

cytoskeleton such as Profilin are required for efficient oskar localisation (Baum et al., 

2000; Gaspar et al., 2017; Lantz et al., 1999; Manseau et al., 1996;). Actin also 

anchors bicoid mRNA at the anterior region of the Drosophila oocyte (Weil et al., 

2008). Similarly, in Xenopus oocytes, Vg1 mRNA uses the actin cytoskeleton for 

anchorage at the vegetal cortex (Yisraeli et al., 1990).  

Translation of localising mRNAs can further help to anchor the mRNA. For 

example, after localisation to the posterior oocyte, oskar is translated to produce two 

isoforms with different lengths. While the short isoform of oskar is translated to 

recruit nanos mRNA to form germ cells, the longer isoform anchors its own mRNA 

(Ephrussi and Lehmann, 1992; Wang et al., 1994).  

Molecular motors can play a dual function in transporting mRNAs and then 

anchoring them at their destination. Delanoue and Davis (2005) demonstrated that 

once Dynein transports fushi tarazu mRNA to the apical region of the Drosophila 

blastoderm embryo it switched to being an anchor for the RNA. In vitro motility 

assays with RNPs provided evidence that this is because Dynein motor does not 

readily detach from the MT once it reaches the minus end (Soundararajan and 

Bullock, 2014). 

 

1.8 mRNA localisation in the nervous system 

Highly polarised cells, such as neurons, respond rapidly to different external stimuli 

by changing their local protein abundance and composition. Neurons can have 

extensions up to a meter away from their cell bodies in humans, so it is easy to 

envisage why they need to manage synthesis of new proteins locally and on-demand.  
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1.8.1 mRNA localisation in dendrites and synaptic plasticity 

Since Steward and Levy (1982) discovered polyribosomes at the bases of dendritic 

spines more than 36 years ago, many lines of evidence have demonstrated that mRNA 

localisation and de novo synthesis of proteins in dendrites are critical steps for 

development, synaptic plasticity and long-term memory formation (Holt and Shuman, 

2013; Job and Eberwine, 2001; Sutton and Schuman, 2006; Wang et al., 2010).  

Data from deep sequencing and high-resolution imaging of rat hippocampal 

neurons led to the conclusion that approximately half of neuronally expressed 

mRNAs are enriched in dendrites compared to the soma (Cajigas et al., 2012). A 

significant portion of these mRNAs encodes for synaptic proteins such as receptors, 

scaffolding factors, and proteins involved in signalling pathways.  

Neuronal activity can regulate mRNA localisation. Calcium/calmodulin-

dependent kinase-2α (CamKIIα) colocalises in vivo with the RNA localisation factor 

Staufen in dendrites of hippocampal neurons upon depolarisation with potassium 

chloride (KCl) (Kohrmann et al., 1999; Mikl et al., 2011), and the RNA has a stronger 

enrichment in dendrites upon neuronal stimulation (Rook et al. 2000).  

β-actin mRNA and its associated proteins can localise in dendritic spines upon 

neuronal stimulation (Fig. 1.3). Live imaging of a GFP-tagged version of the β-actin 

mRNA binding protein ZBP1 showed that proteins redistributed from the cell bodies 

to the base and spines of dendrites of hippocampal neurons upon depolarisation with 

KCl (Tiruchinapalli et al., 2003). The activity-dependent relocalisation of ZBP1 was 

abolished after treatment of neurons with antagonists of NMDA receptors. However, 

it is still unknown whether the activity-dependent increase in mRNA translocation to 

dendrites is specific to certain mRNA species, or if there is a global increase in the 

trafficking of mRNAs upon neuron activity. Also, the exact molecular mechanism and 

potential factors involved in linking neuronal stimulation and mRNA localisation are 

poorly understood. 

Bidirectional movement of mRNAs in both anterograde and retrograde can 

occur in dendrites by simultaneous association of mRNAs with both Dynein and 

Kinesin (Dynes and Steward, 2007; Knowles et al., 1996; Park et al., 2014; Tubing et 

al., 2010). Bidirectional transport of CamKIIα granules can be explained by a study 

that showed cytoplasmic polyadenylation element binding protein (CPEB) interacts 
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with CamKIIα 3’ UTR and can be coimmunoprecipitated with both Dynein and 

Kinesin-1 (Kanai et al., 2004). Overexpression of CPEB enhanced the localisation of 

the mRNA to the dendrites (Rook et al., 2000), although it was not determined if this 

is through a direct effect on Dynein or Kinesin-1 activity.  

 

 

Figure 1.3. Neuronal stimulation drives mRNA localisation in dendrites. The 
figure is modified from one provided by Prof Christine Holt and Dr Simon Bullock. 

 

 

 

The RBP fragile X mental retardation protein (FMRP), which is present in 

RNP granules (Kanai et al., 2004), and is involved in regulating translation, can 

interact with both KHC and Dynein heavy chain (DHC) in Drosophila (Ling et al., 

2004). FMRP acts as a motor adaptor in mammalian cell, linking Kinesin light chain 



	 36	

with mRNA to mediate stimulus-driven mRNA trafficking to dendritic spines 

(Dictenberg et al., 2008; Kao et al., 2010). Overexpressing FMRP increased both the 

frequency and processivity of transporting mRNAs (Estes et al., 2008). In contrast, 

downregulation of FMRP in Drosophila (Pan et al., 2004) and zebrafish (Tucker et 

al., 2006) neurons increased arbourisation, demonstrating that interfering with this 

RBP can result in morphological phenotypes. 

Stationary ARC mRNA molecules have been observed at the base of dendritic 

spines (Dynes and Steward, 2012). It was proposed that the base of dendritic spines 

can act as a hub for the accumulation of mRNAs, which can move to the spine upon 

request for local translation (Dynes and Steward, 2012). The ‘sushi belt model’ has 

been put forward to explain the relationship between bidirectional active movements 

of mRNAs and nonmotile mRNAs at the synapses (Doyle and Kiebler, 2011). 

According to this model, a proportion of mRNAs is constantly moving into and out of 

the synapses and will be captured upon receiving a stimulus into a spine. Recent live 

imaging techniques that allow visualisation of translation of individual mRNA 

molecules in real time can be used to study mRNA localisation and translation 

dynamics in response to neuronal activation (e.g. Wang et al., 2016).   

 

1.8.2 mRNA localisation in axons 

Early studies failed to identify ribosomes in mature vertebrates axons, leading to a 

notion that axons do not have the capacity for local translation, and thus shifting the 

focus to dendritic mRNA trafficking (Jung et al., 2012; Twiss and Fainzilber, 2009).  

However, landmark metabolic labelling studies showed that after isolating the 

soma, invertebrates and vertebrates axons have the capacity to translate mRNAs (Eng 

et al., 1999; Giuditta et al., 1968; Giuditta et al., 1986; Koenig, 1967; Koenig et al., 

1982; Koenig, 1991; Tobias and Koenig, 1975a; Tobias and Koenig, 1975b).  

Biochemical studies have shown that some of the components of the protein 

synthesis machinery, such as mRNAs, ribosomal RNAs and translating ribosomes, are 

present in the giant squid axons (Giuditta et al., 1980; Giuditta et al., 1986; Giuditta et 

al., 1991). Various studies using electron microscopy in vitro and in vivo 

demonstrated that ribosomes were present in mammalian axons (Bassell et al., 1998; 

Bunge, 1973; Tennyson, 1970). However, it is still not known whether ribosomes are 
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present in axons as monosomes or polysomes. Data from cultured neurons suggest 

that ribosomes might form polysomes in culture (Bassell et al., 1998), whereas 

monosomes might be the predominant species in neurons in vivo (Jung et al., 2012).  

A study by Tcherkezian et al. (2010) could explain the lack of ribosome 

observation in axons to some extent by showing ribosomes were located very close to 

the plasma membrane, where they could associate directly with transmembrane (TM) 

receptors. The ribosomes were released into the axoplasm upon ligand binding and 

receptor activation. Tethering components of the translation machinery to the 

cytoplasmic domain of TM receptors allows spatial and temporal regulation of protein 

expression in response to external cues.  

For many years it was unclear whether vertebrate axons have the machinery to 

fold and process the locally synthesised proteins as various electron microscopy 

attempts failed to identify rough endoplasmic reticulum (RER) and the Golgi 

apparatus in axons (Bunge, 1973; Tennyson, 1970; Yamada et al., 1971; Zheng et al., 

2001). The failure to identify the RER and the Golgi could be due to morphological 

properties of axons that are extended in shape. Thus, axons might have structures 

equivalent to the RER and the Golgi with similar functional properties (Merianda et 

al., 2009; Merianda et al., 2013; Willis et al., 2005). Consistent with this notion, fully 

folded proteins were synthesised and inserted into the plasma membrane in cultured 

isolated axons in the absence of soma (Merianda et al., 2009). Similarly, although 

isolated axons from molluscs (Lymnea stagnalis) do not have conventional RER and 

Golgi, injection of exogenous mRNAs into axons isolated from the soma resulted in 

the translation of fully functional transmembrane proteins (Spencer et al., 2000; Van 

Minnen et al., 1997). It is still unknown whether newly synthesised proteins in axons 

require specific posttranslation modification compared to the proteins present in the 

soma, which might be achieved by the presence of RER and Golgi with a special 

function.   

Extrinsic signals can affect growth, pathfinding, and synaptogenesis of 

developing axons (Fig. 1.4) (Holt ans Schuman, 2013; Vogelaar, 2016). Mature axons 

are also dependent on extrinsic factors for maintenance and repair after damage (Jung 

et al., 2012). In vitro data from cultured neurons have shown that isolated axons 

require axonal protein synthesis and degradation to respond to chemotropic factors or 

to regenerate after an induced injury (axon-severing) (Campbell and Holt, 2001; Lin 
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and Holt, 2007; Verma et al., 2005). Developing axons can localise mRNAs and 

synthesise proteins locally in their growth cones to assist in targeting the correct 

synapses (Andreassi et al., 2010; Zivraj et al., 2010). Navigating axons can also grow 

in the absence of soma. The removal of the cell body did not affect Xenopus retinal 

axon pathfinding (Harris et al., 1987), indicating that translation machinery is 

available in the axons independently of the soma. Therefore, local protein synthesis in 

axons can potentially play an important role in both developing and mature axons 

(Alvarez et al., 2000). Mature axons also have the capacity for mRNA trafficking and 

protein synthesis for maintenance and regeneration after injury (Gumy et al., 2011; 

Taylor et al., 2009). 

Axonal branching in the vertebrate central nervous system (CNS) is linked 

closely to local protein synthesis. Guidance cues such as mTOR, Netrin-1, BDNF, 

Sema3A, and Slit2 trigger local protein synthesis in the responsive neuron (Alsina et 

al., 2001; Campbell and Holt, 2001; Piper et al., 2006; Terenzio et al., 2018), and also 

function as modulators of arbourisation (Kalil and Dent, 2014). For instance, the 

stimulus-dependent phosphorylation of the ZBP1 RBP by Src in response to BDNF 

resulted in ZBP1 dissociation from β-actin and translation induction, thereby 

promoting growth cone turning (Sasaki et al., 2010).  

Microarray analysis combined with fluorescent in situ hybridisation (FISH) 

showed that more than 300 mRNAs encoding various components of the translational 

machinery, cargo transportation, cytoskeleton and mitochondria are enriched in axons 

of the CNS and peripheral nervous system (PNS) of mammalian neurons (Taylor et 

al., 2009). In their study, Taylor et al. (2009) also demonstrated the ability of healthy 

axons to change the composition of localising mRNAs following axotomy by 

enriching mRNAs required for repair and regeneration. While mRNAs encoding 

components of cargo trafficking, cytoskeleton and mitochondria showed a decrease in 

localisation, there was an upregulation in localisation of transcripts encoding proteins 

involved in axon targeting and synaptogenesis. These observations provided evidence 

for RNA localisation-based adaptation of injured axons to regenerate and form 

synapses (Taylor et al., 2009). 
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Figure 1.4. mRNA localisation and translation in a developing growth cone in 
response to external cues. The figure is modified from one provided by Prof 
Christine Holt and Dr Simon Bullock. 

 

 

In cultured dorsal root ganglion (DRG) neurons, mRNAs encoding the 

components of the actin-nucleating Arp2/3 complex are localised to branch points and 

promote branch formation in response to nerve growth factor (NGF) (Spillane et al., 

2012). Wong et al. (2017) used high-resolution live imaging to show that RNA 

granules localised to the sites of nascent branch formation in retinal ganglion cell 

(RGC) neurons in Xenopus in vivo, and move to the distal tip of stable branches. 

Blocking β-actin translation disrupted branch formation, thereby demonstrating the 

importance of mRNA localisation and local protein synthesis in arbour formation and 

stabilisation (Wong et al., 2017). Thus, local synthesis of components of the actin 

cytoskeleton can provide the basis for branch formation on-demand. Interestingly, 

quantitative proteomic studies demonstrated that Arp2/3 complex and other actin 

binding molecules are enriched in cell protrusions and undergo a high rate of 

translation, a role in agreement with their involvement in neuronal branch formation 

(Mardakheh et al., 2015).  
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Deep sequencing of ribosome-bound mRNAs showed that many presynaptic 

proteins are translated locally in mammalian axons during branch formation 

(Shigeoka et al., 2016). The degree of presynaptic arbourisation can determine the 

number of postsynaptic connections that a neuron can have, hence defining the 

complexity of neural circuits (Alsina et al., 2001; Meyer and Smith, 2006). Hence, 

local protein synthesis in axons can have a fundamental role in synaptogenesis and 

neural circuit assembly.  

Defective assembly of RNPs has been implicated in the pathogenesis of 

neurological diseases that affect axons such as amyotrophic lateral sclerosis (ALS) 

and spinal muscular atrophy (SMA) (Shukla and Parker, 2016). Survival motor 

neuron (SMN) protein regulates localisation and local translation of β-actin (Shukla 

and Parker, 2016), growth-associated protein 43 and neuritin/cpg15 mRNAs in motor 

neurons (Fallini et al., 2011; Hubers et al., 2011; Sanchez et al., 2013). 

Overexpression of SMN-interacting proteins HuD and ZBP1 rescued the reduced 

translation of the interacting mRNAs in the growth cone (Fallini et al., 2016).  

Thus, there is compelling evidence that mRNA trafficking in axons plays an 

important role in axonal development, maintenance and disease. However, the 

mechanisms involved in linking axonal mRNAs to molecular motors and the RNA 

localisation signals required for axonal mRNA targeting are still poorly understood. A 

mechanistic understanding of RNA localisation in axons may provide us with 

information on mechanisms of neurological diseases. 

 

1.9 The embryonic nervous system of Drosophila 

melanogaster 

Even though Drosophila melanogaster and vertebrates diverged 700 million years 

ago at the Protostome-Deuterostome separation (Blair and Hedges, 2005), a large 

number of cellular processes have been conserved from flies to human. About 75% of 

human disease-associated genes have orthologues in Drosophila (Reiter et al., 2001). 

This allows the use of Drosophila to study various subcellular mechanisms present in 

humans. In my thesis, I used the Drosophila embryonic nervous system to shed light 
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on mRNA localisation mechanisms in axons. Here, I provide an overview of this 

system.  

Division of the neural precursor stem cells, neuroblasts, gives rise to the 

Drosophila CNS and PNS. Neuroblasts divide asymmetrically along the apico-basal 

axis to produce a smaller daughter cell, the GMC from their basal side and another 

neuroblast. GMCs further divide to generate two postmitotic neurons or glia cells to 

establish the CNS (Doe, 2017). 

Sensory neurons which divide in the periphery receive information from the 

environment, which is processed and transferred to the CNS in order to modulate 

animal behaviour.  

In the Drosophila embryo, sensory neurons are classified according to their 

location, their target into which they project, dendritic morphology and neuron size. 

The highly stereotypical peripheral nervous system of the Drosophila embryo and 

larva is divided into three clusters, dorsal (d), lateral (l) and ventral (v) (Fig. 1.5) 

(Singhania and Grueber, 2014). Each cluster consists of type I single ciliated dendritic 

neurons and type II multidendritic neurons (md) (Bodmer and Jan, 1987). Single 

dendritic neurons innervate external sensory (es) and chordotonal (ch) organs 

(Singhania and Grueber, 2014). Type I mechanosensory es organs and internal ch 

organs are activated in response to stretch or vibration. Type II md neurons are further 

subdivided into the bipolar dendrite (bd) neurons, the tracheal dendrite (td) neurons, 

and the dendritic arbourisation (da) neurons (Singhania and Grueber, 2014). 

Da neurons are composed of 15 neurons in each abdominal hemisegment, 

which are divided into four distinct classes (classes I-IV) according to their dendrite 

branching complexity and axonal projection pattern (Grueber et al., 2002; Grueber et 

al., 2007). While class I neurons are proprioceptors, class II and III neurons act as 

touch receptors, and class IV neurons are polymodal nociceptive neurons for noxious 

sensing (Hughes and Thomas, 2007; Hwang et al., 2007; Song et al., 2007; Tsubouchi 

et al., 2012; Yan et al., 2013). 

The exact positioning of navigating sensory axons is dependent on the soma 

position, their morphology and function.	While the axons of tactile and nociceptive 

neurons project ventrally, axons of chordotonal neurons have lateral projections, and 
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axons of stretch responsive neurons have projections to more dorsal regions of the 

neuropil (Merrit and Whitington, 1995). 

 

	

 
Figure 1.5. Diagram of the Drosophila embryonic or larval sensory nervous 
system in abdominal hemisegments A1-A7. Yellow colour indicates external 
sensory organs that are composed of three accessory cells (oval shape) and one or 
several neurons (circular shape). Blue colour shows chordotonal organs composed of 
neurons (elongated triangle) and accessory cells (oval shape). Multidendritic neurons 
(diamond) are indicated by red. Anterior is to the left and dorsal is to the top. 
Reproduced from Singhania and Grueber (2014) with modifications. 
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As mentioned in Section 1.8.2, formation of a functional sensory network 

requires precise positioning of axons in the CNS. Several steps occur sequentially in a 

precise spatial and temporal manner for efficient wiring of sensory axons (Singhania 

and Grueber, 2014). First, leading axons successfully grow and navigate a series of 

choice points presented to them en route to the CNS (Jacobs and Goodman, 1989). In 

the CNS, axons have a broad zone choice within the neuropil for arbourisation. The 

neuropil of insects is composed of a dense collection of motor and sensory processes, 

as well as interneurons and glial cells, which resides in the centre of the CNS 

(Strausfeld, 2009). Axons then establish cell-specific connections with neurons that 

are present in the neuropil. Sensory neurons navigating along the body wall respond 

sequentially to many environmental cues in order to connect to the right target 

(Singhania and Grueber, 2014). 

The navigation of axons to the CNS takes place in a complicated and compact 

extracellular environment. Embryonic sensory axons navigate in one of two major 

peripheral routes to the CNS depending on the position of their cell body along the 

dorsal-ventral axis (Harris and Whitington, 2001). While sensory neurons in the 

dorsal and lateral cluster navigate to the CNS via the intersegmental nerve (ISN) 

pathway, neurons in ventral clusters migrate via the segmental nerve (SN) pathway 

(Orgogozo and Grueber, 2005).  

During navigation, axons require multiple cues and adhesive interactions on 

substrates along the tracheal cells of the nervous system and at the point of entry into 

one of the ISN and SN routes. After connecting to their substrates, further navigation 

is dependent on molecules that promote adhesion between axonal growth cones and 

their substrate such as the L1-type cell adhesion molecule Neuroglian (Jan and Jan, 

1994).  

Formation of synaptic junctions begins during the later stages of 

embryogenesis and is under strict regulation by various mechanisms. After 

embryogenesis, animals enter the larvae stage and the morphology and organisation 

of the nervous system changes dramatically as the larvae grow in size and engage in 

more sophisticated activities which require a complex behavioural response (Cohen-

Cory, 2002; Lamprecht and LeDoux, 2004; Yuste and Bonhoeffer, 2001). 
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Although the activity of the embryonic neurons is not well-understood, the 

development of the nervous system during embryonic stages can establish the 

foundation for organisation of the larval and adult nervous system (Evans, 2016). 

Most of the embryonic neurons survive to the larval stage and neuronal division 

combined with network formation increases the complexity of the nervous system 

(Nassif et al., 2003). For instance, the orthogonal organisation of the larval mushroom 

body (MB) emerges during mid- to late embryogenesis (Kurusu et al., 2002; Noveen 

et al., 2000), and more neurons are added to different layers of the MB as the animal 

grows (Tettamanti et al., 1997). 

In the somatosensory system of adult insects, individual sensory organs, 

sensilla, have different morphologies and receive various inputs (McIver et al., 1985). 

Segmentally repeated somatosensory neurons are located underneath the epidermis 

surface and project their sensory processes to specific sensory end organs or along the 

animal body wall (Hartenstein et al., 2005).  

 

1.10 Ankyrin 2 (Ank2) 

In my thesis, I used Ank2 as a model transcript to shed light on mRNA localisation 

and posttranscriptional modification in axons. Here, I provide an overview of the 

literature on Ankyrins and the Ank2 protein in particular. 

Ankyrins (derived from the Greek ankyra which means anchor) were first 

identified in human erythrocytes where they form a linkage between the spectrin/actin 

cytoskeleton and anion exchangers on the plasma membrane (Bennett and Stenbuck, 

1979). Ankyrins were the first example of a cytoplasmic factor acting as a link 

between the cytoskeleton and a membrane protein (Bennett and Stenbuck, 1979).  

There are three vertebrate Ankyrin paralogues: Ankyrin R, Ankyrin B, and 

Ankyrin G (Kunimoto et al., 1991; Lambert et al., 1990; Lux et al., 1990; Otto et al., 

1991; Peters et al., 1995). All three vertebrate genes are alternatively spliced, and two 

large isoforms are expressed exclusively in the nervous system, 440 kDa Ankyrin B 

and 480 kDa Ankyrin G (Chan et al., 1993; Kordeli et al., 1995; Kordeli et al., 1998).  

Ankyrin molecules are essential for the organisation of ion channels on the 

plasma membrane, which is crucial for providing neurons with excitable properties 
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(Brachet et al., 2010). Ion channel positioning is strictly regulated in the axon initial 

segment (AIS) and nodes of Ranvier in myelinated axons for initiation and 

propagation of action potential, respectively (Hedstrom and Rasband, 2006; Kordeli 

et al., 1995). The AIS is organised by AnkG, which extends its C terminal region into 

the axoplasm. AnkG is required for the stability and excitability of axons by forming 

a cluster of various TM proteins, such as the cell adhesion molecules L1 CAM, 

neurofascin and NrCAM, the voltage gated sodium channel Nav1.6, the potassium 

channel KCNQ, and membrane cytoskeleton proteins including βIV spectrin (Bennett 

and Chen, 2001; Chan et al., 1993; Hedstrom and Rasband, 2006; Jenkins and 

Bennett, 2001; Kordeli et al., 1995; Kunimoto et al., 1995; Pan et al 2006; Yang et el., 

2007; Zhou et al., 1998). AnkG also acts as a plasma membrane diffusion barrier to 

exclude somatodendritic proteins from the axon (Jegla et al., 2016; Kobayashi et al., 

1992). Mutations in Ankyrin genes impair localisation of ion channels at the AIS and 

the nodes of Ranvier, which results in destabilisation and extensive degeneration of 

neurons (Scotland et al., 1998; Zhou et al., 1998). Short AnkB isoforms, which do not 

have the C terminal domain, are excluded from axons and localise to the soma (Chan 

et al., 1993; Kunimoto et al., 1995) 

Ankyrin proteins have three distinct domains: an amino-terminal region which 

contains 20-24 ankyrin repeats that interact with the membrane, a central domain that 

binds spectrin, and a C-terminal region that is highly variable among different 

ankyrins (Fig. 1.6) (Bennett and Baines, 2001; Bennett and Walder, 2015). The giant 

neuronal isoform of Ankyrin is present in C. elegans (unc-44 (Otsuka et al., 1995)), 

and Drosophila (Ank2 (Koch et al., 2008; Pielage et al., 2008)). In C. elegans, unc-44 

is required for axonal growth and maintaining axonal identity, and unc-44 mutant 

axons lose their ability to fasciculate with each other (Bootrakulpoontawee et al., 

2002; Maniar et al., 2011; Otsuka et al., 2002). 

Two Ankyrin genes are present in the Drosophila genome, Ank1, which is 

expressed ubiquitously, and Ank2, which is expressed specifically in the nervous 

system (Bouley et al., 2000; Dubreuil and Yu, 1994; Hortsch et al., 2002). A short 

isoform of Ank2 localises to the soma whereas longer isoforms (L and XL) are also 

present in axons (Hortsch et al., 2000; Koch et al., 2008; Pielage et al., 2008; Stephan 

et al., 2015). 
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Figure 1.6. Conserved domain structure of different Ankyrin proteins. The N-
terminal domain is conserved across species. The C terminal domain is variable 
across different species. Reproduced from Bennett and Walder (2015). 

 

Almost all the previous work on Drosophila Ank2 has been carried out in 

larval neurons. Drosophila Ank2 isoforms are responsible for organising and 

maintaining axons and presynaptic regions in these cells (Jegla et al., 2016; Koch et 

al., 2008; Pielage et al., 2008; Stephan et al., 2015). The presynaptic cytoskeleton is 

severely disassembled, and the MT-based core cytoskeleton retracted, in the absence 

of the Ank2L (Koch et al., 2008). Mutations that specifically disrupt the giant 

Ank2XL isoform resulted in an increased arbourisation in the Drosophila sensory 

axon (Yamamoto et al., 2006). In larval neurons, different Ank2 protein isoforms 

show distinct distribution patterns. Ank2L levels are high in axons but not in the cell 

body, whereas Ank2XL is present in cell bodies and close to the axonal plasma 

membrane (Koch et al., 2008; Stephan et al., 2015).  

As animals grow in size, muscle fibres grow accordingly, and the 

neuromuscular junctions (NMJ) expand to provide the muscle with sufficient 

neurotransmitters (Marques and Zhang, 2006; Sanes and Lichtman, 2001); therefore, 

transport of proteins is required for maintaining the stability of synapses. Ank2 

interacts with other proteins such as α- and β-spectrin (Pielage et al., 2005), Fasciclin 

II (Schuster et al., 1996), the MT-associated protein Futsch (Hummel et al., 2000; 

Roos et al., 2000), integrin (Beumer et al., 2002), LIM kinase 1 (Eaton and Davis, 

2005), PI3K (Martin-Pena et al., 2006), Kinesin-1, and the Dynein accessory complex 

Dynactin (Eaton et al., 2002; Hurd and Saxton, 1996). The functional consequences 

of some of these interactions have been investigated. For example, it has been shown 



	 47	

that, by forming heterotetramers, α- and β-spectrin form a branched network that is 

anchored to the plasma membrane via Ankyrins (Bennett and Baines, 2001).  

In vertebrates, Ankyrins can directly be involved in subcellular cargo 

trafficking. For example, recent evidence from mouse embryonic fibroblasts 

demonstrates that AnkB promotes motility of phosphatidylinositol 3-phosphate 

(PI3P)-positive organelles by coupling them to Dynein-Dynactin (Qu et al., 2016).  

Several facets of Ank2 function may also be conserved across different 

species from flies to humans. It was recently discovered that da neurons in 

Drosophila have an axonal diffusion barrier in the proximal region of cell body, 

which is organised by Ank2XL (Jegla et al., 2016). Also, patients with loss of 

function mutations in AnkG show intellectual disability and RNA-mediated 

knockdown of Ank2 in the Drosophila nervous system results in memory defects 

(Iqbal et al., 2013). These observations suggest an evolutionary conservation of 

Ankyrin function from flies to mammals.  

Fig. 1.7 shows an overview of Ank2 gene structure with annotations that will 

be referred to during the following chapters. 

 

 

Figure 1.7. Drosophila Ank2 structure. (A) Ank2 gene structure. (B) Ank2L and 
Ank2XL proteins. Ank2XL-specific region is show in gray. Putative Ank2L-specific 
region is shown in orange, and it is yet to be determined whether this region is 
specific to the Ank2L isoform. Blue indicates regions recognised by anti-Ank2L and 
anti-Ank2XL antibodies. Red indicates three different antisense FISH probes against 
Ank2. Green indicates RNAi construct against Ank2. E380 and K327 correspond to 
premature stop codons. Ank, Ankyrin; EXT, extension; MT, microtubules. 
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1.11 Alternative polyadenylation and 3’UTR extension 

In part of my experimental work, I used Ank2 as a model to understand the 

importance of alternative polyadenylation at an organism level. Here, I provide an 

overview of APA. 

Polyadenylation of the nascent mRNA is a critical step in eukaryotic mRNA 

maturation. Poly(A) tail formation of transcripts affects posttranscriptional events 

such as mRNA stability, protein translation, mRNA localisation, and protein-protein 

interactions (Berkovits and Mayr, 2015; Jacobson and Peltz, 1996; Lewis et al., 1995; 

Pai et al., 2013; Wickens et al., 1997).  

The mechanism of polyadenylation involves cis-acting elements and 

associated trans-acting factors that have been extensively studied in human cells. The 

human polyadenylation machinery is composed of at least 90 factors (Tian and 

Manley, 2017), which act in two steps: first, cleavage and polyadenylation specificity 

factors (CPSF), and cleavage stimulating factors (CStF) associate with a sequence 

located 10-30 nucleotides upstream of the cleavage site (the poly(A) signal (typically 

AAUAAA)), and endonucleolytic cleavage takes place (Beaudoing et al., 2000). U/G 

rich sequences located 20-40 nucleotides downstream of the cleavage site bind to 

cleavage and polyadenylation factor (CPF) that mediates the polyadenylation event 

after cleavage (Tian and Manley, 2017) (Fig. 1.8). 

The length of the adenosine tail at the 3’end of the transcript molecules varies 

between different species by an unknown mechanism (Chen and Wilusz, 1998; 

Colgan and Manley, 1997; Edmonds, 2002; Keller and Minvielle-Sebastia, 1997; 

Natalizio et al., 2002; Wahle and Kuhn, 1997; Zarundaya et al., 2003; Zhao et al., 

1999).  

Many genes use alternative 3’-end cleavage of nascent mRNAs and poly(A) 

tail addition to generate transcripts with different 3’UTRs in a process called 

alternative polyadenylation (Flavell et al., 2008; Ji et al., 2009; Oktaba et al., 2015; 

Tian et al., 2005; Tian and Manley, 2017). APA can generate multiple different 

mRNA isoforms, which are only different in the 3’UTR sequence. Data from 3’-end 

sequencing of the human genome demonstrates that more than half of human genes 

undergo APA (Derti et al., 2012; Hoque et al., 2013; Lianoglou et al., 2013). APA is 

also extensively used in mice (Tian et al., 2005), and Drosophila (Smibert et al., 
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2012). In Drosophila, genes encoding transcription factors and RBPs are amongst 

those that express extended 3’UTRs (Smibert et al., 2012). 

 

 

 

Figure 1.8. An overview of mRNA cleavage and alternative polyadenylation. The 
figure is modified from one provided by Dr Lori Passmore.  

 

 

Cis-elements in the 3’UTR can act as a hub for the assembly of RBPs to 

regulate different aspects of posttranscriptional modification including nuclear export, 

stability, subcellular localisation and translation (Fabian et al., 2010; Martin and 

Ephrussi, 2009). Usage of proximal poly(A) site results in shorter isoforms, which 

have a relative paucity of elements that destabilise mRNAs, including miRNA 
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binding sites (Hilgers et al., 2012). Selection of different poly(A) sites is dependent 

on the tissue type or developmental stage of the animals (Beaudoing and Gautheret, 

2001; Oktaba et al., 2015; Zhao et al., 1999). Shorter isoforms are mainly found in 

proliferating cells such as pluripotent stem cells, cancerous cells, and lymphocytes (Ji 

and Tian, 2009; Mayr and Bartel, 2009; Sandberg et al., 2008; Takagaki et al., 1996). 

In contrast, extensions of the 3’UTR are mostly observed in the nervous system and 

during embryonic development (Ji et al., 2009; Sandberg et al., 2008; Shepard et al., 

2011; Zhang et al., 2005).  

APA of a single mRNA species can determine its positioning in the cell. For 

example, two isoforms of cyclin B gene in the Drosophila oocyte undergo APA and 

have different 3’UTRs. Transcripts containing the longer 3’UTR localise to the 

posterior oocyte, whereas mRNAs with the shorter 3’UTR remain at the anterior site 

(Dalby and Glover, 1992). These data reveal that RNA localisation elements are 

present in the isoform with the longer 3’UTR. 

The function of 3’UTR extensions in mediating mRNA localisation extends to 

neurons. It was recently shown that many isoforms with gene distal 3’UTRs localise 

preferentially to dendritic processes whereas isoforms with gene proximal 3’UTRs 

tend to remain in the cell body region (Taliaferro et al., 2016).  

Motif analysis showed that in the Drosophila nervous system 3’UTR 

extensions are composed of U-rich sequences enriched for diverse RBPs and miRNA 

binding sites (Hilgers et al., 2011; Smibert et al., 2012). While the shorter 3’UTRs are 

expressed during the development and differentiation, lengthening of the 3’UTRs 

occurs in later stages (Hilgers et al. 2011; Hilgers et al. 2012).  

The 3’UTR extension can also regulate membrane protein localisation by 

acting as scaffolds. While the extended 3’UTR of CD47 mediates cell surface 

expression of CD47, the short 3’UTR is responsible for localising the protein to the 

ER (Berkovits and Mayr, 2015). In their work, Berkovits and Mayr (2015) proposed a 

model where the extended 3’UTR of CD47 has a scaffolding ability by recruiting the 

RBP HuR (the homolog of Drosophila ElaV) and SET to the translation site, enabling 

interaction of SET with the cytoplasmic domain of nascent CD47 to promote RAC1-

dependent translocation of the protein to the membrane (Brennan et al., 2000; ten 

Klooster et al., 2007). Therefore, by scaffolding interactions with protein partners, the 
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3’UTR extension has an essential role in subcellular localisation of its protein 

product. 

Extracellular signals and neuronal activity can also regulate the dynamics of 

APA. For example, stimulation of hippocampal neurons switches the production of 

the Bdnf short 3’UTR isoform to long isoforms (Lau et al., 2010). Cellular stress can 

also regulate APA. This is exemplified by a study in Arabidopsis, in which is was 

found that dehydration resulted in generation of stress-response mRNAs with longer 

3’UTRs containing sequences found in long-non-coding RNAs (Sun et al., 2017). 

Therefore, Sun et al. (2017) speculated 3’UTR extensions could play a role similar to 

long-non-coding RNAs.  

The detailed mechanism of tissue-specific APA remains to be understood. 

However, it seems likely that RBPs promote the extension of 3’UTRs by inhibiting 

the recruitment of polyadenylation machinery to the proximal sites. In Drosophila, the 

pan-neuronal RBP, ElaV, associates cotranscriptionally with the proximal poly(A) 

site, mediating the extension of the 3’UTR of many genes expressed in the nervous 

system (Hilgers et al., 2012; Oktaba et al., 2015).  

Interestingly, it is not just the 3’UTR sequence that regulate APA. Promoter 

sequences can also play an essential role in regulating the extension of 3’UTRs by 

recruiting ElaV and APA machinery components (Hilgers, 2015). Replacing the 

endogenous promoter of ELAV target genes with a strong synthetic promoter 

prevented ElaV-mediated 3’UTR extension in embryonic Drosophila neurons 

(Oktaba et al., 2015). Computational motif analysis showed that most extended 

isoforms have a significant enrichment of GAGA elements in the promoter region, 

and flies without GAGA motifs had a reduced capacity for 3’UTR extension (Oktaba 

et al., 2015). Although extensions are prevalent in the nervous system (Oktaba et al., 

2015), there are to my knowledge no studies demonstrating the functional importance 

of a specific 3’UTR extension at the organismal level.  
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1.12 Thesis objectives 

The overall objective of my PhD thesis was to shed light on molecular mechanism of 

mRNA localisation and other posttranscriptional process in neurons. I pursued three 

connected projects that aimed to achieve this goal: 

(1) My first project (Chapter 3) was to identify mRNAs localising in vivo in 

Drosophila axons. The long-term aim of this project was to characterise the molecular 

mechanisms of mRNA localisation in axons. It was envisaged that, ultimately, this 

information could inform the understanding of mRNA localisation in mammalian 

neurons. 

(2) In the second project (Chapter 4), I investigated the trans-acting factors and cis-

acting mRNA elements that mediate mRNA localisation in Drosophila axons.  

(3) Based on my findings in the first two projects, my third project (Chapter 5) was 

to understand the functional importance of alternative polyadenylation and 3’UTR 

extension in the developing Drosophila nervous system. 

The rational for pursuing these objectives is described in the results chapters.  
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Chapter 2 

Materials and methods 
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2.1 Drosophila husbandry 
 
Flies were kept on Iberian fly food (5.5% (w/v) glucose, 5% (w/v) yeast, 3.5% (w/v) 

organic flour, 0.75% (w/v) agar, 16.4 mM Methyl-4-hydroxybenzoate, 0.004% (v/v) 

propionic acid (Sigma) supplemented with dry yeast. Drosophila were maintained at 

25°C or 18°C with 50 ± 5% relative humidity on a 12 h day-night cycle. 

 

2.2 Drosophila strains 

Oregon-R and Iso-130 were used as wild-type stocks. The following other strains 

were used: 

C155 (ElaV)-GAL4 (Bloomington Stock Centre stock number (BSC) 458) 

UAS-CD8::GFP/FM7 (Bullock lab stock) 

C155 (ElaV)-GAL4, UAS-CD8::GFP/FM7 (Bullock lab stock) 

Bar-H1-GAL4, 10×UAS-IVS-myr::GFP (Dr Matthias Landgraf, University of 

Cambridge, UK) 

 w-; +; Unc5-GAL4, 10×UAS-IVS-myr::GFP/TM6B (Dr Matthias Landgraf, 

University of Cambridge, UK) 

 w-; +; Repo-GAL4/TM3, Sb, Kr-GAL4>UAS-GFP (Dr Matthias Landgraf, University 

of Cambridge, UK) 

Poxn-GAL4/TM6B, Tb (Prof Guy Tear, King’s College London, UK) 

w-;+; RRFa-Gal4, RRF-P-Gal4, UAS-mCD8::GFP (Dr Miki Fujioka, Thomas 

Jefferson University, USA) 

UAS-Ank2-RNAi (BSC 33414) 

w-; 10×UAS-IVS-mCD8::GFP (BSC 32186) 

w-; UAS-KHC1-547-GFP/CyO (Dr Isabel Palacios, QMUL, UK) 

w-; UASp-KHC1-849-GFP/TM3 Sb (Dr Isabel Palacios, QMUL, UK) 

UAS-Spastin/FM7 (Dr Katja Roeper, MRC-LMB, Cambridge, UK) 

UAS-Venus::Ank2S/CyO (Dr Jan Pielage, Kaiserslautern University, Germany) 

UAS-Venus::Ank2L4/CyO (Dr Jan Pielage, Kaiserslautern University, Germany) 
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UAS-Venus::Ank2L8/TM6B (Dr Jan Pielage, Kaiserslautern University, Germany) 

UAS-Crimson::mVenus/CyO; TM6B/MKRS (Dr Danielle Mersch, MRC-LMB, 

Cambridge, UK) 

w-; UAS-GFP-RpL10Ab (BSC 42681)  

w-; 10×UAS-IVS-mCD8::GFP (BSC 32186) 

UAS-LacZ-Ank2 3’UTR/TM6B (Tamsin Samuel, Bullock lab) 

w-; ank2K327-GFP/TM6B, Tb, Hu (Dr Hermann Aberle, Dusseldorf University, 

Germany) 

w-; ank2E380/TM6B, ubi::GFP (Dr Hermann Aberle, Dusseldorf University, Germany) 

ElaV5 wsn/FM6/y+/scy (Dr Matthias Soller, University of Birmingham, UK) 

y1 act5c-cas9 M(3×P3-RFP.attP) w+ (Dr Fillip Port, Bullock lab)  

v; Sp/CyO (Dr Nadine Muschalik, MRC-LMB, Cambridge, UK) 

y1w67c23; P{CaryP}attP2 (Bullock lab stock) 

The following lines were obtained from the Janelia Farm Research Campus resource 

(Jennet et al., 2012). 

w-[1118]; P{y[+t7.7] w[+mC]=GMR15F09-GAL4}attP2 (BSC 39091) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR36A11-GAL4}attP2 (BSC 39094) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR75D19-GAL4}attP2 (BSC 45011) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR55E39-GAL4}attP2 (BSC 46220) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR10C18-GAL4}attP2 (BSC 46301) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR25C22-GAL4}attP2 (BSC 47446) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR11F14-GAL4}attP2 (BSC 47481) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR19E17-GAL4}attP2 (BSC 47867) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR18R33-GAL4}attP2 (BSC 47885) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR15R45-GAL4}attP2 (BSC 48472) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR33Y67-GAL4}attP2 (BSC 48528) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR03H19-GAL4}attP2 (BSC 48584) 
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w-[1118]; P{y[+t7.7] w[+mC]=GMR19I12-GAL4}attP2 (BSC 48662) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR24F55-GAL4}attP2 (BSC 48930) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR33L64-GAL4}attP2 (BSC 49113) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR29D34-GAL4}attP2 (BSC 49147) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR19E22-GAL4}attP2 (BSC 49168) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR14E18-GAL4}attP2 (BSC 49226) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR15B17-GAL4}attP2 (BSC 49240) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR17C18-GAL4}attP2 (BSC 49268) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR25R91-GAL4}attP2 (BSC 49658) 

w-[1118]; P{y[+t7.7] w[+mC]=GMR25F23-GAL4}attP2 (BSC 50363) 

 

2.3 Embryo collection  

Egg layings were performed at 25°C in cages fixed to apple juice plates that were 

streaked with fresh, wet yeast. Embryos were collected with a fine paintbrush and 

transferred into a small, custom-made basket. Embryos were washed in water and 

dechorionated by incubating in 100% sodium hypochlorite (Sigma-Aldrich) for 1 min. 

Embryos were washed again with water.  

 

2.4 Embryo fixation 

Embryo fixation was done according to Lecuyer et al. (2008) with some 

modifications. Briefly, five mL of 4% formaldehyde (Sigma-Aldrich) in PBS and 5 

mL of n-Heptane (Sigma-Aldrich) were mixed vigorously and left to equilibrate for at 

least 15 min. For each batch of embryos to be fixed, 5 mL of the top phase containing 

n-Heptane was removed to a separate glass universal. Baskets with embryos were 

inverted and dipped gently in the 5 mL of n-Heptane. 5 mL of the bottom phase 

containing 4% formaldehyde in PBS was added to the n-Heptane and incubated for 

15-20 min with gentle shaking at room temperature. The bottom phase was removed 

carefully with a glass pipette without removing the embryos. 20 mL of 100% 

methanol (ThermoFisher Scientific) was added gradually to the glass universal. 
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Embryos were shaken and pipetted up and down gently with a glass pipette to 

devitellinise the embryos, which results in them sinking to the bottom of the 

universal. 1 mL pipette tips were cut with a scalpel blade to create a wider gauge, and 

used to transfer embryos to a 1.5 mL Eppendorf tube. Embryos were rinsed briefly 

once and washed 5 × 2 min with 100% methanol at room temperature. Embryos were 

stored in methanol at -20°C at least overnight before processing for immunostaining 

or FISH.  

 

2.5 Embryo injection 
Embryonic microinjection was carried out at BestGene (California, USA) or by Dr Li 

Jin in the Bullock lab.  

For injections in-house, embryos were collected after 30 min of egg laying and 

dechorionated as described above. Embryos were then lined up on apple agar plates 

with a paintbrush. After transfer to a coverslip coated in heptane glue, embryos were 

desiccated for 5-8 min in a box containing silica gel and covered in Voltalef 10S oil 

(VWR International). The cover slip was mounted on a glass slide using a drop of 

water, and the slide transferred to a Nikon Eclipse microscope equipped with a 

manual micromanipulator (Narishige). DNA was microinjected in the proximity of 

the posterior pole of embryos using a heat-pulled glass needle (Microcaps, 

Drummond) attached to an air-filled 20 mL syringe. All injections were performed at 

22 ± 1 °C, with typically 50–100 embryos injected 45-75 min after egg-laying. After 

injection of DNA, embryos were transferred on their coverslips to a plastic box 

containing a wetted paper towel, and incubated at 25°C until they hatched as larvae. 

Larvae were collected with forceps and transferred to a food vial with fresh yeast, 

followed by culture at 25°C. 

 

2.6 Embryo storage for RNA affinity purification 

Embryos were collected and dechorionated as previously explained. Excess water was 

removed with a soft tissue. Dry embryos were weighed on a scale, and flash frozen in 

liquid nitrogen for storage at -80°C. 
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2.7 Climbing assay for adult Drosophila 

The climbing assay was performed according to Baldwin et al. (2016) with 

modifications. Male flies between 0 and 2 days posteclosion were placed at 25°C to 

acclimatise for 1 h before the assay. The flies were then transferred to the climbing 

tubes (with a maximum of 25 animals per tube) for a further 1 h. Flies were 

introduced into a negative geotaxis counter-current apparatus and given 10 s to climb 

at each position for a total of five attempts. A climbing index score was generated 

based on the number of flies at each of the positions (Baldwin et al., 2016). The score 

for each genotype within an experiment was normalised to the control. The procedure 

was repeated for each genotype at 8 am and 8 pm to minimise the effect of day and 

night cycle on the climbing assay. Animals from at least six biological replicate 

crosses were analysed.  

 

2.8 Antibodies 

Antibodies were used as follows: mouse 22C10 anti-Futsch (1:20; Developmental 

Study Hybridoma Bank (DSHB)), rabbit anti-Kinesin-1 (1:2000; Cytoskeleton Inc.), 

rabbit anti-Ank2L and rabbit anti-Ank2XL (1:1000; gifts from Dr Herman Aberle, 

Dusseldorf University, Germany), mouse anti-FasII (mAb 34B3; 1:10; DSHB), 

mouse anti-GFP (1:500; ab1218, Abcam), rabbit anti-GFP (1:500; ab6556, Abcam), 

rat anti-ElaV (1:100; DSHB), Alexa555 donkey anti-rabbit (1:500; A-31572, 

ThermoFisher Scientific), Alexa555 goat anti-rat (1:500; A-11006, ThermoFisher 

Scientific), Alexa488 donkey anti-mouse (1:500; A-21202, ThermoFisher Scientific), 

biotin-conjugated mouse monoclonal anti-digoxigenin (1:400; 200-002-156, Jackson 

Immunoresearch), mouse anti-biotin (1:1000; 033700, ThermoFisher Scientific), and 

sheep anti-digoxigenin-POD (1:100; 11207733910, Roche). 

 

2.9 Immunofluorescence staining 

Immunofluorescence staining was done according to Lecuyer et al. (2008) with 

modifications. Briefly, embryos were removed from storage at -20°C and left at room 

temperature for 5 min for temperature equilibration. Embryos were washed for 2 min 

with 50% methanol: 50%PBS and left at room temperature for at least 30 min, or on 
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ice for 5-8 min. Embryos were rinsed briefly once and washed 4×5 min with 

PBS+0.1% Tween, followed by incubation for 1 h in 20% western blocking reagent 

(Roche)/ PBS+0.1% Tween (WBR) with rotation at room temperature. All rotations 

were done on a nutator. Embryos were incubated with primary antibodies diluted in 

WBR overnight at 4°C with rotation. On several occasions, primary antibodies were 

not added, and an equivalent volume of WBR was added instead. This served as a 

control for nonspecific binding of the secondary antibody. Embryos were rinsed 

briefly 3 times with PBS+0.1% Tween, followed by 6×10 min washes in PBS+0.1% 

Tween with rotation. Following incubation for 15 min in WBR, embryos were 

incubated with secondary antibodies diluted in WBR for 2 h in the dark at room 

temperature and with rotation. Nonspecific binding was removed by rinsing the 

embryos briefly 2 times with PBS+0.1% Tween and 5×10 min washes in 

PBS+0.1%Tween with rotation before 2×5 min washes in PBS. All these washing 

steps were performed in the dark at room temperature. PBS was aspirated and 50 µL 

of Vectashield with DAPI (Vector) was added before storing embryos overnight at 

4°C and mounting. 1 mL of solution was used for all steps unless stated otherwise.  

 

2.10 Generation of labelled antisense RNA probes  

Antisense RNA probes were generated by a reaction containing 700-1200 ng of 

polymerase chain reaction (PCR)-produced and purified template DNA, 2.5 µL 

10×transcription buffer (Roche), 2.5 µL 10× RNA labelling mix (DIG or Biotin, 

Sigma-Aldrich), 0.5 µL RNAsin Ribonuclease inhibitor (Promega), 20 µL SP6 or T7 

RNA polymerase (ThermoFisher Scientific) and nuclease-free water added to make a 

final volume of 25 µL. The mixture was incubated at 37°C for 3 h, followed by 

addition of 5 µL RNase-free DNaseI (Stratagene), and further incubation at 37°C for 

10 min. 25 µl of nuclease-free water was added, and unincorporated UTPs removed 

using CHROMA SPIN-100-DEPC-H2O columns (Clontech) according to 

manufacturer’s instructions. To confirm the synthesis of the RNA product, 3 µL of the 

final reaction was subjected to electrophoresis on a 1% agarose gel using 2xRNA 

loading buffer (ThermoFisher Scientific). A 1:1 mix of RNA and loading buffer was 

heated to 65°C for 5 min and placed on ice to denature any secondary structure of 

RNA. Synthesised RNA was stored at -80°C for long-term use and at -20°C for short-

term use. The primers used for the synthesis of DNA templates for in situ reactions 
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are as follows (the SP6 promoter region is underlined when it was introduced by 

PCR): 

Ank2  
FWD 5’-CAAGCGACACCTCGGTATATCAGAAGG-3’ 
REV 5’-GGAAACAGCTATGACCATGATTACG-3’ 
 
 
Ank2 intron-1 
FWD 5’-GCACTATCTATCGGAGTTGCAAGGG-3’ 
REV 5’- 
ATTTAGGTGACACTATAGAAGGGAAGTGTGTGAAGGATATACACAAGC-3’ 
 
Ank2 intron-2 
FWD 5’-GAGGTAAAAGATCTGATTGCGAAAAAG-3’ 
REV 5’-
ATTTAGGTGACACTATAGAAGCATAAATATTTCTCCCTCAGGACTACATG-
3’ 
 
Ank2 intron-3 
FWD 5’-GCTGGCCGTTATCAAGTGCACTAATTG-3’ 
REV 5’-
ATTTAGGTGACACTATAGAAGGATGCGTTTCGAGGGCATTCCGCAG-3’ 
 
Ank2 intron-4 
FWD 5’-CAATTGGGTCCGGTTTGCAGTGCCTAAC-3’ 
REV 5’-
ATTTAGGTGACACTATAGAAGGAACGAGTGTAACGGATTCGATTGGC-3’ 
 
Ank2 intron-5 
FWD 5’-GTTCGTAGGTCCCATCCGATTCAAATTG-3’ 
REV 5’ 
ATTTAGGTGACACTATAGAAGGGAGAGAGGTTAGACAGAGAGAAAGAG-
3’ 
 
Ank2XL 
FWD 5’-CGACAACAAGCTTCTGAAGAAGACC-3’ 
REV 5’- 
ATTTAGGTGACACTATAGAAGGGCATCGACAGAGAAGGATCAAGGG-3’ 
 
Ank2_EXT 
FWD 5’-GGCAAGCATTAGCCGTTCAACGCATTTTC-3’ 
REV 5’-ATTTAGGTGACACTATAGAAGCGTACACGCAAGATGTGCATTACG-
3’ 
 
Calmodulin  
FWD 5’-GTAAAACAGCTGTGGGAAAAGC-3’ 
REV 5’-GGAAACAGCTATGACCATGATTACG-3’ 
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CamKIIα 
FWD 5’-GTAAAACAGCTGTGGGAAAAGC-3’ 
REV 5’-GGAAACAGCTATGACCATGATTACG-3’ 
 
CG18170 
FWD 5’-GAGCACAAGTTCGAGACACACAAGG-3’ 
REV 5’-GGAAACAGCTATGACCATGATTACG-3’ 
 
CG32046 
FWD 5’-GCTACAGGAGCTAACGGATCTACG-3’ 
REV 5’-GGAAACAGCTATGACCATGATTACG-3’ 
 
CG8568 
FWD 5’-GTACGGTGCCTATGTGCACGAAAG-3’ 
REV 5’-GGAAACAGCTATGACCATGATTACG-3’ 
 
ElaV 
FWD 5’-GGTGAAGCTGATACGCGACAAGTCG-3’ 
REV 5’-
ATTTAGGTGACACTATAGAAGCTTGGCTTTGTTGGTCTTGAAGCTG-3’ 
 
FasII 
FWD 5’-GGAACACAGGAGGAGTACACGAACG-3’ 
REV 5’-GGAAACAGCTATGACCATGATTACG-3’ 
 
Frazzled 
FWD  5’-CTACAAGATTCGCTATCGCAAGTTCAAGG-3’ 
REV 5-
ATTTAGGTGACACTATAGAAGAGATTCGGTAGCATGAGCATAGTTTCCTC-
3’ 
 
GAT 
FWD 5’-GTTATCTCATATTGTTTATAAGGTTCCC-3’ 
REV 5’-
ATTTAGGTGACACTATAGAAGGATAAATTACATAACAATGCCTGAAGC-3’ 
 
Knot 
FWD 5’-GTCAGCAGCCTGAGCTTCAATCC-3’ 
REV 5’-GGAAACAGCTATGACCATGATTACG-3’ 
 
LacZ 
FWD 5’-GCAGGCGTTTCGTCAGTATCCC-3’ 
REV 5’-CAGTATTAATACGACTCACTATAGGGCA-3’ 
 
Neuroglian 
FWD 5’-CCTGACGATTGCCAAGACAATGGAG-3’ 
Rev 5’-
ATTTAGGTGACACTATAGAAGCCTCGTAGTAGATCTTGTAGCCAGTG-3’ 
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Non2 
FWD 5’-CTCCAGCGAGGACCTGCGTCGTG-3’ 
REV 5’-
ATTTAGGTGACACTATAGAAGCGAGAAAGTGCGGCTTGAGATGCTTC-3’ 
 
 
NT2 
FWD 5’-CTTCTGTACACCTCCTCCGGTGGAG-3’ 
REV 5’-ATTTAGGTGACACTATAGAAGCGCGCAAAGCTCCGCCTTGACC-3’ 
 
Repo 
FWD 5’-GTACGGTGCCTATGTGCACGAAAG-3’ 
REV 5’-GGAAACAGCTATGACCATGATTACG-3’ 
 
Toll6 
FWD 5’-GGTGAACAGCGAGTTTGACACAACC-3’ 
REV 5’-ATTTAGGTGACACTATAGAAGGATGTTCTCCAGCTGATTGTGACG-
3’ 
 
Toll7 
FWD 5’-CGACTCTCTCGGTGGTCTGAAACAGC-3’ 
REV 5’-
ATTTAGGTGACACTATAGAAGCTCAGCCTAGGCAAATCCTGGAACATG-3’ 
 
Trh 
FWD 5’-GCTTCCGGGAAGAGTCTTCTGGG-3’ 
REV 5’-ATTTAGGTGACACTATAGAAGCTGGAGCACGCCGATAGCGACG-3’ 
 
YFP 
FWD 5’-GAGCAAGGGCGAGGAGCTGTTCACC-3’ 
REV 5’-
ATTTAGGTGACACTATAGAAGTGGTACAGCTCGTCCATGCCGAGAGT-3’ 

 

2.11 In situ hybridisation  

In situ hybridisation was performed according to Lecuyer et al. (2008) with 

modifications. Embryos stored at -20°C were left at room temperature for 5 min for 

temperature equilibration. Embryos were washed for 2 min with 50% methanol 

(ThermoFisher Scientific): 50%PBS and left at room temperature for at least 30 min 

or on ice for 5-8 min. Embryos were washed 4×2 min with PBS+0.1% Tween and 

postfixed with 4% formaldehyde/PBS+0.1%Tween for 20 min with rotation. The 

fixative was removed with 4×2 min washes in PBS+0.1% Tween.  

Embryos were incubated in 3µg/mL of proteinase K (Roche) in PBS+0.1% 

Tween for 13 min at room temperature, during which time tubes were gently inverted 
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5-6 times, before placing on ice for 1 h. Embryos were rinsed briefly with 2 mg/mL 

glycine (Sigma-Aldrich) in PBS+0.1% Tween and then incubated for 2 min with 2 

mg/mL glycine in PBS+0.1%Tween. Embryos were washed 4×2 min in 

PBS+0.1%Tween and fixed in 4% formaldehyde/PBS+0.1%Tween for 20 min with 

rotation. The fixative was removed with 5×2 min washes in PBS+0.1% Tween. 

Embryos were incubated for 5 min in 50% hybridisation buffer:50% 

PBS+0.1%Tween followed by 5 min incubation in hybridisation buffer. The 

composition of hybridisation buffer was as follows: 50% formamide (ThermoFisher 

Scientific, used within 1-2 weeks of opening the bottle), 5×SSC, 50 µg/mL heparin 

(Sigma-Aldrich), 250 µg/mL RNase-free yeast tRNA (Sigma-Aldrich), 0.1%Tween, 

nuclease-free water (ThermoFisher Scientific) (adjusted to pH 6.5). Hybridisation 

buffer was replaced, and the tubes were incubated at 65°C in a hybridisation oven for 

1.5 h. For each reaction, 1 µL of labelled antisense RNA probe (typically 300-500ng) 

was preheated at 80°C for 2 min, followed by immediate transfer to ice.  

From this step on, the protocol can diverge for single-, double-colour FISH or 

IF-FISH. For single-colour FISH, 0.75 µL of the probe was added to 0.75 mL of 

hybridisation buffer that was pre-warmed to 65°C. The hybridisation buffer on the 

embryos was replaced with fresh hybridisation buffer containing the probe, mixed 

gently 4-6 times and incubated for 18-20 h at 65°C in the hybridisation oven. Tubes 

were gently inverted twice every 30 min for the first 4 h of incubation. Nonspecific 

binding of probes was removed with 2×20 min washes with pre-warmed hybridisation 

buffer at 65°C, 1×20 min wash with pre-warmed 50%hybridisation buffer:50% 

PBS+0.1%Tween at 65°C, and 1×20 min wash with pre-warmed PBS+0.1%Tween at 

65°C. Embryos were left at room temperature for 10 min to cool, followed by 4×20 

min washes in PBS+0.1%Tween at room temperature. Embryos were incubated in 

WBR for 1 h at room temperature with rotation. Embryos were then incubated for 2 h 

with biotin-conjugated mouse monoclonal anti-digoxigenin antibody (1:400/WBR; 

Jackson Immunoresearch) at room temperature.  Embryos were rinsed briefly with 

PBS+0.1% Tween and washed 3×5 min and 4×20 min at room temperature. For each 

5 min wash, tubes were inverted gently 4-6 times; for each 20 min wash, tubes were 

rotated on a nutator. Embryos were incubated with the streptavidin-HRP conjugated 

antibody (1:200/WBR; ThermoFisher Scientific) for 1 h at room temperature with 

rotation. Embryos were rinsed briefly with PBS+0.1% Tween and washed 3×5 min 
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and 3×20 min at room temperature. Embryos were washed overnight with 

PBS+0.1%Tween at 4°C. The tubes were left at room temperature for 5 min for 

temperature equilibration and washed 2×5 with PBS. For each reaction, 400 µL of 

Cy3-labelled tyramide substrate (1:50/amplification buffer; PerkinElmer) was 

prepared. 200 µL of the diluted Cy3 substrate was added and quickly replaced with a 

fresh 200 µL aliquot. This ensured an appropriate concentration of substrate solution 

in the tube. Tubes were incubated in the dark for 1 h at room temperature, during 

which time they were inverted every 5 min. The embryos were rinsed 3 times with 

PBS+0.1%Tween and washed for 2×5 min and 5×10 min with PBS+0.1%Tween with 

rotation, followed by 2×5 washes with PBS without rotation. PBS was aspirated, and 

50 µL Vectashield with DAPI was added, and the tubes stored overnight. The 

Vectashield with DAPI was replaced with a fresh 50 µL before mounting on slides. 1 

mL of solution was used for all steps unless stated otherwise. 

 

2.12 Double-colour FISH and IF-FISH 

For double-FISH, 0.75 µL of each probe, labelled with Biotin or DIG was added to 

0.75 mL of prewarmed hybridisation buffer. Probe hybridisation and washing 

nonspecific binding were carried out as for the single-probe FISH.  

Embryos were incubated with 1:100 sheep anti-DIG-POD, Fab fragments 

(Roche):WBR for 2 h at room temperature with rotation. Embryos were rinsed 3-4 

times, and nonspecific binding of antibody was removed by 5×10 min washes with 

PBS+0.1% Tween and 2×5 min washes with PBS. For each reaction, 400 µL of Cy3-

labelled tyramide substrate (1:50/amplification buffer) was prepared. 200 µL of the 

diluted Cy3 substrate was added and replaced with a fresh 200 µL aliquot, as 

described above. Tubes were incubated in the dark for 1 h at room temperature, 

during which time they were inverted every 5 min. The embryos were rinsed 3 times 

with PBS+0.1%Tween and washed, with rotation, for 2×5 min and 5×10 min with 

PBS+0.1%Tween, followed by 2×5 min washes with PBS, without rotation, in the 

dark.  

The tyramide signal was quenched by incubating embryos for 15 min in 30% 

H2O2 (Sigma Aldrich) in PBS with rotation. The quenching buffer was washed 2×5 

min in PBS and 2×5 min in PBS+0.1% Tween. Embryos were incubated in WBR for 
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10 min, followed by overnight incubation at 4°C with either a primary antibody to a 

Drosophila protein in WBR (for IF-FISH; see above the working concentrations) or 

mouse anti-biotin (1/1000, ThermoFisher Scientific) (for double-FISH) in WBR. 

Embryos were rinsed 3-4 times with PBS+0.1% Tween, and nonspecific binding of 

antibody removed with 6×10 PBS+0.1%Tween washes. Embryos were incubated for 

10 min at room temperature with WBR followed by a 2 h incubation at room 

temperature in 1:250 mouse anti-HRP (ThermoFisher Scientific):WBR. Nonspecific 

binding of antibody was removed with 6×10 min PBS+0.1% Tween washes. For 

double-FISH, the second signal was developed with a 1 h incubation with a 1/50 

dilution of tyramide-Alexa Fluor 488 in tyramide amplification buffer (ThermoFisher 

Scientific). 200 µL of labelling buffer was added to the embryos and replaced 

immediately with another fresh aliquot. Embryos were rinsed briefly 4-6 times with 

PBS+0.1%Tween, and nonspecific dye removed with 6×10 min washes in PBS+0.1% 

Tween. Embryos were washed 2×5 min in PBS, and incubated with Vectashield 

containing DAPI as described above. Vectashield with DAPI was replaced with a 

fresh 50 µL before mounting on slides. 1 mL of solution was used for all steps unless 

stated otherwise. 

 

2.13 Embryo mounting 

Approximately 100 µL aliquot of embryos were transferred onto a clean slide 

(ThermoFisher Scientific) containing a cavity created with electrical tape, and 

covered with a 22×32 coverslip (No. 1 or 1.5, VWR International). The edges were 

sealed with transparent nail polish. Slides were stored at -20°C for at least overnight 

before microscopy analysis.  

 

2.14 Microscopy, image acquisition and image analysis 

Confocal images were taken with Zeiss LSM710 or Zeiss LSM780 inverted confocal 

microscopes with a 40×1.3 NA Oil or 63×1.4 NA Oil immersion lenses using 488nm, 

561nm, and 633nm laser lines. The z-projections were made in the Zeiss Zen 

software. FIJI (ImageJ; National Institute of Health) was used for subsequent analysis.  
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2.15 Protein gels and concentration measurement 

SDS-PAGE was performed using Novex 4-12% Bis-Tris precast gels using MES 

buffer (Life Technologies). Gels were stained with Coomassie Instant Blue 

(Expedeon) according to the manufacturer’s instructions and imaged with a Gel Doc 

XR+ system equipped with Image Lab software (Bio-Rad). Protein concentrations 

were measured using Quick Start Bradford dye (Bio-Rad) on an Ultroscope 2100 Pro 

spectrophotometer (Amersham). 

 

2.16 Plasmid construction 

Cloning of sequences into plasmids was performed with the Gibson Assembly Master 

Mix according to the manufacturer’s instructions (New England Biolabs [NEB]). The 

UASp-LacZ plasmid generated by Dr Fillip Port in the Bullock Lab was used for 

generating tubulin reporters with the following primers: 

 

βTub 56D: 
FWD:  
5'-AATAATAAGAATTCTAGGTACCCTAGATCTGATCTGGTGTCCGAGTAC 
CAGCAG-3' 
REV: 
5’-
ACACTAGTGGATCCCTTCTAGAATAGATCTGGTAGGTAGGGCAAATCATT
G TC-3' 
βTub60D: 
FWD:  
5'-
AATAATAAGAATTCTAGGTACCCTAGATCTGAGGTCGAGGGCGATTGTAT
TTAATG-3' 
REV: 5’-ACACTAGTGGATCCCTTCTAGAATAGATCTGTTACACACGGCGCT 
GCCAGATG-3' 

 

The pCFD4 plasmid (Dr Fillip Port, Addgene 49411) was used for generating 

vectors expressing the gRNAs targeting the Ank2 3’UTR. Sequences of the plasmid 

can be found on www.crisprflydesign.org. 
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2.17 Gel electrophoresis and purification 

1% agarose gels were prepared by dissolving agarose (Biogene) in 1×TBE buffer 

using a microwave oven for sample heating. A 1:100,000 dilution of SYBR Safe 

(ThermoFisher Scientific) was used to visualise DNA.  DNA to be loaded on the 

agarose gel was mixed with 6×gel loading dye blue (NEB). 1×TBE buffer was used 

as running buffer. 5 µL of 1 kb plus DNA ladder (ThermoFisher Scientific) was used 

as a size marker. After gel electrophoresis, DNA bands were excised with a scalpel 

blade while the gel was visualized with a dark reader (Syngene). Gel extraction was 

performed using the QIAquick Gel Extraction Kit (Qiagen) according to the 

manufacturer’s protocol. When cloning was not necessary, gels were visualized under 

U.V. light with a Bio-Rad Gel Doc system.  

 

2.18 Genomic DNA preparation for PCR 

Drosophila genomic DNA was prepared according to a protocol from the Johnston 

Lab (http://www.cumc.columbia.edu/dept/genetics/ faculties/Johnston/ Potocols/ 

DNA %20Prep.pdf). Briefly, 30 healthy anaesthetised male flies were placed in a 1.5 

mL Eppendorf tube and immediately frozen at -80°C for 5 min. 200 µL of buffer A 

(100 mM Tris-HCl, pH 7.5, 100 mM EDTA, 100 mM NaCl, 0.5% SDS) was added, 

and flies were homogenised thoroughly for 5 min using a plastic pellet pestle 

(Kontes). Tubes were incubated at 65°C for 30 min. 800 µL of 1:2.5 

[5M]KOAc:[6M]LiCl was added and tubes were left on ice for 10 min to facilitate 

DNA precipitation. Tubes were centrifuged at 14,000 rpm for 15 min at room 

temperature, and the supernatant transferred to a fresh 2 ml Eppendorf tube. The 

volume of supernatant was measured and 700 µL fresh isopropanol added for each 

mL of supernatant before centrifugation at 14,000 rpm for 15 min at room 

temperature. The supernatant was aspirated, and the tube was washed with 1 mL of 

cold 100% ethanol (Sigma Aldrich). Tubes were centrifuged at 14,000 rpm for 10 min 

at room temperature. The supernatant was removed and suspended in 100 µL TE 

buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA). The supernatant was washed with 

150 µL Phenol (tris-buffered) (Sigma Aldrich). The aqueous phase was removed to a 

fresh Eppendorf tube without transferring any material at the meniscus. The tube was 

washed with 150 µL (25:24:1) Phenol:Chloroform:Isoamyl alcohol (Ambion). The 
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aqueous (top) phase was transferred to a fresh 2 mL Eppendorf tube and washed with 

150 µL (24:1) Chloroform:Isoamyl alcohol (ThermoFisher Scientific). The aqueous 

(top) phase was transferred to a new Eppendorf tube, and the volume of the solution 

measured using a 200 µL micro-pipette. 1/10 volume 3M NaOAc (pH 5.2) and 2× 

volume 100% ethanol were added. The tubes were placed at -80°C for 15 min, 

followed by 15 min centrifugation at 14,000 rpm. The 100% ethanol was removed, 

and 1 mL of cold 70% ethanol added. The tubes were centrifuged at 14,000 rpm for 5 

min, and the solution gently removed. Tubes were left on the bench with their lids 

open for 5-10 min to dry, and the pellets suspended in 100 µL nuclease-free water.  

 

2.19 PCR and purification 

Polymerase chain reaction (PCR) was performed using Q5 Hot Start High Fidelity 

2×Master Mix (NEB) according to the manufacturer’s protocol. PCR products were 

purified with the PCR purification kit (Qiagen) according to the manufacturer’s 

protocol.  

 

2.20 CRISPR-Cas9 mutagenesis 

Protocols for CRISPR-Cas9 experiments can be found on the crisprflydesign.org and 

in Port and Bullock (2016). The fully transgenic approach was used, in which both 

Cas9 and gRNAs were expressed from genomically-integrated transgenes. The Ank2 

3’UTR region was sequenced in the Cas9 strain before gRNA design for any potential 

single nucleotide polymorphism (SNP) using the primers below: 

FWD: 5’-GTGTCTTTACTTGGTCTTCGATTTAGAAGC-3’ 

REV: 5’-CACCCTTCGGAATTAAAAATTCTTCC-3’ 

 

The oligonucleotide sequences used for gRNA cloning are listed below (the 

gRNA target region is underlined): 

 

Ank2 proximal 3’UTR deletion (Ank2PUD) 
FWD: 
5’-
TATATAGGAAAGATATCCGGGTGAACTTCGATCGGTGATGTTTTCAGAGC
GTTTTAGAGCTAGAAATAGCAAG-3’ 
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REV: 
5’-
ATTTTAACTTGCTATTTCTAGCTCTAAAACCGCTTCAACTATTTCATTGCCG
ACGTTAAATTGAAAATAGGTC-3’ 
 
Ank2 distal 3’UTR deletion (Ank2DUD) 
FWD: 
5’-
TATATAGGAAAGATATCCGGGTGAACTTCGCAATGAAATAGTTGAAGCGG
TTTTAGAGCTAGAAATAGCAAG-3’ 
REV: 
5’-
ATTTTAACTTGCTATTTCTAGCTCTAAAACTTACAGTGGTGATGCTAAAAC
GACGTTAAATTGAAAATAGGTC-3’ 
 
Ank2 long 3’UTR deletion (Ank2LUD): 
FWD: 
5’-
TATATAGGAAAGATATCCGGGTGAACTTCGACGAGGAACGCATCTTTACG
TTTTAGAGCTAGAAATAGCAAG-3’ 
REV: 
5’-
ATTTTAACTTGCTATTTCTAGCTCTAAAACTTACAGTGGTGATGCTAAAAC
GACGTTAAATTGAAAATAGGTC-3’ 
 

 

Insert sequences were generated by PCR using the pCFD4 vector (Addgene 

49411) as a template, and inserted into pCFD4 that had been digested with BbsI. 

gRNA plasmids were verified by Sanger sequencing using the primer 5’-

GACACAGCGCGTACGTCCTTCG-3’.   

Plasmid DNA was purified by a mini-prep kit (Qiagen) followed by additional 

purification with a PCR purification kit. Successful male transformant flies were 

crossed to females expressing the Cas9 endonuclease under the ubiquitous actin5C 

promoter. The male progeny of this cross were crossed to a third chromosome 

balancer stock, y w f;; MKRS/TM6B,  as part of the balancing process for the Ank2 

alleles on the third chromosome. The crossing scheme also allowed removal of the X-

chromosome Cas9 transgene. To identify the molecular nature of CRISPR/Cas9-

induced mutations, genomic DNA was extracted from individual adult male flies (3-4 

days after mating with y w f;; MKRS/TM6B females) by crushing them in 10 µL 

microLysis-plus (Microzone) and incubating the DNA in a thermocycler according to 

the supplier’s instructions. 2 µL of the supernatant was used in 25 µL PCR reactions 
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(Q5 2×Master Mix kit; New England Biolabs) using primers binding 100–200 bp 

upstream and downstream of the target site:  

FWD: 5’-CCGATTTCAACACACAGATACACACAC-3’ 

REV: 5’-CCGGTATACTTACAGTGCCACCCTTCG-3’ 
 

PCR products were gel-purified using the QIAquick Gel Extraction Kit and 

were sent for Sanger sequencing with the primer 5’-

GGACGAGGAACGCATCTTTACCGGCTC-3’, which is upstream of the desired 

mutation. Sequencing of PCR products from genomic DNA of heterozygous flies 

resulted in an overlay of the DNA sequence from both chromosomes. Small insertions 

and deletions (INDELs) could be observed as regions with double peaks in the trace. 

In the majority of such regions, the sequence of both alleles could be called 

unambiguously. Offspring of individual flies with desirable mutations were used to 

establish stable transgenic stock for future use.  

 

2.21 RNA synthesis and TRAP cloning 

All PCR products were amplified with the primers indicated below and cloned into 

pTRAP V5 (Dix et al., 2013) using EcoRI- and BamHI-mediated sticky ligations. The 

plasmid was sequenced with a T7 promoter primer to confirm the presence of the 

insert and linearised with HindIII, followed by in vitro RNA transcription using the 

T7 Megashortscript Kit (Ambion) according to the manufacturer’s protocol.  

 

3’UTR extension: 

FWD 5’-TAAGCAGAATTCGCAATGAAATAGTTGAAGCGTGGCAAGTG-3’ 
REV 5’-TGCTTAGGATCCCCATTACAGTGGTGATGCTAAAACGTTTA-3’ 

 
3’UTR extension antisense: 

FWD 5’-TAAGCAGAATTCCCATTACAGTGGTGATGCTAAAACGTTTA-3’ 
REV 5’-TGCTTAGGATCCGCAATGAAATAGTTGAAGCGTGGCAAGTG-3’ 
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2.22 RNA affinity purification 

RNA affinity experiments were performed using a protocol modified from Dix et al. 

(2013). Extracts were prepared from frozen 0-17 h dechorionated Drosophila 

embryos. 400 mg embryos per sample were homogenised in a prechilled mortar with 

a prechilled motor-driven pestle on dry ice.  The mortar was moved to room 

temperature for ~ 5 min to allow partial thawing of the embryos. The homogenates 

were supplemented with 800 µL Drosophila extraction buffer (DXB: 25 mM HEPES 

pH 7.3, 50 mM KCl, 1 mM MgCl2, 250 mM sucrose, 2 mM DTT, 2×Mini Complete 

EDTA-free proteinase inhibitors tablets [Roche]). The mortar was transferred to ice 

and ground thoroughly with the pestle as soon as the material was thawed. The 

material was transferred to a 1 mL Dounce (Wheaton) and 10 passes made with the 

tight pestle. The extracts were cleared by centrifugation for 10 min at 16,000 rpm at 

4°C. The extract between the lipid layer (at the top of the material) and the pellet was 

transferred to a fresh Eppendorf tube using a syringe and needle and centrifuged as 

above. The supernatant was transferred to a new tube. The extract concentration was 

measured with a Biophotometer (Eppendorf). To bind RNA to beads, 180 µL 

Streptavidin-dynabeads (ThermoFisher Scientific) per sample was washed 2x10 min 

in 0.5mg/mL bovine serum albumin (BSA) (ThermoFisher Scientific)/PBS at room 

temperature. The beads were blocked in 0.5mg/mL BSA/PBS for 1 h on ice at 4°C. 

The beads were rinsed in 1 mL DXB and resuspended in 100 µL DXB containing 5 

µg of the RNA of interest with 1.2 µL RNAse inhibitor (RNase In, Promega), before 

incubation for 2 h at 4°C on a nutator. 1 µL of RNaseIn (Promega) was added per 100 

µL of cleared extract. For later analysis of the starting material, 20 µL of the extracted 

sample was mixed with 25 µL 4x NuPAGE LDS sample buffer (ThermoFisher 

Scientific), 50 µL nuclease-free water and 5 µL 1M DTT and heated at 70°C for 2 

min before storage at -20°C.  

The beads were rinsed in 1 ml DXB to remove any unbound RNA. For these 

and other washes, beads were captured on a magnetic rack. 200 µL of extract was 

added to the RNA-bound beads and incubated for 1 h at 4°C on a roller. To remove 

nonspecifically bound proteins, beads were rinsed 3x in 1 mL ice-cold DXB and 

washed 2x5 min at 4°C with rotation. RNPs were eluted from beads with 20 µL of 10 

mM biotin (ThermoFisher Scientific) diluted in DXB for 2 h at 4°C. The beads were 

collected using the magnetic rack, and the final eluate was transferred to a fresh tube, 
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followed by addition of 5 µL 4x LDS and 1.25 µL 1M DTT. The samples were heated 

and stored as described above. 

For enrichment analysis, three technical replicates were carried out for both 

the 3’UTR extension and the 3’UTR extension antisense.  

 

2.23 Mass spectrometry and analysis 

The samples were prepared according to Dix et al. (2013) by Farida Begum in the 

MRC-LMB mass spectrometry facility. Briefly, the protein sample was reduced in a 

buffer containing 8 M urea, 0.1 M Tris-HCl pH 8.5, 10 mM DTT, and 0.05% (w/v) 

Rapigest (Waters). The mixture was placed in an Amicon Ultra 0.5-mL centrifugal 

filter unit (EMD Millipore) followed by alkylation with 55 mM iodoacetamide. Then, 

the buffer was exchanged into 8 M urea, 0.1 M Tris-HCl, pH 8.0. Proteins were 

digested on the membrane for 18 h at 37°C with 800 ng endoproteinase Lys C 

(Roche), followed by centrifugation at 14,000 g for 20 min, and the peptide filtrate 

lyophilized. The peptides were reconstituted in 200 µL of Milli-Q water, and 10 µL of 

this mixture was desalted on stage tips prepared in-house (3M Empore HP C18-SD). 

The eluate was diluted to a volume of 21 µL in 3% (v/v) acetonitrile/0.1% (v/v) 

formic acid before LC-MS/MS. The peptide fraction (7 µL) was analysed by nano-

scale capillary LC-MS/MS using an UltiMate U3000 HPLC (ThermoFisher 

Scientific) to deliver a flow of ∼300 nL/min. A µ-precolumn cartridge, C18 Acclaim 

PepMap 100 (5 µm, 300 µm × 5 mm; ThermoFisher Scientific), trapped the peptides 

before separation on a C18 Acclaim PepMap100 (3 µm, 75 µm × 250 mm; 

ThermoFisher Scientific). Peptides were eluted with a 4-h gradient of acetonitrile (5–

50% [v/v]). The analytical column outlet was directly interfaced via a modified nano-

flow electrospray ionization source, with a hybrid linear quadrupole ion trap mass 

spectrometer (Orbitrap LTQ XL; ThermoFisher Scientific). 

 The statistical analysis was performed by Dr Pietro Scaturro at Max Planck 

Institute of Biochemistry, Munich, Germany, using Perseus (Tyanova et al., 2016). 

Briefly, protein candidates with statistical significant differences in MS ion intensities 

(p<0.05) for the sense vs antisense RNAs were highlighted in pairwise comparisons 

using Volcano plots. The MS values were pre-normalised using median-based 

normalisation on individual columns, calculated on all valid values measured in every 
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sample (97 proteins). Pull-down and control baits were compared using Welch’s t-

test; S0=0.1; p<0.05; false discovered rate-based randomisation (n=250). Very similar 

results were obtained by using a Student‘s t-test, which unlike the Welch’s t-test, does 

not assume unequal variance. 

 

2.24 Fluorescent intensity measurements 

For each embryo in the Ank2 3’UTR deletion embryos or control, three volumes from 

the VNC, peripheral cell body and peripheral axons were selected, and the intensity of 

the fluorescent signals was quantified using the neuron feature at Imaris 8.0 

(Bitplane). In DN Kinesin-1 and ElaV>Spastin experiments, five cell body regions 

from the mutant PNS or their control in each hemisegment were selected (by using 

the 3D box feature) for the intensity of the fluorescent signals measurement. The 3D 

volume of measurement box was maintained constant for cell body, axons, and the 

VNC across all measurement. In ElaV5 experiments, five cell body regions and axons 

from the mutant PNS or their control in each hemisegment were selected for the 

intensity of the fluorescent signals measurement. The mean fluorescent intensity 

(arbitrary units) per embryo was calculated using Imaris. The 3-dimensional region of 

interest was identical in all measurements. Background correction was applied on 

each embryo using Imaris. The z-projections were made in Imaris. 

 

2.25 Statistics 

The mean and standard error of mean (SEM) were calculated by Prism 7.0 

(GraphPad). Significance analyses were based on Student’s t-test (two-tailed) and 

one-way ANOVA with Dunnett’s multiple comparisons test (for comparisons of more 

than two samples) using Prism 7.0. 
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3.1 Introduction 

I discussed in Chapter 1 that we still do not have a clear understanding of the 

molecular mechanisms that mediate mRNA localisation in the nervous system. Many 

questions in the subcellular mRNA localisation field remain unanswered. How are 

localising mRNAs selected from a pool of transcripts for localisation? What are the 

trans-acting factors bound to the cis-acting elements in localising mRNAs? What are 

the roles of extrinsic cues in mRNA localisation in the nervous system?  

 While cell culture-based studies of mRNA localisation have provided us with 

important information (Buxbaum et al., 2015; Blower, 2013), it is ultimately 

important to understand how this process works in vivo, where neurons are interacting 

with each other as well as with a physiologically relevant external environment.  

The dense and intricate structure of the mammalian nervous system poses 

many challenges for studying mRNA trafficking in vivo - such as visualisation of 

mRNA is single neurons. The Drosophila nervous system has far fewer neurons - 

~150,000 in the adult CNS, ~12,000 in the larval CNS, and ~3000 in embryos (Doe 

and Goodman, 1985; Li et al., 2014; Orgogozo and Grueber, 2005; Simpson, 2009) 

than in mammalian model organisms. Drosophila therefore has substantial promise as 

a model system to overcome some of the challenges related to studying mRNA 

localisation in vivo.  

A few previous studies have used Drosophila larval neurons for studying 

mRNA localisation. For example, nanos mRNA was shown to be localised in 

Drosophila larval class IV dendritic arbourisation (da) neurons, and nos mutant da 

neurons showed a reduced dendritic branching complexity (Xu et al., 2013). Xu et al. 

(2013) provided evidence that the mRNA formed RNPs with the RBP Rumpelstiltskin 

and Oskar protein and moved to proximal dendrites via the Dynein motor.  However, 

the potential of the Drosophila embryonic nervous system for studying mRNA 

localisation has not been explored in detail.  

In this chapter, I explain the experiments that I carried out during the initial 

phase of my PhD. My primary objective during this phase was to identify novel 

mRNA species localised in Drosophila axons, which could be used as model 

transcripts to study the molecular machinery involved in mRNA localisation in 

neuronal processes.   
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My initial strategy was to take advantage of an existing reporter library of 

~270 transgenic fly lines previously generated in our laboratory by Dr Fillip Port and 

colleagues, where 3’UTR sequences from potentially localising transcripts were 

cloned individually into a UAS-lacZ reporter vector. I will call this resource the 

3’UTR library hereafter. Several lines of evidence suggest that the 3’UTR sequence 

of localising mRNAs is often sufficient to mediate localisation (Donnelly et al., 2011; 

Gonzalez et al., 1999; Meer et al., 2012; Vuppalanchi et al., 2010; Willis et al., 2011). 

The 3’UTRs selected by Dr Port had a strong representation of those from genes that 

are likely to function in the nervous system (based on expression data or phenotypic 

analysis in flies or mammals).  

After expression of the UAS-LacZ-3’UTR reporter transgenes in the nervous 

system using desired GAL4 drivers (Brand and Perrimon, 2013), FISH with antisense 

probes against the LacZ sequence can be used to visualise the localisation pattern of 

the reporter mRNAs. The presence of any reporter mRNA in the axon would indicate 

that the corresponding 3’UTR sequence contains elements for RNA targeting to that 

compartment.  

The 3’UTR library had previously been screened for the ability of the 3’UTR 

sequences to drive localisation of lacZ mRNA in larval class IV da sensory neurons. 

One 3’UTR, β-spectrin, of the 270 screened was found to be sufficient for the 

enrichment of the reporter mRNA in dendrites. None of the 3’UTRs drove 

localisation of the reporter into axons of da neurons. This could be because there is no 

axonal mRNA localisation machinery in these cells or because the selected 3’UTRs 

lack the signals necessary for associating with such machinery. To investigate these 

issues, I sought to express the library in other cell types and search for axonally 

localised LacZ mRNA. In a parallel approach, I screened available databases and 

published literature to find mRNAs that are candidates to localise in axons of 

Drosophila. These candidates were studied by synthesising specific antisense probes 

against each selected candidate for FISH.  

mRNA localisation is evident in both developing and mature axons (Jung et 

al., 2012; Shigeoka et al., 2016). Therefore, screening for mRNA localisation in a 

developing nervous system, such as the Drosophila embryo, can maximise the 

chances of discovering mRNA trafficking at different stages of neuronal maturity.   
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3.2 Results 

 

3.2.1 FISH screening of an existing library of 3’UTRs in the 

Drosophila embryonic nervous system 

The Drosophila embryonic nervous system has been used extensively for 

developmental studies, and the cell fates of the neuronal precursors have been 

characterised in detail (Singhania and Grueber, 2014). However, the potential of the 

embryonic axons for studying RNA trafficking remains unexplored. The Drosophila 

embryonic axons have extended linear tracks that could be amenable to studying the 

mechanism of active mRNA transportation (Fig. 3.1). 

The embryonic nervous system in Drosophila has a stereotypic segmental 

structure (see Chapter 1, Section 1.9) (Orgogozo and Grueber, 2005; Singhania and 

Grueber, 2014). The cell bodies of the peripheral sensory neurons are clustered in 

different regions of each segment. Each hemisegment contains four clusters of 

peripheral cell bodies, two ventral (v and v’), one lateral (l) and one dorsal (d) (Fig. 

3.1A, red arrowheads). Different classes of sensory axons project ventrally from their 

cell bodies in the periphery towards the ventral nerve cord (VNC) (Fig. 3.1A, yellow 

arrowheads). Most of the cell bodies of different families of motor neurons are 

present in the VNC (Fig. 3.1B, yellow arrowheads), and motor axons project dorsally 

from their cell bodies in the VNC to the periphery (Fig. 3.1B, magenta arrowheads) 

(Singhania and Grueber, 2014).  
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A               B 
   Embryonic sensory neuron processes          Embryonic motor neuron processes 

  

Figure 3.1. The segmented and invariant pattern of the Drosophila stage 16-17 
embryonic nervous system. (A) Double immunostaining using the anti-ElaV 
antibody (green) to mark the nuclei of neurons, and the anti-Futsch antibody 
(magenta) to label the sensory axons. Sensory neurons project from cell bodies 
clustered in different regions in each hemisegment in the periphery (red arrowheads, 
d: dorsal, l: lateral, v and v’: ventral) to the VNC (yellow arrowhead). (B) Double 
immunostaining using the nuclear marker, anti-ElaV, (green), and the anti-FasII 
antibody (red) to label the motor neurons. Motor axons project from cell bodies in the 
VNC (yellow arrowhead) to the periphery and the muscle tissues in each 
hemisegment (magenta arrowhead). Longitudinal fascicles of motor neurons run 
anteroposteriorly along the VNC. Images are representative examples from 
projections of confocal z-stacks. Anterior is to the left and dorsal to the top. Scale bars 
are 30 µm. 
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Different GAL4 drivers can be used to express transgenes in the 3’UTR 

library in embryonic neurons. I monitored the expression pattern and level of 36 

GAL4 drivers (Table 3.1) that have previously been used in embryonic neurons by 

crosses to a line with UAS-mCD8::GFP, which encodes membrane-associated GFP. I 

selected two GAL4 drivers for further experiments: BarH1-GAL4, which labels 

segmental nerve-a (SNa) motor neurons exclusively (Fig. 3.2A), and Unc5-GAL4, 

which marks both SN and intersegmental nerve (ISN) motor neurons (Fig. 3.2B). 

Both drivers gave relatively high expression of CD8::GFP from early neurogenesis, 

with the signal first detectable from 10 h after egg laying (AEL).  
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Table 3.1 A list of GAL4 drivers tested for expression pattern and level 

BarH1-
GAL4 

NB5.3-GAL4 
 

RRFa-GAL4 
 

46301-GAL4 
 

48528-GAL4 
 

49168-GAL4 
 

Eg-GAL4 NP7028-
GAL4 
 

Unc5-GAL4 
 

47446-GAL4 
 

48584-GAL4 
 

49226-GAL4 
 

Elav-GAL4 
 

OK371-GAL4 
 

39091-GAL4 
 

47481-GAL4 
 

48662-GAL4 
 

49240-GAL4 
 

IG1.1-GAL4 
 

Po1635-
GAL4 
 

39094-GAL4 
 

47867-GAL4 
 

48930-GAL4 
 

49268-GAL4 
 

IG1.2-GAL4 
 

Poxn-GAL4 
 

45011-GAL4 
 

47885-GAL4 
 

49113-GAL4 
 

49658-GAL4 
 

NB1.1-GAL4 
 

RN2-GAL4 
 

46220-GAL4 
 

48472-GAL4 
 

49147-GAL4 
 

50363-GAL4 
 

 

 

 

 

    A                B 
          BarH1-GAL4>UAS-mCD8::GFP      Unc5-GAL4>UAS-mCD8::GFP 

    

Figure 3.2. The expression pattern of the two GAL4 drivers selected for library 
screening. Representative images from projections of confocal z-stacks showing 
CD8::GFP expressed using BarH1-GAL4 (A) or Unc5-GAL4 (B). In both images, 
anterior is to the left, and dorsal is to the top. Scale bars are 30 µm. 
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I then crossed the transgenic GAL4 flies individually to 60 transgenic fly lines 

expressing different 3’UTRs from the library (Table 3.2). The subset of the 3’UTR 

transgenic lines was selected either because the proteins the full-length transcripts 

encode are implicated in axon guidance or nervous system development, or because 

there is evidence for localisation of the full-length mRNAs in other systems studied 

previously.  

I next carried out FISH of stage 16-17 embryos with an antisense LacZ probe. 

To control for autofluorescence and hybridisation of the probe to nonspecific targets, I 

also collected embryos that contain a UAS-lacZ-3’UTR transgene without a GAL4 

activator. 

I quickly realised that identifying cellular structures that are positive for lacZ 

RNA was challenging as the embryos were devoid of any marker of the neurons that 

express the reporter. In an attempt to overcome this problem, I tried to combine anti-

GFP immunostaining, to label the GFP marker present on the GAL4 driver (both 

drivers contain a transgenic 10×UAS-IV-myr::GFP insertion), with FISH against the 

lacZ sequence. After several troubleshooting and optimisation attempts (Table 3.3), I 

concluded that the immunofluorescence (IF) labelling of the neurons with the GFP 

with simultaneous FISH (IF-FISH) was not technically feasible.  
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Table 3.2. List of the UAS-LacZ-3’UTR transgenic lines that were selected from 
the 3’UTR library for screening. 

Nanos Calmodulin Dystroglycan Mical Dunc-104 

Bicoid Oskar Ankyrin2 Appl Capricious 

Lis1 Dscam2 Pak Miro Elongator p3 

Profilin Par1 Mkk4 Waterwitch CG1732 

Armadilo aPKC StnB Eps15 Snap 

FMR1 Nedd4 Dlp Straightjacker Vglut 

CamKII APC VGCa2+ Scramb1 Cals 

14-3-3ζ APC2 Liprin-alpha Rab21 CG3822 

14-3-3e Veil Rut Ptp4E pnut 

Alpha-spectrin Neto N-Cadherin Hsc70-4 Mts 

Beta-spectrin nAcRalpha-7E Frazzled PlexinB Sec15 

Sema-2a Sema1a  Ric-1 

Homologue 

PTP69D DLAR 

The 3’UTR candidates were either crossed to both BarH1- and Unc5-GAL4 drivers 
(blue) or crossed only to the Unc5-GAL4 driver (black). The underlined 3’UTR 
reporters had higher signal intensity in FISH experiments compared to the others (Fig. 
3.3), raising the possibility of the presence of elements promoting mRNA stability. 
 

 
Table 3.3. Summary of optimisation attempts for GFP IF-LacZ FISH 

LacZ FISH with monoclonal anti-GFP, polyclonal (mouse, chicken, rabbit) anti-GFPs 

LacZ FISH with reduced concentration and incubation time of proteinase K 

LacZ FISH with no proteinase K 

Replacing proteinase K permeabilisation with HCl/ethanol/xylene/heat/tween-20  

Anti-GFP immunostaining before, after, and simultaneously with LacZ FISH 

Stellaris FISH and GFP staining with and without proteinase K 

None of the optimisation steps above resulted in the detection of the anti-GFP 
fluorescence signal. I confirmed that signal deriving directly from the GFP protein 
was not preserved during the FISH protocol.  
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Surprisingly, no convincing FISH signal was detected in peripheral axons for 

any of the 60 3’UTRs tested, although each of them gave lacZ FISH signal in 

neuronal cell bodies (e.g. Fig. 3.3A and 3.3B).  

I observed variability in the level of LacZ FISH signal in embryos from 

different lines that were processed in the same experiments. A subset of the 3’UTR 

reporters had a higher intensity of the LacZ FISH signal than observed typically 

(underlined in Table 3.2). I tested if differences in the LacZ signal intensity were due 

to experimental manipulation and embryo handling by repeating the FISH experiment 

for a subset of embryos twice. The differences in the intensity of the FISH signal 

persisted after repeating the embryo collection, fixation, and FISH procedure for the 

same lines.  

Representative examples of the embryos with high (e.g. Unc5>UAS-LacZ-

VG-Ca(v)2.1 3’UTR) and typical (e.g. Unc5>UAS-LacZ-Waterwitch 3’UTR) LacZ 

FISH signals are shown in Fig. 3A and 3.B, respectively. Fluorescent intensity 

measurements of these embryos demonstrated significant differences in the reporter 

mRNA levels (Fig. 3.3C). 

 I also generated two transgenic fly strains expressing UAS-LacZ-βtub56D 

3’UTR and UAS-LacZ-βtub60D 3’UTR, as concurrent work had shown that 

mammalian β-tubulin mRNA is enriched in axons (Preitner et al., 2014). Expression 

of these constructs with the pan-neuronal ElaV-GAL4 driver followed by FISH 

against LacZ did not show any axonal localisation of mRNA, with the signal detected 

exclusively in the cell body (Fig. 3.3D and 3.3E). 
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 A      B 
    Unc5>UAS-LacZ-VG-Ca(v)2.1 3’UTR     Unc5>UAS-LacZ-Waterwitch 3’UTR

        
 

C 

 

 
D      E 
       ElaV>UAS-LacZ-βtub56D 3’UTR     ElaV>UAS-LacZ-βtub60D 3’UTR  
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Figure 3.3. FISH to 3’UTR reporters that had no mRNA localisation in the PNS 
axons but showed differences in mRNA level in the cell bodies. RNA signal in a 
lateral view of embryos expressing Unc-5>UAS-LacZ-VG-Ca(v)2.1 3’UTR (A) or 
Unc-5>UAS-LacZ-Waterwitch 3’UTR (B). Red arrowheads point to examples of 
neuronal cell bodies. (C) Fluorescent intensity measurements (arbitrary units) of cell-
body-localised LacZ FISH signal from Unc-5>UAS-LacZ-VG-Ca(v)2.1 3’UTR and 
Unc-5>UAS-LacZ-Waterwitch 3’UTR embryos. Quantification was performed on 
nonsaturated images. Circles represent values from individual embryos (5 embryos 
for each genotype). Statistical significance was evaluated with a two-tailed Student’s 
t-test (****p<0.0001). Error bars represent SEM. RNA signal in a lateral view of 
embryos expressing ElaV>UAS-LacZ-βtub56D 3’UTR (D) and ElaV>UAS-LacZ-
βtub60D 3’UTR  (E). The RNA signal for the βtub 3’UTRs were typical of those 
observed for the 3’UTR library. All images are representative examples from 
projections of confocal z-stacks. In all images, anterior is to the left, and dorsal is to 
the top. Scale bars are 30 µm. 
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3.2.2 Literature and web-based screening to identify mRNAs that 

localise in Drosophila embryonic axons 

The above results indicated that 62 3’UTRs screened do not have a capacity to 

mediate axonal localisation, at least in the context of the LacZ reporter. Potential 

reasons for the lack of activity of these 3’UTRs are given in the Discussion 3.3 and 

Chapter 6, Section 6.1. I did not screen the remaining lines in the library as the 

probability of finding a hit was low. Instead, I sought an alternative strategy to 

identify candidate localising mRNAs in Drosophila embryonic axons.  

By accessing a database of Drosophila embryo mRNA localisation patterns 

(Fly-FISH http://fly-fish.ccbr.utoronto.ca) (Lecuyer et al., 2008), I viewed FISH 

images from more than 400 mRNAs annotated as expressed in the nervous system. 

Twelve candidate mRNAs were selected based on epifluorescence images that 

suggested potential mRNA localisation in peripheral axons. These mRNAs were: 

Ankyrin2 (Ank2), Calmodulin, CamKIIα, FasII, Knot, Neuroglian, Repo, CG10197, 

CG18170, CG32046, CG8472, and CG8568.  

I also selected seven other localising mRNA candidates based on the literature 

and personal communications with Dr Matthias Landgraf, which has shown 

localisation in neurites in other systems: Frazzled (Hiramoto et al., 2000), Gat, Non2, 

Nt2, Toll6, Toll7 (Yagi et al., 2010), and Trh. For each mRNA, I generated antisense 

RNA probes from cDNAs ordered from the Drosophila Genomics Resource Center 

(DGRC) or amplified from genomic DNA extracted from wild-type adult Drosophila. 

Most mRNAs exhibited either ubiquitous expression in the embryos or no detectable 

signal in the axons. However, localisation of Ank2 mRNA was detected in both the 

cell body (Fig. 3.4A, red arrowheads) and axons of peripheral neurons (Fig. 3.4A, 

yellow arrowheads), as well as in the VNC (Fig. 3.4A, magenta arrowheads).  

The Ank2 locus encodes two protein isoforms that are present in embryonic 

and larval axons - Ank2L and Ank2XL (see Chapter 1, Section 1.10) (Koch et al., 

2008; Pielage et al., 2008) (Fig. 1.6 and 1.7). The initial antisense probe I generated 

detects both isoforms (see Chapter 1, Fig. 1.7). To test whether Ank2XL mRNA is 

also localised in axons, I generated an Ank2XL-specific probe. The Ank2XL isoform 

had a FISH signal in the axons and the cell body (Fig. 3.4B). However, the signal for 

Ank2XL was weaker in the axons (Fig. 3.4B, yellow arrowheads) and cell bodies (Fig. 
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3.4B, red arrowheads) than for the probe that detects both isoforms, which could 

reflect differences in expression levels of the RNAs or hybridisation efficiencies of 

the probes. The amount of axonal vs cell body signal was consistently greater for the 

dual-isoform probe than the Ank2XL probe, indicating that the Ank2L RNA is 

localised into axons more efficiently that the Ank2XL RNA. I therefore proceeded 

with the Ank2 probe, which recognises both isoforms. Future FISH experiments with 

a probe recognising the putative Ank2L sequence (see Chapter 1, Fig. 1.7) are 

required to address this issue. 
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A   Ank2 probe 

   Lateral  view         Zoomed lateral view          Ventral view         

    
 
B   Ank2XL probe 

   Lateral view       Zoomed lateral view 

  
 
 
Figure 3.4. Ank2L and Ank2XL mRNAs are found in axons of Drosophila stage 
16-17 embryos. (A) Ank2 FISH from lateral (left), zoomed lateral (middle) and 
ventral (right) views. This probe recognises both isoforms. (B) Ank2XL FISH from 
lateral (left) and zoomed lateral (right) views. Red, yellow, and magenta arrowheads 
point to the cell body, axons, and VNC, respectively. Adjusting the fluorescence gain 
to give corresponding cell body signal confirmed that relatively more of the Ank2 
signal derived from the axons than for the Ank2XL signal. The above images are 
representative projections of confocal z-stacks of at least 50 embryos viewed for each 
probe. In all images, anterior is to the left and dorsal is to the top. Scale bars are 30 
µm. 
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3.2.3 Ank2 mRNA and proteins are expressed in embryonic sensory 

neurons 

To confirm Ank2 mRNA is expressed in neurons, and not for example in supporting 

glial cells, I expressed an RNAi construct (see Chapter 1, Fig. 1.7) against Ank2 in 

all embryonic neurons with the ElaV-GAL4 driver. There was a significant reduction 

of the Ank2 FISH signal in both the VNC and the peripheral neurons of these embryos 

(Fig. 3.5A) compared to the control embryos (Fig. 3.5C). The effect is quantified in 

Fig. 3.5D. I could not detect any changes in the Ank2 FISH signal compared to the 

control after expressing the same RNAi construct in glial cells using the Repo-GAL4 

driver (Fig. 3.5B).  

The expression level of both ElaV- and Repo-GAL4 drivers were investigated 

by crossing the GAL4-expressing flies to the UAS-mCD8::GFP line. Visual 

inspection indicated that both drivers induced high levels of GFP signal in the PNS, 

indicating a similar activity (Fig. 3.5E and 3.5F). Therefore, the differences observed 

in Fig. 3.5A and 3.5B are unlikely to be due to differences in the expression level of 

the drivers. Collectively, these data indicate that Ank2 is expressed in neurons and not 

glial cells of the embryonic nervous system. 
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 A       B                C 
     ElaV>UAS-Ank2-RNAi           Repo>UAS-Ank2-RNAi               Control

             
 

D          E        F 
ElaV>UAS-GFP       Repo>UAS-GFP 

   
 
Figure 3.5. Ank2 is expressed in embryonic neurons, but not in glial cells. Ank2 
FISH signal in ElaV>UAS-Ank2-RNAi (A) and Repo-GAL4>UAS-Ank2-RNAi 
embryos (B) compared to control (C). The control embryos were from the embryos in 
the same tube as ElaV>Ank2 RNAi and therefore of one of the following genotypes: 
+/UAS-Ank2-RNAi, ElaV-GAL4/+ or +/+. (A), (B) and (C) are representative images 
of 18, 41, and 22 embryos viewed, respectively. (D) Fluorescent intensity 
measurement (arbitrary units) of the Ank2 FISH signals. Circles represent values from 
individual embryos (5 embryos for each RNAi experiment and 7 embryos for 
control). Statistical significance was evaluated with a one-way ANOVA with 
Dunnett’s multiple comparisons test (****p<0.0001; ns, not significant). Error bars 
represent SEM. The activities of the pan-neuronal ElaV-GAL4 (E) and Repo-GAL4 
(F) drivers were tested by crossing to UAS-mCD8::GFP. (E) and (F) are 
representative examples of 25 and 28 embryos viewed, respectively. All images are 
projections of confocal z-stacks. In all images, anterior is to the left and dorsal is to 
the top. Scale bars are 30 µm. 
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To identify the population of peripheral embryonic neurons that show a 

localised pattern of Ank2 mRNA, I decided to combine the mRNA FISH protocol 

with IF for protein markers of different neurons.  

My IF-FISH data with anti-Futsch, which labels a microtubule-associated 

protein present in embryonic peripheral sensory neurons (Hummel et al., 2000), and 

FISH against Ank2, showed that both signals are present in the same neurons (Fig. 

3.6A). Therefore, Ank2 mRNA is expressed in sensory neurons. Although the signals 

from anti-Futsch immunostaining and Ank2 FISH did not overlap entirely, both were 

observed in various peripheral axons (Fig. 3.6A, yellow arrowheads). I did not 

observe any colocalisation of Ank2 FISH signal with a motor neuron marker, FasII  

(Layden et al., 2006), in IF-FISH experiments (Fig. 3.6B). It is worth mentioning that, 

as Futsch marks different subfamilies of sensory neurons, it is not clear which 

subfamily expresses Ank2. 
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 A            Futsch            Ank2 FISH              Merge 

   

 B              FasII              Ank2 FISH               Merge  

   

Figure 3.6. Ank2 is expressed in sensory neurons, not in motor neurons.  (A) 
Embryos subjected to simultaneous immunostaining against Futsch (green), to mark 
the sensory neurons, and FISH against Ank2 (magenta) from the ventral view. Yellow 
arrowheads show examples of colocalisation. The image is representative of 25 
embryos viewed. (B) Embryos subjected to simultaneous immunostaining against the 
motor neuron marker, FasII (green), and FISH against Ank2 (magenta) from the 
lateral view. The image is representative of 71 embryos viewed. All images are 
projections of confocal z-stacks. 3-D visualisation of the acquired confocal z-stacks 
confirmed that the signals from the Ank2 mRNA FISH signal colocalised in the same 
neurons as the Futsch antibody, and that this was not the case for the FasII antibody. 
In all images, anterior is to the left and dorsal is to the top. Scale bars are 30 µm. 
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3.2.4 Ank2 mRNA is detectable from early neurogenesis until late 

embryonic development 
 
To have a better understanding of the dynamics of Ank2 mRNA in the nervous 

system, I collected embryos from earlier stages of embryogenesis for FISH 

experiments.  

Ank2 mRNA first becomes visible in the VNC (Fig. 3.7A). In all insects, 

differentiation of the sensory neurons begins at the periphery, and neurons project 

their axons towards the CNS (see Chapter 1, Section 1.9) (Ghysen et al., 1986). 

Accordingly, the Ank2 transcript becomes visible in the peripheral cell bodies in the 

lateral regions as these neurons start to delaminate and divide from the neuroblasts 

(Fig. 3.7B, red arrowhead). Next, Ank2 signal appears in the dorsal (Fig. 3.7C, green 

arrowhead) and ventral cell bodies (Fig. 3.7C, yellow arrowhead). Concomitant with 

more neuronal cell divisions, the intensity of the Ank2 FISH signal increases in the 

PNS (Fig. 3.7D), until late embryogenesis (Fig. 3.7E). Eventually, Ank2 mRNA 

becomes visible in the PNS axons (Fig. 3.7E, cyan arrowhead). I cannot rule out the 

possibility of the presence of Ank2 mRNA in the axons at the earlier phases of 

embryogenesis, which might remain below the detection limit of the FISH 

experiment. 
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 A    B             C 

    
 

 D    E 

  
 
Figure 3.7. Ank2 FISH patterns at different stages of embryonic development. 
(A) Lateral view of a representative embryo showing Ank2 mRNA is expressed in the 
VNC (magenta arrowhead), with no detectable signal in the periphery. (B) The lateral 
view of a representative embryo showing that Ank2 mRNA first becomes detectable 
in the PNS in the cell body of lateral sensory neurons (red arrowhead). The signal 
persists in the VNC (magenta arrowhead). (C) A representative embryo showing that 
Ank2 mRNA has higher expression in the cell bodies of lateral neurons at this stage 
(red arrowhead) compared to the previous image, and also becomes detectable in the 
cell bodies of dorsal sensory neurons (green arrowhead), as well as the cell bodies of 
ventral sensory neurons (yellow arrowhead). (D) The intensity of the FISH signal in 
the VNC increases (magenta arrowhead); neuroblast divisions give rise to more 
neurons, which presumably contributes to the increase in overall signal. (E) Ank2 
mRNA is present in the axons of sensory neurons in late-stage embryos (cyan 
arrowheads). Ank2 FISH signal persists in the VNC throughout neurogenesis as 
indicated by the magenta arrowheads. A-E are progressively older embryos: A is 
approximately stage 12, and E is approximately stage 17. Embryo staging was done 
according to the Interactive Fly 
(http://www.sdbonline.org/sites/fly/aimain/2stages.htm). Images are representative 
examples from projections of confocal z-stacks. In all images, anterior is to the left 
and dorsal is to the top. Scale bars are 30 µm. 
 

 

Magenta:	VNC	
Yellow:	ventral	soma	
Red:	lateral	soma	
Green:	dorsal	soma	

Cyan:	axons	
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3.2.5 Both Ank2L and Ank2XL protein isoforms are present in PNS 

neurons 

Immunostaining of the late-stage embryos with both Ank2L and Ank2XL antibodies 

confirmed that the protein expression pattern follows the mRNA expression pattern in 

sensory neurons.  

The epitopes for the anti-Ank2L and anti-Ank2XL antibodies (see Chapter 1, 

Fig. 1.7) are destroyed by the proteinase K treatment during the FISH experiments, 

making IF-FISH of Ank2 impossible. In addition, both Ank2L and Ank2XL 

antibodies are raised in the same species, rabbit, which eliminates the possibility of 

simultaneous staining of Ank2L and Ank2XL in the same embryos. However, 

colocalisation of both Ank2 antibodies with the Futsch marker, which also colocalises 

with the Ank2 mRNA as shown in Fig. 3.6A demonstrated that both Ank2 mRNA and 

protein were expressed in sensory neurons (Fig. 3.8A and 3.8B).   

While both Ank2L & XL isoforms had similar expression pattern in the PNS 

axons, they were expressed differently in the VNC. The Ank2L isoform was 

expressed in a ‘ladder-type’ pattern in the longitudinal fascicles (Fig. 3.8A, cyan 

arrowheads) and commissural neurons (Fig. 3.8A, magenta arrowheads), whereas the 

Ank2XL isoform was expressed weakly in longitudinal fascicles, but had a higher 

expression level in presumptive small neurites of the VNC (Fig. 3.8B, white 

arrowheads). 
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 A                   

   
 
 B                           

   
 
Figure 3.8. Both Ank2L and Ank2XL protein isoforms are present in the PNS 
axons. A lateral view of Ank2L (red) (A) and Ank2XL (magenta) (B) 
coimmunostaining with Futsch (green). Magenta and cyan arrowheads in (A) point to 
commissural and longitudinal fascicles axons, respectively. White arrowheads in (B) 
point to small protrusions of the VNC. (A) and (B) are representative of 82 and 67 
embryos viewed, respectively. All images are projections of confocal z-stacks. In all 
images, anterior is to the left and dorsal is to the top. Scale bars are 30 µm. 
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Immunostaining of embryos from earlier stages of neurogenesis showed that 

Ank2L and Ank2XL proteins are detectable at a similar stage to when the mRNA 

signal appears in the periphery (Fig. 3.9). This observation indicates that translation 

quickly follows the appearance of Ank2 mRNA. Similar to the L isoform of Ank2 

(Fig. 3.9A-E), the XL isoform (Fig. 3.9A’-E’) appears first at stage 12 of the 

embryogenesis, and the protein signal persists throughout embryonic development. 
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  A    B              C 

   

   
 
D    E 
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  A’    B’              C’ 

   

   
 
D’    E’ 

  

 
 
 
Figure 3.9. Ank2 protein expression during embryogenesis. (A) and (A’) are 
representative examples showing that both Ank2L (red) and XL (magenta) are 
expressed initially in the VNC (magenta arrowheads) with no detectable expression in 
the periphery. (B) and (B’) show that proteins are detectable in the lateral cell bodies 
(red arrowheads). (C) and (C’) show that both isoforms appear in the dorsal cell 
bodies (green arrowheads) in addition to the axons (cyan arrowheads). (D) and (D’) 

Magenta:	VNC	
Yellow:	ventral	soma	
Red:	lateral	soma	
Green:	dorsal	soma	

Cyan:	axons	
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demonstrate that the intensity of the fluorescent signal increases during development 
and the proteins are detectable in the ventral cell bodies (yellow arrowheads). (E) and 
(E’) show embryos at a late stage of embryogenesis, where the intensity of the 
fluorescent signals increase in the PNS and CNS.  A- E and A’-E’ are progressively 
older embryos. Bottom panels in A-D and A’-D’ show images with increased 
brightness and contrast. A and A’ are approximately stage 12, and E and E’ are 
approximately stage 17. Embryo staging was done according to the Interactive Fly 
(http://www.sdbonline.org/sites/fly/aimain/2stages.htm). All images are 
representative examples from projections of confocal z-stacks. In all images, anterior 
is to the left and dorsal is to the top. Scale bars are 30 µm. 
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3.2.6 Ank2 mRNA is alternatively polyadenylated, generating 

isoforms with 3’UTRs of different lengths  

By investigating the information on Ank2 3’UTR gene structure on the FlyBase 

(http://flybase.org/reports/FBgn0261788), I found that multiple poly(A) sites exist in 

the Ank2 3’UTR locus, and that Ank2 mRNA undergoes APA to generate isoforms 

with different 3’UTRs (Fig. 3.10A, based on RNA-seq data housed at FlyBase). As I 

have discussed in Chapter 1, Section 1.11, APA has been suggested to play a role in 

mRNA localisation by regulating the inclusion of RNA localisation signals in mature 

transcripts. To demonstrate that Ank2 mRNA with an extended 3’UTR is generated, I 

synthesised antisense probes (Ank2_EXT) specific to the extension region 

(highlighted in yellow in Fig. 3.10A). Double-FISH experiments with a probe 

(Ank2_CDS) specific to a region of the coding sequence and Ank2_EXT probes (see 

Chapter 1, Fig. 1.7) demonstrated that both RNA isoforms are present in the cell 

bodies (Fig. 3.10, red arrowheads) and axons (Fig. 3.10, yellow arrowheads) of the 

PNS, as well as in the VNC (Fig. 3.10, cyan arrowhead). These experiments reveal 

that Ank2 undergoes APA to generate mRNA with extended 3’UTR and the extended 

isoforms can localise in the axons.  
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A 

     
 

  B 

 

Figure 3.10. Ank2 with the extended 3’UTR is localised in PNS axons. (A) A 
segment of the Ank2 gene locus showing RNA-seq information on the Ank2 3’UTR 
extension (highlighted in yellow; the image is adopted from FlyBase: 
http://flybase.org/FB2017_05) with modifications. Grey bars represent different 
mRNA isoforms expressed from the Ank2 locus. Vertical magenta bars indicate 
poly(A) (P(A)) sites. Bars in different colours show RNA-seq data from different 
tissues and stages. Em: embryo. L: larvae. WPP: white prepupa. AdM: adult male. 
AdF: adult female. Ecl: eclosion. (B) Embryo from a double-FISH experiment with 
probes against the Ank2 coding sequence (Ank2_CDS) (magenta) and Ank2 3’UTR 
extension (Ank2_EXT) (green). Red, yellow, and cyan arrowheads point to the cell 
bodies, PNS axons, and the VNC, respectively. The above image is representative of 
17 embryos viewed. All images are representative examples from projections of 
confocal z-stacks. Anterior is to the left and dorsal is to the top. Scale bars are 30 µm. 
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3.3 Discussion 

 

3.3.1 Screening for mRNA localisation in Drosophila axons 

My primary goal in the work documented in this chapter was to identify mRNAs that 

can localise in Drosophila axons in order to study the molecular mechanism of 

mRNA localisation. I used the highly segmented Drosophila embryonic nervous 

system to screen for translocating mRNAs (Fig. 3.1).  

I took two parallel screening approaches to find localising mRNAs: screening 

an available 3’UTR reporter library, and a candidate screen based on literature and a 

genome-scale online resource. During the library screening, I selected two drivers, 

BarH1- and Unc5-GAL4 (Fig. 3.2), to express a subset of candidates selected from 

the 3’UTR library (Table 3.2) in the embryonic motor neurons. However, none of the 

reporter mRNAs translocated to the axons, whereas each reporter gave a clear FISH 

signal in the cell body (Fig. 3.3). There are several possible explanations for the lack 

of mRNA localisation from the candidates tested in the 3’UTR library.  

One possibility is that signals for axonal localisation in the embryo reside in 

the 5’UTR or coding sequences. This would be surprising as in many other systems, 

localisation signals are found in 3’UTRs.  

Another possibility relates to the use of the yeast UAS promoter in the LacZ 

reporter construct. It has been shown that binding of transcription factors to 

endogenous promoter sequences is required for optimal localisation of some mRNAs 

by cotranscriptional loading of RNA localisation factors (Zid and O’Shea, 2014). 

Future experiments should replace the promoter used in the UAS-LacZ vector (which 

is derived from pUAST-Hsp70) with the endogenous ones for a subset of candidates, 

followed by FISH experiments to test if this permits axonal RNA localisation.  

Many trans-acting RBPs recognise the secondary structure of the cis-elements 

in RNA (Bullock et al., 2010; Lazaretti and Bono, 2017). Another potential 

explanation for the lack of 3’UTR reporter localisation is that a fusion of putative 

localisation elements to the reporter LacZ mRNA sequence can poison any secondary 

structure of the zipcode, thereby destroying the localisation element. However, it has 

been shown that 3’UTR reporter sequences are sufficient for localisation of various 
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mRNAs in different systems. Studies have even taken advantage of LacZ reporter 

constructs to study active RNA localisation signals (Chartrand et al., 1999; Davis and 

Ish-Horowicz, 1991; Gu et al., 2004; Long et al., 1997; Olivier et al., 2005; Rook et 

al., 2000). 

Another possibility is that very few mRNAs in Drosophila have the capacity 

to localise into axons (see Chapter 6, Section 6.1 for further discussion). 

Although I did not observe axonal localisation of the transcripts from any of 

the 3’UTR candidates I tested during the 3’UTR library screening, I saw differences 

in the intensity of the FISH signal in the cell bodies. A subset of candidates selected 

had a two- to four-fold higher level of LacZ FISH signal (e.g. Fig. 3.3). The 3’UTR 

sequence is essential in different stages of posttranscriptional regulation including 

nuclear export, localisation, stability, and translation (Matoulkova et al., 2012). 

Different LacZ mRNA levels in some lines may be due to potential mRNA stabilising 

elements in some 3’UTRs or the presence of destabilising elements in the 3’UTR of 

others. Although the experiments should be repeated several more times, my 

observations of difference in LacZ levels may pave the way for studying the 

regulation of mRNA stability in embryonic neurons. Future approaches could include 

bioinformatics analysis of conserved RNA elements coupled to FISH assays on 

embryos with transgenes that lack these elements.  

 

3.3.2 Ank2 mRNA localisation in Drosophila sensory neurons 

From the candidate screen, I found Ank2 mRNA to be localised in axons of 

embryonic sensory neurons as well as in the VNC (Fig. 3.4). I confirmed that the 

signal derived from axons by showing that expression of an RNAi construct against 

Ank2 in neurons results in a significant reduction of the FISH signal (Fig. 3.5). 

Importantly, this result also confirms the specificity of the probe I generated against 

Ank2. In addition, combining Ank2 FISH with IF for Futsch showed that the mRNA is 

expressed in sensory neurons (Fig. 3.6). Thus, I was successful in identifying an 

axonally localised mRNA and identifying the type of neuron in which it is expressed. 

Using embryos from earlier stages of development, I investigated the 

dynamics of Ank2 RNA and protein expression. Both Ank2 mRNA and protein 

isoforms are detected from early neurogenesis in the CNS. They are progressively 
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expressed in PNS neurons, first in the lateral and then the dorsal and ventral neurons 

(Fig. 3.7 and 3.9). In the future, time-lapse imaging of Ank2 mRNA in live embryos 

using the MS2-MCP (Buxbaum et al., 2015) system can be used to study the 

dynamics of transcription and axonal localisation in more detail (see Chapter 6, 

Section 6.2 for further discussion).  

I investigated which isoform(s) of Ank2 RNA, L or XL, can specifically 

localise in axons by generating Ank2XL-specific antisense probes for FISH 

experiments (Fig. 3.4B). As the amount of fluorescent signal in axons vs cell body 

was greater for the dual-isoform probe than the Ank2XL probe, the efficiency of 

Ank2L RNA localisation must be higher than Ank2XL RNA.  

One of my most intriguing observations in this part of the work is that the 

Ank2 mRNA is alternatively polyadenylated, which can generate isoforms with 

extended 3’UTRs (Fig. 3.10). As described in Chapter 1, Section 1.11, extended 

3’UTR sequences can potentially contain elements that regulate different stages of an 

mRNA’s life cycle, including, but not limited to, localisation (Miura et al., 2014). 

Double-FISH experiments with the probes I generated against the 3’UTR extension 

and coding sequence showed that Ank2 with the extended 3’UTR sequence localises 

efficiently in the PNS axons (Fig. 3.10). Because it is not possible to generate a probe 

specific to the short mRNA isoform as all sequences are found in the long isoform, I 

was not able to conclude whether only the extended transcript localises in axons.  

In the next chapter, I will focus on experiments investigating the mechanism 

of Ank2 localisation in axons, including the location of axonal targeting signals in the  

Ank2 mRNA. 

 

3.3.3 Summary of the main findings 

In this chapter of my thesis, I have demonstrated that: 

• 3’UTRs in the reporter library do not support axonal localisation in embryonic 

neurons.  

• A subset of reporter constructs from the 3’UTR library have a significantly 

higher expression of the LacZ mRNA. 

• Ank2 mRNA is localised in axons of embryonic sensory neurons.  
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• Ank2 mRNA with an extended 3’UTR is also localised in these axons.  
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Chapter 4 

Investigating the mechanism of axonal 

Ank2 mRNA localisation 
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4.1 Introduction 

In Chapter 3, I described how my screening experiments resulted in the identification 

of Ank2 as an axonally localised mRNA in embryonic sensory neurons. However, the 

mechanism of axonal mRNA localisation was not investigated.  

In this chapter, I will discuss the experiments that I carried out to characterise 

the mechanism of Ank2 mRNA localisation into axons. Despite the research by many 

different laboratories over the past few decades, the detailed mechanism of mRNA 

localisation in axons is not understood. Studying mRNA localisation in invertebrate 

models such as Drosophila embryo might shed light on mechanisms that are also 

present in vertebrates.     

As discussed in Chapter 1, mRNA molecules rely on three primary 

mechanisms for transportation: diffusion followed by entrapment at their destination, 

localised protection from degradation, and active trafficking by molecular motor-

driven transport on cytoskeletal filaments (Edelmann et al., 2017; Mofatteh and 

Bullock, 2017; Trovisco et al., 2016). Of these three mechanisms, motor-driven 

transport is the best understood in terms of molecular players. 

 Axons of vertebrates and invertebrates have MT with their plus ends pointing 

away from the cell body (plus-end-out) (Stone et al., 2008). This orientation indicates 

that the primary molecular motors for cargo transport from the cell body into axons 

are members of the Kinesin superfamily. In contrast to the Dynein motor, which 

moves towards the MT minus ends, Kinesin family members typically move towards 

the plus ends (Millecamps and Julien 2013). Kinesin-1 (KIF5 in vertebrates) is the 

Kinesin motor that has primarily been linked to mRNA transport in different neurons 

(Yasuda et al., 2017). 

Drosophila is ideally suited for genetic approaches to understand the 

molecular mechanism of Ank2 mRNA localisation. Many transgenic tools and 

techniques are available in this organism to express modified molecules and reagents 

specifically in the nervous system, notably the GAL4/UAS system (Brand and 

Perrimon, 1993). To gain insight into the molecular mechanism of Ank2 mRNA 

localisation in sensory axons, I used the GAL4/UAS system to disrupt both Kinesin-1 

and MT. I then used FISH and immunostaining experiments to visualise the effect of 

manipulations on Ank2 localisation. I also searched for Ank2 mRNA localisation 
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elements by expressing various Ank2 reporter constructs in neurons and assaying their 

localisation activity. 

In this chapter, I will demonstrate that Ank2 localisation is dependent on 

Kinesin-1 and MT. Interestingly, overexpression of a dominant negative Kinesin-1 

molecule results in a reduction of Ank2 mRNA but not protein, pointing to a potential 

quality control mechanism. Furthermore, disrupting MT causes a reduction in Ank2L 

and XL protein levels. The results of my search for mRNA localisation signals 

suggests that they do not reside in the 3’UTR or coding sequences tested. 
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4.2 Results 

 

4.2.1 Ank2 mRNA localisation is dependent on the molecular motor 

Kinesin-1 

The role of Kinesin-1 in mRNA localisation from the cell body to axons has been 

well-established (Gagnon and Mowry, 2011;Veeranan-Karmegam et al., 2016). I 

therefore hypothesised that localisation of Ank2 mRNA in embryonic sensory axons 

could be dependent on this motor. To test my hypothesis, I expressed truncated 

Kinesin-1 heavy chain (KHC) molecules (KHC547 and KHC849), which have a 

dominant negative (DN) effect. These molecules lack the C-terminal cargo-binding 

features, which prevent the cargo-motor interaction, but allow dimerisation with (and 

thus inhibition of) the endogenous Kinesin-1 (Barlan et al., 2013).  

I used the ElaV-GAL4 driver, which has a high expression level in the sensory 

nervous system, to express the dominant negative Kinesin-1 molecules. The pan-

neuronal ElaV-GAL4 ensures that the genetic manipulations are limited to the nervous 

system. The overexpression of KHC547 and KHC849 with this driver (which could be 

detected with an anti-Kinesin-1 antibody) resulted in a strong loss of Ank2 FISH 

signal from the axons of the PNS (Fig. 4.1A and 4.1B, yellow arrowheads) compared 

to the control (Fig. 4.1C, yellow arrowheads) embryos (which express ElaV/CyO (i.e. 

with no UAS-KHC547 or UAS-KHC849)) processed in the same tube. Disruption of 

Kinesin motors can affect the morphology of axons during larval development (Hurd 

and Saxton, 1996). I therefore investigated if the DN Kinesin-1 constructs alter the 

Ank2 mRNA pattern in the embryonic stage because axons are not present. Futsch 

immunostaining, which labels sensory neurons (see Chapter 3, Fig. 3.1 and 3.6), 

showed that the DN Kinesin-1 constructs do not prevent the development of axons at 

stage 16-17 of the embryogenesis (Fig. 4.1E). Thus, the altered Ank2 mRNA 

localisation pattern observed is not due to the absence of axons.  

Disruption of trafficking of mRNAs from their site of synthesis in the nuclei to 

their localisation site in the axons was expected to result in an accumulation of the 

signal in the soma. Surprisingly, the level of Ank2 FISH signal did not increase in the 

cell body after overexpression of either KHC547 or KHC849 DN molecules (Fig. 4.1A 
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and 4.1B, red arrowheads). Instead, I observed a reduction in the fluorescent intensity 

of Ank2 FISH signal in both the cell body and axons compared to the control (Fig. 

4.1A-C, red and yellow arrowheads, respectively), and this was confirmed by 

fluorescent intensity measurements from multiple samples (Fig. 4.1D). Increasing the 

brightness contrast of the images revealed that most of the RNA present was trapped 

in the cell body (Fig. 4.1A’ and 4.1B’). These data indicate that overexpression of DN 

KHC molecule affects both Ank2 mRNA localisation and level.  

Next, I tested whether the reduced Ank2 signal observed after overexpression 

of the DN KHC constructs reflected a general reduction in mRNA levels. I repeated 

the ElaV>KHC547 experiment with FISH to an mRNA, calmodulin, which is present 

in the cell body of neurons, and is not detectable in the axons. I did not observe any 

changes in the fluorescent intensity level of the calmodulin mRNA when KHC547 was 

expressed compared to the control (Fig. 4.1F). Thus, the reduction in the mRNA 

levels after overexpression of DN KHC is not a general phenomenon.  
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F 

   

Figure 4.1. Overexpression of DN Kinesin-1 disrupts Ank2 mRNA localisation 
and levels. Ank2 FISH signal in ElaV>KHC547 embryo (A) (A’ with brightness and 
contrast adjusted to demonstrate disruption of localisation) and ElaV>KHC849 embryo 
(B) (B’ with brightness and contrast adjusted to demonstrate disruption of 
localisation), and control (C). Red and yellow arrowheads point to the cell bodies and 
axons, respectively. The images in (A), (B), and (C) are representative of 21, 18, and 
25 embryos viewed, respectively. (D) Fluorescent intensity measurements (arbitrary 
units) of Ank2 FISH signal in the cell body of PNS neurons after overexpression of 
two different DN Kinesin-1 constructs compared to the control. Circles represent 
values from individual embryos (5 embryos for each genotype). Statistical 
significance was evaluated with a one-way ANOVA with Dunnett’s multiple 
comparisons test (****p<0.0001). Error bars represent SEM. (E) Coimmunostaining 
against Kinesin-1 (red) and Futsch (green) in ElaV>KHC547 embryos, compared to 
control. With these settings, the Kinesin-1 signal is only detectable upon transgene-
induced overexpression; this allows the identification of control and Kinesin-1 
overexpressing embryos. The image on the top panel is representative of 35 embryos 
viewed, and the bottom image is representative of 27 embryos viewed. (F) 
Calmodulin FISH signal in a cohort containing ElaV>KHC547 embryos. No embryos 
of 50 examined had a reduction in Ank2 mRNA level, and two representative 
examples are shown. Confocal images are projections of z-stacks. In all images, 
anterior is to the left and dorsal to the top. Scale bars are 30 µm. 
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4.2.2 Investigating expression of Ank2 protein isoforms after 

overexpression of DN Kinesin-1 

To examine whether disrupting Kinesin-1 can result in a phenotype at the protein 

level, I overexpressed the DN KHC547 molecule, followed by immunostaining using 

antibodies against Ank2L or Ank2XL. 

Ank2L immunostaining in ElaV>KHC547 embryos revealed that the 

homogeneity of the protein distribution is disrupted in the distal region of PNS axons 

(Fig. 4.2A, top panel, cyan arrowhead) compared to the control embryos (Fig. 4.2A, 

bottom panel, yellow arrowhead). I also observed multiple small, focal accumulations 

of Ank2L signal in distal regions of axons in the DN Kinesin-1 embryos (Fig. 4.2A, 

top panel, yellow arrowheads) but not in the controls (Fig. 4.2A, bottom panel). 

In contrast, I found atypical accumulations of the Ank2XL protein signal in 

the cell body and proximal region of the axons from embryos with DN kinesin-1 

overexpression (Fig. 4.2B, top panel, yellow arrowhead) but not in the controls (Fig. 

4.2B, bottom panel). 

I conclude from these experiments that inhibition of Kinesin-1 does not 

prevent targeting of Ank2 protein isoforms to axons entirely but does affect their 

localisation within axons. 
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Figure 4.2. Overexpressing DN Kinesin-1 results in atypical accumulation of 
Ank2 protein signal in PNS neurons. Ank2L (red) (A) and Ank2XL (magenta) (B) 
coimmunostaining with GFP (green). The GFP signals indicate expression of the 
KHC547 construct (ElaV>UAS-KHC547, UAS-GFP). Cyan arrowhead in (A, top panel) 
points to the disruption of Ank2L homogeneity. Yellow arrowheads in (A, top and 
bottom panels) point to the Ank2L signal accumulation and distal axon, respectively. 
Yellow arrowheads in (B) point to the proximal regions of the axons. Control 
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embryos are from the same tube and are of the ElaV/CyO genotype (i.e. with no UAS-
KHC547). (A) and (B) are representative images from 12 and 15 embryos viewed from 
each genotype, respectively. All images are projections of confocal z-stacks. In all 
images, anterior is to the left and dorsal to the top. Scale bars are 30 µm. 
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4.2.3 Ank2 mRNA localisation is MT-dependent 

My data from the DN Kinesin-1 overexpression experiment with Ank2 FISH 

suggested that localisation of Ank2 mRNA is dependent on MT-based transport.  

Therefore, I decided to test this hypothesis by ElaV-GAL4-mediated overexpression 

of a MT-severing enzyme, Spastin. I choose this method instead of pharmacological 

reagents that disrupt MT such as nocodazole and taxol. These agents disrupt MT 

throughout the embryo (Idema et al., 2013), which complicates analysis of effects 

within the nervous system. Moreover, introducing these agents across the vitelline 

membrane of the embryos is technically challenging. Spastin is a MT-severing 

enzyme expressed in neurons (Yu et al., 2008), and can be used to disrupt MT in 

specific cell types within the Drosophila embryo by the UAS-GAL4 system (Katja 

Roeper, personal communication; Sherwood et al., 2004). 

Spastin overexpression with ElaV-GAL4 resulted in a loss of Ank2 FISH 

signal from the peripheral axons (Fig. 4.3A, left panel, yellow arrowhead) compared 

to control embryos (Fig. 4.3A, right panel, yellow arrowhead). However, the signal 

persisted in the cell body region (Fig. 4.3A, left panel, red arrowhead), compared to 

the control (Fig. 4.3A, right panel, red arrowhead), and this was confirmed by 

fluorescent intensity measurements (Fig. 4.3B). 

Immunolabelling of sensory neurons with Futsch antibody revealed that 

disrupting MT by Spastin overexpression also affected the morphology of neurons 

(Fig. 4.3C, left panel) compared to control samples (Fig. 4.3C, right panel). Axons 

lost their extended shape and became disorganised. However, Spastin overexpression 

did not result in neuronal degeneration and axonal loss, at least at the stages 

examined. I also visually observed a reduction in the level of Futsch fluorescent 

intensity after Spastin overexpression, which was not unexpected. Futsch is a MT-

associated protein (MAP), and interfering with MT can affect the stability of MAPs 

(Antrobus and Wakefield, 2011; Hummel et al., 2000).  

The results of these experiments support the conclusion that Ank2 mRNA 

localisation into axons is dependent on Kinesin-1-mediated transport on the MT. 
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         ElaV-GAL4>UAS-Spastin               Control  

   
 
B 

 
 
 

C  
                ElaV-GAL4>UAS-Spastin                        Control 

   

Figure 4.3. Spastin overexpression disrupts Ank2 mRNA localisation. (A) Ank2 
FISH in ElaV-GAL4>UAS-Spastin and control embryos. The image on the left and 
right panels are representative of 34 and 41 embryos, respectively. (B) Fluorescent 
intensity measurements (arbitrary units) of Ank2 FISH signal in the cell body of PNS 
neurons after overexpression of Spastin compared to the control. Circles represent 
values from individual embryos (5 embryos for each genotype). Statistical 



	 119	

significance was evaluated with a two-tailed Student’s t-test (ns, not significant). (C) 
Anti-Futsch immunostaining in ElaV-GAL4>UAS-Spastin and control embryos. The 
image on the left panel is representative of 29 embryos viewed, and the image on the 
right panel is representative of 17 embryos viewed. In both (A) and (C), control 
embryos are from the embryos processed in the same tube, which express ElaV/FM7 
(i.e. with no UAS-Spastin). Confocal images are projections of confocal z-stacks. In 
confocal images, anterior is to the left and dorsal to the top. Scale bars are 30 µm. 
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4.2.4 Both Ank2 isoforms levels are reduced after Spastin 

overexpression 

To investigate whether Ank2 protein localisation is affected by disrupting the MT, I 

overexpressed Spastin followed by IF to both isoforms of Ank2.  

Ank2L and Futsch coimmunostaining revealed that Spastin overexpression 

resulted in a significant loss of both fluorescent signals (Fig. 4.4.A, top panel) 

compared to control embryos (Fig. 4.4.A, bottom panel), which was confirmed by 

fluorescent intensity measurements (Fig. 4.4.C).  

Similarly, Spastin overexpression resulted in a significant reduction of 

Ank2XL in the PNS (Fig. 4.4.B, top panel), compared to the control embryos (Fig. 

4.4.B, bottom panel). The Spastin-mediated reduction in Futsch signal was 

reproduced in these embryos (Fig. 4.4.B). These results were again corroborated by 

fluorescent intensity measurements (Fig. 4.4.C). Therefore, Spastin overexpression 

results in a reduction in the levels of both Ank2 isoforms.  
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C 

 
 
Figure 4.4. Spastin overexpression results in a significant reduction of both Ank2 
protein isoforms in the PNS neurons. Coimmunostaining of Ank2L (magenta) (A) 
and Ank2XL (red) (B) with Futsch (green) after Spastin overexpression (lower panel 
in B with a higher brightness and contrast). The control embryos are from the 
embryos processed in the same tube and are of the ElaV/FM7 (i.e. with no UAS-
Spastin). The images in (A) are representative of 31 (top) and 26 (bottom) embryos 
viewed. The images in (B) are representative of 42 (top) and 29 (bottom) embryos 
viewed. All images are projections of confocal z-stacks. In all images, anterior is to 
the left and dorsal to the top. Scale bars are 30 µm. (C) Fluorescent intensity 
measurements (arbitrary units) of Ank2L, Ank2XL and Futsch from cell bodies and 
axons of the embryos in A and B. Circles represent values from individual embryos (5 
embryos for each Ank2L and Ank2XL, 10 embryos for Futsch combined from (A) 
and (B)). Statistical significance was evaluated with a two-tailed Student’s t-test for 
each mutant and its control (****p<0.0001). Error bars represent SEM. 
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4.2.5  The presence of the 3’UTR of Ank2 mRNA in the LacZ 

reporter construct is not sufficient for its localisation 

My data so far demonstrated that localisation of Ank2 mRNA in axons of the 

peripheral embryonic neurons is dependent on Kinesin-1 and MT, indicative of an 

underlying active transport process. Active mRNA translocation requires the presence 

of localisation elements which can interact with motor complexes. To attempt to 

define the localisation element of Ank2, I investigated the potential of Ank2 sequences 

in available transgene constructs to drive axonal mRNA localisation. 

Most of the localisation elements identified so far are present in the 3’UTR of 

transcripts (Buxbaum et al., 2015). Therefore, I used a transgenic fly line which was 

previously generated in our laboratory by Tamsin Samuels, as part of the 3’UTR 

library. This line has the genomic region corresponding to the long 3’UTR isoform of 

Ank2 cloned into a UAS-lacZ reporter vector. I expressed this construct with ElaV-

GAL4 and assayed its localisation by FISH against the lacZ sequence. I did not detect 

any localisation of lacZ in the axons of embryonic PNS axons, although the FISH 

signal was detected in the cell body of PNS and CNS neurons (Fig. 4.5A, the left 

panel, red and cyan arrowheads, respectively). Because ElaV-GAL4 is a pan-neuronal 

driver, visualisation of the expressed constructs in single neurons can be challenging. 

To circumvent this problem, I expressed the same reporter with two other GAL4 

drivers, BarH1- and Unc5-GAL4s, which are expressed in single neurons (see 

Chapter 3, Fig. 3.2) and repeated the FISH experiments (Fig. 4.5A, middle and right 

panels, respectively). No LacZ FISH signal was present in the peripheral axons, but 

the signal remained in the cell bodies (Fig. 4.5A, middle and right panels, 

arrowheads). These experiments indicate that the Ank2 3’UTR is not sufficient for 

axonal localisation of the mRNA, at least when expressed in the context of the LacZ 

reporter construct.  

I performed a double-FISH labelling experiment with probes against Ank2 and 

LacZ to show that, while the LacZ FISH signal from the Ank2 3’UTR reporter line 

remains in the cell body (Fig. 4.5B, red arrowhead), the endogenous Ank2 mRNA can 

still localise to the peripheral axons (Fig. 4.5B, yellow arrowhead). Thus, consistent 

with the results shown in Chapter 3, Fig. 3.11, the failure of the 3’UTR to drive 
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localisation is not because of cellular defects caused by the overexpression of the 

reporter construct such as sequestration of trans-acting factors.  

 

 

A  
   ElaV>LacZ-Ank2 3’UTR       BarH1>LacZ-Ank2 3’UTR     Unc5>LacZ-Ank2 3’UTR 

   
 
B 

   
 
Figure 4.5. Ank2 3’UTR is not sufficient to mediate mRNA localisation in a LacZ 
reporter.  (A) LacZ FISH signal in representative embryos after expression of UAS-
LacZ-Ank2 3’UTR with ElaV- (left panel) BarH1- (middle panel), and Unc5- (right 
panel) GAL4 drivers. Red and cyan arrowheads point to the cell bodies of PNS and 
CNS neurons, respectively. The above images are representative of 53 (left panel), 36 
(middle panel), and 65 (right panel) embryos viewed.  (B) A representative embryo 
from a double-FISH experiment against Ank2 (magenta) and LacZ (green) in 
ElaV>UAS-LacZ-Ank2 3’UTR embryos. Red and yellow arrowheads point to the cell 
body and axons, respectively. A weak localisation of LacZ signal is observed, which 
is present in most of the nonlocalising reporter constructs viewed. The above image is 
representative of 20 embryos viewed. All images are projections of confocal z-stacks. 
In all images, anterior is to the left and dorsal to the top. Scale bars are 30 µm. 
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4.2.6 Reporters containing Ank2L coding sequences do not mediate 

the localisation of mRNA in axons 

Although most of the localisation elements are found in the 3’UTR of transcripts, 

some mRNAs have their zipcode in the coding sequence (Martin and Ephrussi, 2009).  

To investigate the potential of Ank2L coding sequences to mediate mRNA 

localisation, I expressed three available YFP-tagged Ank2L constructs, which contain 

different regions of the Ank2L coding sequence (Fig. 4.6A) (Pielage et al., 2008) with 

the Unc5-GAL4 driver (Fig. 4.6B). FISH with a probe that recognises YFP sequences 

did not show any localisation of the reporter mRNAs in the axons of peripheral 

neurons. However, the YFP FISH signal was present in the cell bodies of neurons 

(Fig. 4.6B, red arrowheads). This pattern was indistinguishable from that observed in 

control embryos that expressed a construct containing YFP but no Ank2L-derived 

sequences (Fig. 4.6C). Therefore, Ank2L coding sequence reporter constructs are not 

sufficient to mediate mRNA localisation. 
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B   

    Unc5>YFP-Ank2S       Unc5>YFP-Ank2L8           Unc5>YFP-Ank2L4     

   
 
C         Control 

     
 
Figure 4.6. mRNAs from Ank2L coding sequence reporter constructs do not 
localise in axons. (A) Three YFP-tagged Ank2L constructs generated by Pielage et al. 
(2008). The image is reproduced from their paper. (B) Embryos subjected to FISH 
against the YFP sequence after expression of three YFP-Ank2L constructs with Unc5-
GAL4. Arrowheads indicate mRNA in the cell bodies. The above images are 
representative of 32, 41, and 28 embryos viewed for Ank2S, Ank2L8, and Ank2L4, 
respectively. (C) Control embryos express a nonlocalising YFP-tagged mRNA, 
Unc5>UAS-Crimson::mVenus. The image is representative of 17 embryos viewed. 
All images are projections of confocal z-stacks. In all images, anterior is to the left 
and dorsal to the top. Scale bars are 30 µm. 
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4.2.7  Investigating the potential of retained intronic regions to 

mediate Ank2 mRNA localisation 

The above data show that the Ank2 3’UTR and tested coding sequences are not 

sufficient to mediate localisation. It has been shown that the retention of introns in 

mature cytoplasmic mRNAs can mediate localisation by containing cis-elements for 

the interaction of trans-acting factors and subsequent formation of RNPs (Ortiz et al., 

2017; Sharangdhar et al., 2017).  

To investigate the potential of retained introns in Ank2 mRNA transportation, 

I performed FISH to five different Ank2 introns. The minimum sequence length for 

optimal antisense probe synthesis is 400 bp (Lecuyer et al., 2008). Therefore, I 

selected introns that were larger than 400 bp (thirteen Ank2 introns had to be 

excluded). I did not observe any FISH signals in the axons, but the signal was 

detected in small punctae of the PNS cell bodies and VNC (Fig. 4.7A-E, red and 

magenta arrowheads, respectively). These small punctae are presumably derived from 

unprocessed transcripts in the nuclei, although high-resolution images would be 

required to confirm that this is the case.   
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Figure 4.7. Five Ank2 introns do not show axonal mRNA localisation. Introns in 
stage 17-17 embryos (A-E) remain in the VNC (magenta arrowheads), as well as in 
the cell bodies of the PNS (red arrowheads). All images are representative examples 
of at least 30 embryos viewed from projections of confocal z-stacks from each FISH 
experiment. In all images, anterior is to the left and dorsal to the top. Scale bars are 30 
µm. 
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4.2.8 The Ank2 3’UTR extension is not generated in the 3’UTR 

reporter 

To examine whether the Ank2 3’UTR reporter can generate the extended version of 

the 3’UTR, I expressed the construct with ElaV-GAL4 and did double-FISH with 

Ank2_EXT and LacZ probes.  

The ectopic expression of UAS-LacZ_Ank2 3’UTR did not result in a signal 

with the Ank2_EXT probe (Fig. 4.8, cyan arrowheads), whereas LacZ signals were 

detected in cell bodies (Fig. 4.8, red arrowhead). The Ank2_EXT FISH signal in Fig. 

4.8 corresponds to the endogenous Ank2 3’UTR EXT mRNA, which is expressed in 

only a subset of neurons in which ElaV-GAL4 is active. Therefore, the reporter 

sequence is not sufficient to generate the extended version of Ank2 3’UTR. This 

finding reopens the possibility that the extended 3’UTR does contain an mRNA 

localisation signal. 

 

 

 

       
 
Figure 4.8. Production of the Ank2 3’UTR extension from the LacZ-Ank2 3’UTR 
reporter is not detected. Projections of confocal z-stacks of ElaV>UAS-LacZ-Ank2 
3’UTR embryos subjected to double-FISH against Ank2_EXT (magenta) and LacZ 
(green). Red arrowhead points to a cell body. The yellow arrowhead points to the 
axons that localise endogenous Ank2_EXT mRNA. The cyan arrowheads point to the 
cell bodies that express LacZ but not the Ank2 3’UTR extension. The image is a 
representative example of 14 embryos viewed. Anterior is to the left and dorsal to the 
top. Scale bar is 30 µm. 
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4.2.9 The endogenous mRNA localisation machinery in Drosophila 

embryo is selective and robust  

One potential explanation for the failure of the expressed 3’UTR reporter mRNAs 

from the 3’UTR library to localise in axons is that the overexpressed reporter mRNAs 

can sequester endogenous localisation factors, and thereby perturb the endogenous 

localisation machinery. Therefore, the endogenous localisation machinery would not 

function effectively to localise mRNAs in the presence of overexpressed exogenous 

mRNAs. 

I tested this possibility by overexpressing a nonlocalising library reporter with 

the eIF4e 3’UTR (UAS-LacZ-eIF4E 3’UTR) using the ElaV-GAL4 driver and 

performing double-FISH against the Ank2 and LacZ mRNAs. Ank2 mRNA was 

localised effectively to the sensory axons even in the presence of an overexpressed 

nonlocalising exogenous mRNA (Fig. 4.9, yellow arrowhead). Thus, the endogenous 

localisation machinery is not inhibited by overexpression of the 3’UTR reporter 

construct. As expected, the reporter mRNA remained in the cell body and did not 

localise into axons (Fig. 4.9, red arrowhead). 

 

 

   
Figure 4.9. Ank2 mRNA can localise in axons in the presence of an overexpressed 
nonlocalising mRNA. Projection of confocal z-stack of a representative embryo from 
a double-FISH experiment to Ank2 (magenta) and LacZ (green) in ElaV>LacZ-eIF4E 
3’UTR embryos. The red arrowhead indicates the LacZ reporter mRNA in the cell 
body of neurons. The yellow arrowhead points to Ank2 FISH signal in axons. The 
above image is representative of 21 embryos viewed. Anterior is to the left and dorsal 
is to the top. Scale bars are 30 µm. 
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4.2.10 Investigating the potential of the Ank2 3’UTR extension region 

to direct mRNA localisation 

I decided to investigate a possible role of the Ank2 3’UTR extension in mediating 

mRNA localisation in axons. My finding that a LacZ reporter containing the long 

3’UTR does not localise in axons (Fig. 4.8) is consistent with work from others 

showing that 3’UTR extensions are not always synthesised in heterologous constructs 

(see Chapter 1, Section 1.11) (Oktaba et al., 2015). I therefore devised other means 

to investigate a possible role of the extension in axonal Ank2 mRNA localisation. 

Hilgers et al., (2012) reported that the RBP ElaV can mediate the synthesis of 

mRNAs with extended 3’UTRs; for example, a large subset of mRNAs with extended 

3’UTRs only produce short 3’UTR isoforms in ElaV5 mutant animals (Oktaba et al., 

2015; Robinow and White, 1991). I reasoned that if the Ank2 3’UTR extension is 

lacking in the ElaV5 mutant, it might result in a failure of Ank2 mRNA localisation 

into axons. I first did double-colour FISH on ElaV5 mutant embryos using ElaV and 

Ank2 probes. The level of Ank2 FISH signal was significantly reduced (Fig. 4.10.A, 

top panel) compared to the control (Fig. 4.10.A, bottom panel) in the ElaV5 mutant 

embryos; however, the mRNA still localised in axons (Fig. 4.10.A, top panel, yellow 

arrowheads). I repeated the double-FISH experiment with ElaV and Ank2 extension 

probes; the signal from the Ank2_EXT probe was reduced in the ElaV5 mutants 

compared to the control, but the signal was still present in the axons (Fig. 4.10B, top 

panel, yellow arrowhead). Therefore, while the level of Ank2 transcript is reduced in 

ElaV5 mutant embryos, the Ank2 3’UTR is still generated and can localise in axons. I 

confirmed the results by quantification of the fluorescent intensity of the FISH signals 

(Fig. 4.10.C).  
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Figure 4.10. The level of both Ank2_CDS and Ank2_EXT FISH signals are 
reduced in ElaV5 mutant embryos. Embryos from double-FISH experiments in 
ElaV5 mutant embryos using Ank2_CDS (green) (A) or Ank2_EXT (green) (B) with 
ElaV (magenta) probes. Red and yellow arrowheads point to the cell bodies and 
axons, respectively. Control embryos are OrR. The images in (A) are representative of 
21 (top) and 28 (bottom) embryos viewed. The images in (B) are representative of 14 
(top) and 17 (bottom) embryos viewed. As ElaV5 allele is an interstitial deletion of the 
complete coding region of the ElaV (Robinow and White, 1991), the residual FISH 
signal observed in (A) and (B) could be due to a nonspecific hybridisation of the ElaV 
probe to other targets in the VNC. All images are projections of confocal z-stacks. In 
all images, anterior is to the left and dorsal to the top. Scale bars are 30 µm. (C) 
Fluorescent intensity measurements (arbitrary units) of the FISH signals. Areas of the 
PNS cell bodies and PNS axons of each embryo were selected to calculate mean 
fluorescent intensity per embryo. Circles represent values from individual embryos (5 
embryos for each genotype). Statistical significance was evaluated with a two-tailed 
Student’s t-test for each mutant and its control (****p<0.0001; ***p<0.001). Error 
bars represent SEM. 
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4.2.11 Ank2 protein levels are reduced in ElaV5 mutants 
 
Next, I investigated whether the reduction in the Ank2 RNA level in the ElaV5 mutant 

is reflected in the Ank2 protein level.  

 Immunostaining against Ank2L and XL showed that both isoforms had a 

significant reduction in the fluorescent signal in the absence of ElaV compared to 

controls (Fig. 4.11A and 4.11B, respectively). I also tested the possibility of a global 

reduction in proteins level in the absence of ElaV by immunostaining against Futsch 

in ElaV5 mutant embryos. The level of Futsch protein did not show any changes in the 

ElaV5 mutant embryos (Fig. 4.11C). The results from the IF experiments were 

confirmed by fluorescent intensity measurements (Fig. 4.11D). Also, the nervous 

system did not show any detectable abnormalities in the absence of ElaV protein. The 

above data indicate that while both Ank2 protein isoforms are significantly reduced in 

ElaV5 mutant embryos, the nervous system does not have observable morphological 

abnormalities.  
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C 

 

 
 

D   

 
Figure 4.11. The level of both Ank2L and Ank2XL proteins are reduced in ElaV5 

mutant embryos. Coimmunostaining of ElaV with Ank2L (green) (A) or Ank2XL 
(green) (B) with ElaV (magenta) in ElaV5 mutant embryos (top panel) compared to 
the control OrR embryos (bottom panel). (C) Coimmunostaining of Futsch (red) with 
ElaV (green) in ElaV5 mutant embryos (top panel) compared to the control OrR 
embryos (bottom panel). All images are projections of confocal z-stacks. In all images 
anterior is to the left and dorsal to the top. Scale bars are 30 µm. (D) Fluorescent 
intensity measurements (arbitrary units) of Ank2L, Ank2XL, and Futsch IF in ElaV5 

and control (OrR). Circles represent values from individual embryos (5 embryos for 
each genotype). Statistical significance was evaluated with a two-tailed Student’s t-
test for each mutant and its control (****p<0.0001; ns, not significant). Error bars 
represent SEM. 
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4.3 Discussion 

 

4.3.1 Active localisation machinery drives Ank2 localisation in the 

axons of PNS neurons 

My data demonstrate that axonal localisation of Ank2 is Kinesin-1- and MT-

dependent. Overexpressing either a DN Kinesin-1 or the MT-severing enzyme Spastin 

resulted in the disruption of mRNA localisation in the axons (Fig. 4.1 and 4.3, 

respectively). Ank2 mRNA remained confined to cell body regions and was not 

present in the axons, consistent with a failure of plus end-directed mRNA transport 

into axons.  

I also showed that the fluorescent intensity of the cell-body-restricted Ank2 

mRNA was significantly reduced in the presence of DN Kinesin-1 molecules (Fig. 

4.1). However, a similar drop in the fluorescent intensity of Ank2 mRNA was not 

observed if the MT were disrupted (Fig. 4.3), despite the RNA also being confined to 

the cell body. These observations raise the possibility of a quality control mechanism 

involving the motor that ensures spatial regulation on the translation of the mRNA. 

Although the exact molecular mechanism remains unknown, I can offer some 

speculation. If the mRNA molecule fails to couple to a motor for transportation into 

axons, as occurs in the presence of the DN Kinesin-1, degradation of mRNAs is 

triggered to inhibit ectopic translation in the cell body. The quality control system 

functions at the motor level, but not at the MT level. This can be due conceivably to 

association of mRNA stabilising proteins with the RNA-motor complex.  

Neurons did not degenerate after overexpressing DN Kinesin-1 (Fig. 4.1E) 

and the levels of another mRNA tested was not reduced (Fig. 4.1F). These 

observations provide evidence that the effect on Ank2 mRNA levels is not a 

nonspecific effect on neuronal health or function. However, I cannot rule out the 

possibility that disrupting other Kinesin-1-mediated processes indirectly affects the 

neurons’ mRNA decay pathway. 

I did not observe a decrease in Ank2 protein isoform levels when the DN 

Kinesin-1 was expressed. However, small accumulations of Ank2L signal were 

observed in distal regions of axons (Fig. 4.2A). Ank2XL protein accumulated mostly 
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in the proximal regions of axons (Fig. 4.2B). Thus, Kinesin-1 may play a role in 

trafficking Ank2 protein independently of its proposed role in Ank2 mRNA transport.  

Several studies have shown that mRNA expression level does not necessarily 

predict protein levels (for reviews see Maier et al., 2009; Vogel and Marcotte, 2012). 

I can speculate on different mechanisms that could explain why a reduction in the 

level of Ank2 protein was not observed following a reduction in the Ank2 mRNA 

level in embryos expressing DN Kinesin-1.  

One possibility is that a reduction in Ank2 mRNA level could result in the 

reduction of the corresponding proteins in the axons. Potential feedback mechanisms 

could then signal to upregulate the translation of the residual mRNA, and transport of 

the protein, to shift the need for an axonal protein translation of localising mRNA to a 

demand for trafficking of the proteins directly from the soma. The trafficking of the 

proteins, which could conceivably involve other Kinesin family members, can then 

result in the accumulation of the proteins in the axons. 

At the protein level, the intensity of both protein isoforms is reduced 

significantly after Spastin overexpression. This observation could be a direct effect of 

MT disruption on protein trafficking or could result indirectly due to a reduction in 

mRNA trafficking in the axon. Alternatively, as Ank2 protein interacts with the MAP 

Futsch (Stephan et al., 2015), disrupting MT could result in the destabilisation of 

Ank2 protein by affecting association with its binding  partner.  

It is worth mentioning that I have not investigated the effect of DN Kinesin-1 

overexpression during later stages of development. Future experiments are required to 

follow the embryos expressing DN Kinesin-1 to the larval stages to observe any 

potential phenotypes at later stages of development.  

 

4.3.2 Ank2 3’UTR and coding sequences are not sufficient to mediate 

localisation of reporter RNAs 

mRNA cargoes can hitchhike on motor proteins and thereby transfer to their 

destinations (Jambor et al., 2011; Salogiannis et al., 2017). Identification of the Ank2 

localisation element is required to demonstrate that Ank2 mRNA is a direct cargo of 

Kinesin-1 for active transportation. Active transportation of mRNA requires cis-
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acting elements, mostly present in the 3’UTR region of the localising transcript 

(Buxbaum et al., 2015). To investigate whether Ank2 3’UTR contains the localisation 

element, I expressed the Ank2 3’UTR fused to UAS-LacZ with different GAL4 drivers 

(Fig. 4.5). FISH experiments to the lacZ sequence showed that the reporter RNA 

remained in cell bodies of sensory neurons and the VNC. This indicates that the Ank2 

3’UTR sequence is not be sufficient to mediate the localisation of mRNA at least in 

the context of the reporter RNA.  

A fraction of the localisation elements identified so far is present in the coding 

sequence of the mRNA (Buxbaum et al., 2015; Chartrand et al., 1999; Holt and 

Schuman, 2013). To assay the role of Ank2 coding sequences in its mRNA 

localisation, I expressed UAS-YFP-fused coding sequence reporters for FISH analysis. 

The YFP FISH signals remained in the cell body and did not localise in the axons, 

indicating insufficiency of the tested coding sequences for mediating Ank2 

localisation (Fig. 4.6). 

It has been suggested that intronic sequences can remain in transcripts 

(retained introns) and potentially be spliced out in axons. For instance, Sharangdhar et 

al., (2017) demonstrated that Staufen, a double-stranded RBP, interacts with the 

retained intron of the longer isoform of Calmodulin 3, thereby mediating its 

localisation to the dendrites of mature hippocampal neurons. Similarly, Ortiz et al., 

(2017) demonstrated that interaction of Staufen with an intron of CamKIIα enhances 

its localisation to the dendrites. I tested the possibility of potentially retained introns 

for their capacity to contain any localisation elements. To this end, I generated five 

specific antisense probes against five different introns of Ank2. I did not observe any 

detectable FISH signals from the introns in the axons, and introns remained in the cell 

bodies (Fig. 4.7). The minimum hybridisation sequence length for antisense probe 

detection is 400 bps (Lecuyer et al., 2008). Therefore, I chose introns that were larger 

than 400 bp. However, I cannot rule out the possibility of retention of thirteen smaller 

introns in Ank2 mRNA, which had to be excluded in my experiments. A systematic 

CRISPR-Cas9 mediated deletion of all Ank2 introns could shed light on any 

requirement of the introns for localisation, although this would be a large undertaking.  

Other sequences and motifs that were not tested in my experiments, for 

example the 5’UTR sequence, might also affect Ank2 transportation. There are 

precedents of 5’UTRs regulating the localisation, as well as translation, of mRNAs 
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(Mignone et al., 2002). For instance, while 3’UTR sequences can mediate sensorin 

mRNA transportation into dendrites of Aplysia sensory neurons, the concentration of 

the mRNA in the synapse is achieved via its 5’UTR sequence (Meer et al., 2012). In 

addition, the presence of other motifs, such as guanine-rich four-stranded 

quadruplexes, in the 5’UTR of mRNAs can regulate the transport and translation of 

various mRNAs (Bugaut and Balasubramanian, 2012). Future experiments are 

required to replace the 5’UTR regions of the UAS-LacZ-Ank2 3’UTR reporter with the 

equivalent Ank2 sequences and assess RNA localisation by LacZ FISH.  

I also cannot rule out that the localisation signal resides in the regions of the 

coding sequence, for example the region coding aa 1160-1529 (Fig. 4.6), that I did 

not test in my experiments due to the lack of suitable reporter constructs. These 

sequences should also be assayed for localisation in the future. 

 I also used my discovery of axonal localisation of Ank2 mRNA to show that 

the 3’UTR reporter constructs do not block endogenous mRNA localisation processes 

(Fig. 4.9). 

 

4.3.3 The Ank2 3’UTR extension 

As I discussed in Chapter 1, Section 1.11, genes with multiple polyadenylation sites 

in their 3’UTRs can generate different mRNAs with different 3’UTR lengths. 

Although the exact functions of 3’UTRs remain unknown, it has been suggested that 

cis-elements in the extended regions can be essential in mRNA stability, turnover, 

translation efficiency and localisation (Miura et al., 2014). Hilgers et al. (2012) 

demonstrated that synthesis of a majority of the extensions in the Drosophila nervous 

system is dependent on the RBP, ElaV.  

The Ank2 locus has multiple poly(A) sites in its 3’UTR, and transcripts with 

extended 3’UTRs are synthesised (see Chapter 3, Fig. 3.10 and 3.11). I hypothesised 

that the extension of Ank2 3’UTR can correspond to the localisation element, and 

therefore, disrupting the synthesis of the extension sequence can inhibit localisation. 

To explore the mutations that cannot synthesise extended isoforms of Ank2, I decided 

to examine whether ElaV mediates generation of isoforms with longer 3’UTR. 

However, the extended 3’UTR was still present in ElaV mutants (Fig. 4.10). 
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Examination of the mutants did, however, reveal some additional insights. I showed 

that the level of FISH signals from both Ank2 and Ank2_EXT decreased significantly 

in the mutants, and that axonal RNA localisation was preserved. The level of both 

Ank2L and Ank2XL proteins also decreased significantly in ElaV mutant embryos 

(Fig. 4.10A and 4.10B). There was no global reduction of protein levels, however, as 

the Futsch signal remained unchanged (Fig. 4.10C). These results also demonstrated 

that the nervous system does not have detectable abnormalities when the level of both 

Ank2 RNA and proteins are reduced in ElaV5. Therefore, while ElaV can determine 

the levels of Ank2 mRNA and protein, synthesis of the Ank2 3’UTR extension is 

independent of ElaV.  

I found that the Ank2 3’UTR reporter does not produce the extended isoform 

of the 3’UTR (Fig. 4.8). It has been shown previously that endogenous promoter 

sequences can be required for generating extended 3’UTR isoforms by an unknown 

mechanism (Oktaba et al., 2015). Ribosome profiling and microscopy have shown 

that in Saccharomyces cerevisiae promoter regions of mRNAs direct both mRNA 

translocation and translation under stress (Zid and O’Shea, 2012). Future experiments 

should, therefore, replace the current promoter of the 3’UTR reporter (which is 

derived from pUAST-Hsp70) with the one from the endogenous Ank2 gene to assess 

its effect on the synthesis of the extended 3’UTR and Ank2 RNA localisation in 

axons. 

 

4.3.4 Summary of the main findings 

In this chapter of my thesis, I have demonstrated that: 

• Ank2 localisation is Kinesin-1- and MT-dependent.  

• Ank2 mRNA but not protein level is reduced after overexpression of DN 

Kinesin-1. 

• Ank2L and XL protein levels are decreased after disrupting MT by Spastin 

overexpression.  

• Ank2 3’UTR and the coding sequences tested are not sufficient for its 

localisation in the context of reporter constructs. 

• The endogenous localisation machinery is robust to overexpression of an 

exogenous nonlocalising mRNA. 
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• Synthesis of Ank2 3’UTR extension is independent of ElaV.  

• Mutations of ElaV result in reduction of both Ank2 mRNA and protein levels. 
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5.1 Introduction 

As explained in the previous chapter, I could not find the nucleotide sequences that 

mediate Ank2 mRNA localisation using available reported constructs. The majority of 

localisation elements identified so far in transported mRNAs are present in 3’UTRs 

(Buxbaum et al., 2015; Holt and Schumann, 2013). Ank2 mRNA undergoes APA to 

generate isoforms with different 3’UTRs, and Ank2 with the extended 3’UTR was 

detected in axons (see Chapter 3, Fig. 3.11). I also showed that the long 3’UTR 

isoform was not generated by a UAS-LacZ reporter construct that harboured the DNA 

sequence encoding the full 3’UTR and was not competent to localise into axons (see 

Chapter 4, Fig. 4.5 and 4.8). I therefore hypothesised that sequences that mediate 

axonal localisation of Ank2 mRNA are located in the extended region of the Ank2 

3’UTR. 

As discussed in Chapter 1, Section 1.11, several studies have shown that 

APA can play an essential role in different aspects of mRNA posttranscriptional 

modification. APA can regulate subcellular mRNA localisation by incorporating cis-

acting localisation elements (Yeh and Yong, 2016). There are precedents of 

transcripts with longer 3’UTRs localising to distinct subcellular regions (Andreassi 

and Riccio, 2009; Berkovits and Mayr, 2015; Hilgers et al., 2012; Mayr, 2016). For 

instance, Perry et al. (2012) showed using rat DRG neurons that mRNAs with short 

isoforms were enriched in neuronal cell bodies, whereas, those with longer isoforms 

tended to localise to neuronal processes. 

Several studies have tried to delineate the localisation elements of transcripts 

in neurons by removing the entire 3’UTR sequence. For example, deletion of the 

CAMKIIα 3’UTR, which localises the transcripts to dendrites, resulted in an 85% loss 

of CAMKIIα protein in dendrites of mice, as well as disruption of LTP (Mayford et 

al., 1996; Miller et al., 2002). However, these studies failed to demonstrate the 

specific effect of disrupting mRNA localisation on protein reduction and subsequent 

memory deficit, as the 3’UTR sequence is involved in many other aspects of an 

mRNA’s life cycle. A reduction in the axonal protein level of CAMKIIα following 

3’UTR removal could be due, for example, to a decrease in the stability of the mRNA 

or the translation efficiency. Although it was subsequently shown that the CAMKIIα 
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has an extended 3’UTR isoform in mammalian neurons (Kuklin et al., 2017), the 

functional significance of these sequences has not been investigated in mice.  

In an attempt to shed light on the Ank2 mRNA localisation mechanism and the 

general functions of 3’UTR extensions in neurons, I decided to study the 3’UTR 

extension of Drosophila Ank2 using a genetic approach.  

In this chapter of my thesis, I present my work using the CRISPR-Cas9 

genome-editing method to reengineer the Ank2 3’UTR sequence. First, I describe the 

strategy used to remove different segments of Ank2 3’UTR extension. Then, I report 

the phenotypic analysis of mutant embryos with different mutations in the Ank2 

3’UTR. I also employed a climbing capacity assay to examine the effect of the 

deletions on locomotor function of adult flies. Finally, I describe the results I obtained 

from a biochemical screen for proteins that associate with the extended 3’UTR 

sequences of Ank2 mRNA. Although these experiments did not reveal the location of 

the axonal RNA localisation element(s) in Ank2, they did demonstrate the importance 

of 3’UTR extension during nervous system development.  
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5.2 Results 

 

5.2.1 An overview of the strategy for editing the Ank2 3’UTR 

To shed light on the functional importance of Ank2 3’UTR extension sequences in 

vivo, I decided to use a CRISPR-Cas9 mediated deletion approach. This work built on 

reagents for Drosophila genome engineering that were developed in our laboratory 

(Port et al., 2014; Port and Bullock, 2016). In the “CRISPR with independent 

transgenes” (CRISPR-it) approach, both components of the system – the chimeric 

guide RNA (gRNA) and the Cas9 endonuclease (Sander and Joung, 2014) – are 

provided transgenically and brought together by a genetic cross. This method gives a 

higher rate of mutagenesis compared to other methods, such as injection of DNA 

plasmids or RNAs encoding Cas9 or gRNAs (Port et al., 2015; Port and Bullock, 

2016). I adopted a strategy previously introduced by Gratz et al. (2013) in Drosophila 

to remove genomic DNA segments by designing two gRNAs that target sequences 

that flank the region of interest. The experiments I designed involved making flies 

expressing the two gRNAs from a single genomically-integrated transgene and 

crossing them to flies with a transgenic source of Cas9 protein. After creation of 

double-stranded breaks (DSB) by Cas9 at each target site, the DNA sequence flanked 

by the gRNAs cut site can be removed, and the sugar-phosphate backbone rejoined.  

The Ank2 3’UTR is composed of 859 bp (Flybase) and contains three different 

poly(A) signals (AATAAA) (www.Flybase.org) (Fig. 5.1 and Chapter 3, Fig. 3.10). 

To gain insight into the role of different segments of the Ank2 3’UTR, I designed 

three different pairs of gRNAs to remove (i) the majority of the Ank2 3’UTR (large 

3’UTR deletion (LUD)), (ii) a segment of the 3’UTR proximal to the Ank2 coding 

sequence (proximal 3’UTR deletion (PUD)) and (iii) a segment distal to the Ank2 

coding sequence (distal 3’UTR deletion (DUD)) (Fig. 5.1).  

The gRNA pairs were designed to retain at least one poly(A) signal in the 

genomic sequence so that the RNA could be processed and exported from the 

nucleus.  
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Figure 5.1. Overview of Ank2 3’UTR and intended CRISPR-it mediated 
sequence deletions. Poly(A) indicates polyadenylation signals. The entire genomic 
region encoding the 3’UTR is shown (5’ to the left). 
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5.2.2 Generation of transgenic lines to remove different segments of 

the Ank2 3’UTR extension by CRISPR-Cas9 

To generate flies with the Ank2PUD mutation, I designed a pair of gRNAs (Fig. 5.2A, 

highlighted in yellow) targeting base pairs (bp) 21 to 282 in the Ank2 3’UTR. The 

region encompassed by the gRNA target sites constitutes 30% of the entire 3’UTR; all 

poly(A) sites were excluded from the cleavage sites. The second gRNA pair (Fig. 

5.2B, highlighted in yellow) was designed to remove 292 bp from the extension of 

Ank2 to generate the Ank2DUD allele without deleting any poly(A) sites. To make the 

large Ank2 3’UTR deletion, I designed a pair of gRNAs flanking 755 bp (88%) of the 

3’UTR (Fig. 5.2C, highlighted in yellow), leaving the first and third poly(A) sites of 

the 3’UTR intact (Fig. 5.2C, highlighted in cyan).  

One primary consideration in choosing cleavage sites in the Ank2 3’UTR was 

the availability of protospacer adjacent motif (PAM) sites (canonically NGG for the S. 

pyogenes Cas9 (Doudna and Charpentier, 2014) used in our transgenic strains). The 

Ank2 3’UTR has only 32% GC content, which restricts the number of suitable PAM 

recognition sites.  

In the final design, I was guided by the online tool E-CRISP (http://www.e-

crisp.org/E-CRISP/; Heigwer et al., 2014), which assesses the predicted specificity 

and potential off-target cleavage sites for a gRNA. All the designed gRNAs had the 

highest ranking in E-CRISPR for predicted efficiency without any predicted off-target 

cleavage sites.  
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(A) Ank2 3’UTR PUD mutagenesis: gRNAs and deletion sequence 

 
(B) Ank2 3’UTR DUD mutagenesis: gRNAs and deletion sequence 

 
(C)  Ank2 3’UTR LUD mutagenesis: gRNAs and deletion sequence 
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Figure 5.2 Designed and recovered Ank2 3’UTR deletions. gRNAs designed to 
generate Ank2PUD (A), Ank2DUD (B) and Ank2LUD (C) mutations. The strikethrough 
corresponds to the sequence deleted in the alleles that were analysed phenotypically. 
Note that the deleted sequences do not correspond exactly to the Cas9 cleavage sites 
due to imprecise repair processes. 
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The overall workflow for generating fly strains expressing gRNA and Cas9 is 

shown in Fig. 5.3. I cloned both gRNA sequences for each deletion into the pCFD4 

vector (Port et al., 2014), which utilises the U6:3 and U6:1 promoters for expression 

of the designed sequences fused to gRNA cores. Transgenic flies harbouring these 

constructs were generated using the site-specific PhiC integrase system (see Chapter 

2, Materials and methods). Injection of embryos and selection of transformants were 

performed by BestGene and I generated stocks with a balancer chromosome. 

Male flies containing the gRNA transgenes were crossed to females 

expressing Cas9 from the actin5C promoter (Port et al. 2014). This promoter gives 

strong Cas9 expression in the germline, as well as in the soma. The progeny of the 

actin-Cas9/gRNA crosses are likely to have mosaic germ lines containing 

independently generated Ank2 alleles. Male progeny were crossed to a balancer strain 

to recover individual chromosomes with potential Ank2 3’UTR mutations. Male 

progeny of this cross were then mated with the balancer strain and subsequently 

sacrificed for DNA extraction.  

 

 



	 152	

 

Figure 5.3. The workflow of generating flies expressing Cas9 and gRNAs 
targeting different regions of Ank2 3’UTR. Reproduced from Port and Bullock 
(2016) with modifications.  
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The extracted DNA was used as the template for PCR with primer sequences 

flanking cleavage sites in the Ank2 3’UTR (see Chapter 2, Materials and methods). 

Fig. 5.4 is a representative image of electrophoresised PCR products from the 

experiment designed to remove the largest segment of the Ank2 3’UTR (LUD). The 

yellow arrowhead points to a DNA band with a size corresponding to the presence of 

the expected deletion, and the cyan arrowhead indicates a DNA band corresponding 

to the undeleted sequence or a sequence with a small INDEL.  

 

 

 

 
Figure 5.4 Example of PCR Screening for 3’UTR alleles. The yellow, cyan and 
green arrowheads point to products of sizes expected for the LUD sequence deletion, 
an undeleted sequence or small INDELs, and unintended sizeable sequence deletion, 
respectively. The 1kb Plus DNA ladder was used, with the sizes of alternate 
fragments indicated. Samples were electrophoresised on a 1% agarose gel.  
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Interestingly, not all cleavages resulted in a deletion flanked precisely by the 

Cas9 cut sites. For instance, I found several alleles that appeared to have a smaller 

deletion (e.g. green arrowhead in Fig. 5.4). Table 5.1 shows the proportion of 

offspring for each experiment that had different categories of deletions as detected by 

PCR analysis.  

 

 

 

Table 5.1. A summary of CRISPR-Cas9 mediated mutagenesis efficiency of Ank2 
3’UTR 

 

 

 

 

The deletions of unexpected sizes presumably arose from partial repair of a 

large deletion induced by two gRNAs, or a large deletion associated with cleavage at 

just one of the cut sites. It is worth mentioning that small INDELs at the cut sites 

would not be detected by electrophoresis of PCR products and therefore the overall 

rate of DSB generation may be underestimated for this type of analysis. 

To confirm the presence of desirable mutations, PCR products from 25-30 

alleles per experiment were subjected to Sanger sequencing. Different PCR products 

showed different deletions, some precisely at the Cas9 cleavage site and others with 

breakpoints many base pairs upstream or downstream of the cleavage site. These 

events may be due to partial repair of the deleted sequence. Most PCR products that 

had sizes close to that expected for the wild-type allele (e.g. cyan arrowhead in Fig. 

5.4) showed INDELs at one or both cleavage sites. Thus, Cas9 was successful at 

cutting the DNA sequence in these cases but there was not a large sequence deletion. 

For several alleles with the intended larger deletions, I generated balanced stocks 
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using the offspring of the analysed males and their female mates. The precise 

deletions in the sequences used for phenotypic analysis are shown in Fig. 5.2. 

 

5.2.3 Embryonic nervous system abnormalities upon deletion of some 

Ank2 3’UTR sequences 

I next generated stocks in which the Ank2PUD, Ank2DUD and Ank2LUD alleles were 

balanced with a chromosome containing a GFP marker (ubiquitous expression from 

the actin5C promoter, (Reichhart and Ferrandon 1998)). This allowed identification 

of homozygous mutant embryos produced by heterozygous parents by the lack of 

GFP expression.  

Immunostaining against Futsch and GFP demonstrated that a fraction of 

embryos homozygous for Ank2DUD and Ank2LUD mutations have abnormal nervous 

systems (Fig. 5.5B and 5.5C, top panels). In contrast, the nervous system of Ank2PUD 

homozygous embryos was indistinguishable from the controls (Fig. 5.5A).  

Both CNS and PNS neurons were disrupted in the Ank2DUD and Ank2LUD 

mutants. The defects observed appeared to include mislocalisation of neurons, axonal 

fusion, axonal retraction or failure in axonal extension, and axonal breakage. 
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 (A) Ank2PUD 

 
Internal control 

 
 
(B) Ank2DUD 

 
Internal control 
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(C) Ank2LUD 

 
Internal control 

 
 
Figure 5.5. Ank2DUD and Ank2LUD mutations, unlike Ank2PUD mutations, result in 
an abnormal nervous system phenotype. Embryos with double-immunostaining 
against Futsch (magenta) and GFP (green). GFP-positive controls are from the 
embryos processed in the same tubes. All images are representative examples from 
projections of confocal z-stacks. In all images, anterior is to the left and dorsal to the 
top. Scale bars are 30 µm.  
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The Ank2 3’UTR mutant embryos demonstrated a spectrum of nervous system 

phenotypes, which I categorised as normal (indistinguishable from the majority of 

control embryos), mild abnormalities (Fig. 5.6A) and severe abnormalities (Fig. 5.5B 

and 5.5C, top panels). I defined mild abnormalities as visible axonal arrangement 

defects in the PNS and CNS (as exemplified by arrowheads in Fig. 5.6) but without a 

gap in the nervous system. Severe abnormalities were classed as having gaps in the 

nervous system, as well as relatively large changes in axonal arrangement (e.g. Fig. 

5.5B and 5.5C, top panels). Mild abnormalities were observed in a small fraction of 

control embryos.  

Quantitative analysis (Fig. 5.6B) revealed that 87% of Ank2PUD homozygous 

embryos (total n=55) had normal nervous system morphology and the rest 

demonstrated mild abnormalities. while 72% of Ank2DUD homozygous embryos (total 

n=88) had a normal nervous system, 15% showed severe abnormalities and 12% had 

mild abnormalities. As for Ank2LUD homozygous mutants, 23% of embryos (total 

n=77) had severe abnormalities of the nervous system and 5% had mild 

abnormalities.  

Therefore, while the phenotype was not 100% penetrant for the Ank2DUD and 

Ank2LUD mutant alleles, severe abnormalities were observed in the nervous system.  
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(A) Ank2DUD 

  

  
(B) 

 
 

Figure 5.6. Quantification of abnormalities in the nervous system in analysed 
genotypes. (A) Embryos with Ank2L (magenta) or Ank2XL (red) double staining 
with Futsch (green), indicating representative examples of mild abnormalities in the 
nervous system of Ank2DUD embryos. Cyan arrowheads point to axons that are 
mislocalised into other hemisegments. Images are representative examples from 
projections of confocal z-stacks. In all images, anterior is to the left and dorsal to the 
top. Scale bars are 30 µm. (B) Quantification of abnormalities in the nervous system 
of Ank2 3’UTR homozygous mutant embryos. The quantification was done blind with 
assistance from David Garcia in the Bullock lab. Number of homozygous embryos 
analysed was: Ank2PUD, 55; Ank2DUD, 88; Ank2LUD, 77; OrR/GFP, 81. OrR/GFP 
control embryos are wild-type flies balanced with the same chromosome which 
contains a GFP marker with ubiquitous expression from the actin5C promoter. 
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5.2.4   Ank2 mRNA levels do not change significantly in Ank2 3’UTR 

deletions 

To investigate whether the 3’UTR extension deletions cause any changes in the level 

of Ank2 mRNA or its axonal localisation, I performed Ank2 FISH on embryos mutant 

for Ank2PUD, Ank2DUD, and Ank2LUD alleles. Whereas, homozygosity for Ank2LUD 

alleles resulted in developmental lethality, homozygous stocks of Ank2PUD and 

Ank2DUD alleles could be established. The phenotypic analysis of Ank2PUD and 

Ank2DUD alleles typically used embryos from the homozygous stocks. Ank2LUD 

phenotypes were inferred from the presence of phenotypes in progeny of 

heterozygous parents that were not present in controls. 

 The Ank2 FISH signal in Ank2PUD homozygous embryos (Fig. 5.7A) was 

indistinguishable from the control (Fig. 5.7D); thus, Ank2 mRNA was present in the 

cell bodies and axons (Fig. 5.7A, yellow and red arrowheads, respectively), as well as 

the VNC (Fig. 5.7A, magenta arrowhead). 

As expected, the nervous system abnormalities observed previously using 

Futsch staining were still evident in a subset of Ank2DUD (Fig. 5.7B) and Ank2LUD 

(Fig. 5.7C) embryos subjected to Ank2 FISH. 

I used two different types of control embryos for these experiments: (i) those 

collected from flies expressing actin-Cas9 and (ii) those homozygous for an allele of 

Ank2 that was not mutated during the CRISPR mutagenesis procedure used to 

generate the DUD allele (Fig. 5.2B and 5.4). This strain contained the gRNA 

sequence that was common to both Ank2DUD and Ank2LUD (Fig. 5.2B and 5.2C). Both 

control embryos showed a normal nervous system suggesting that the phenotypes 

observed in Fig. 5.7B and 5.7C are not due to a background mutation in the parental 

strains. 

In Ank2DUD and Ank2LUD homozygous embryos, Ank2 mRNA was localised in 

the axons (Fig. 5.7B shows a representative example for Ank2DUD). Therefore, the 

large majority of the Ank2 3’UTR does not contain an essential localisation element.  

 Several studies have shown that different motifs in the 3’UTR can affect the 

stability of mRNAs (Diaz-Munoz et al., 2015; Martens et al., 2017; Matoulkova et al., 

2012; Shalgi et al., 2005). I next considered the possibility that deletion of the 3’UTR 
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sequences affects the level of Ank2 mRNA. Fluorescent intensity measurement of the 

Ank2 FISH signal from the cell bodies, axons, and VNC of mutant embryos with 

observable severe abnormalities showed that none of the deletions resulted in a 

statistically significant change in the mean mRNA level compared to the control (Fig. 

5.7E). However, the Ank2 signal from Ank2DUD and Ank2LUD alleles showed more 

embryo-to-embryo variability compared to the control and Ank2PUD samples (Fig. 

5.7E). These results indicate that while the distal Ank2 3’UTR sequence does not 

mediate mRNA localisation, it does play a role in tuning the levels of Ank2 mRNA.  
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(A) Ank2PUD   (B) Ank2DUD   (C) Ank2LUD 

   
 (D) Control     (E) 

 
Figure 5.7 The DUD and LUD mutations in the Ank2 3’UTR does not affect 
mRNA localisation and levels. Ank2 FISH on embryos with Ank2PUD (A), Ank2DUD 
(B), and Ank2LUD (C) deletions or the control (D). Red and yellow arrowheads point 
to cell bodies and axons, respectively. Magenta arrowheads show the VNC. Images 
are representative examples from projections of confocal z-stacks. In all images, 
anterior is to the left and dorsal to the top. Scale bars are 30 µm. (E) Fluorescent 
intensity measurements (arbitrary units) of Ank2 FISH from the cell bodies, axons, 
and VNC of embryos of the indicated genotypes. Circles represent values from 
individual embryos (7 embryos for Ank2PUD, Ank2DUD and control; 9 embryos for 
Ank2LUD). Statistical significance was evaluated with a one-way ANOVA with 
Dunnett’s multiple comparisons test (ns, not significant). Error bars represent SEM.  
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5.2.5 Ank2L protein, but not Ank2XL protein, has lower levels in all 

Ank2 3’UTR mutant genotypes 

The 3’UTR region can be crucial not only for mRNA localisation and stability but 

also for translational regulation (Martin and Ephrussi, 2009; Yamashita et al., 2017). 

To examine the consequences of Ank2 3’UTR deletions on protein levels, I carried 

out immunostaining on the mutant embryos using Ank2L and Ank2XL antibodies. 

Double staining of the Ank2DUD and Ank2LUD mutant embryos with anti-Futsch 

and either anti-Ank2L or anti-Ank2XL antibodies confirmed that, in many embryos, 

the VNC and PNS had significant abnormalities compared to the control (Fig. 5.8B-

D). Again, the nervous systems of Ank2PUD (Fig. 5.8A) and control (Fig. 5.8D) 

embryos were indistinguishable from each other. 

Fluorescent intensity measurements from the cell body, axons and VNC of 

mutant embryos with severe abnormalities demonstrated a significant reduction of the 

Ank2L protein signal in all three deletions compared to the control (Fig. 5.8E). 

Interestingly, the fluorescent signals showed more embryo-to-embryo variability in 

the Ank2DUD and Ank2LUD samples than in the other two genotypes (Fig. 5.8E). The 

level of Ank2XL signal did not change significantly in any of the mutant genotypes 

compared to control, although the signal was again more variable in Ank2DUD and 

Ank2LUD embryos (Fig. 5.8F), reminiscent of the Ank2 mRNA measurements 

discussed earlier (Fig. 5.7E). Therefore, while Ank2DUD and Ank2LUD mutant embryos 

exhibited a reduction in Ank2L levels and no change in the Ank2XL levels, similar to 

Ank2PUD, the variability of both protein isoforms signals was increased.  
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(A) Ank2PUD 

   

 
(B) Ank2DUD 
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(C) Ank2LUD 

   

   
(D) Control 
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(E)             (F) 

 
 
Figure 5.8. Levels of Ank2L protein, but not Ank2XL protein, are reduced by 
Ank2 3’UTR deletions. Ank2L (magenta) or Ank2XL (red) double-immunostaining 
with Futsch (green) in Ank2PUD (A), Ank2DUD (B), and Ank2LUD (C) embryos 
compared to controls (D). All images are representative examples from projections of 
confocal z-stacks. In all images, anterior is to the left and dorsal to the top. Scale bars 
are 30 µm. Fluorescent intensity measurements (arbitrary units) of Ank2L (E) and 
Ank2XL (F). Circles represent values from individual embryos (Ank2L: 8 for 
Ank2PUD and Ank2DUD, 7 for Ank2LUD and control; Ank2XL: 8 for Ank2DUD, 7 for 
Ank2PUD, Ank2LUD and control). Statistical significance was evaluated with a one-way 
ANOVA with Dunnett’s multiple comparisons tests (****p<0.0001; ***p<0.0004; 
ns, not significant). Error bars represent SEM. 
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5.2.6 Ank2DUD and Ank2LUD embryos have regions in the 

nervous system devoid of neurons 

I next investigated whether the large gaps observed in the AnkL and AnkXL staining 

in  a fraction of Ank2DUD and Ank2LUD embryos (e.g. Fig. 5.5, and Fig. 5.8) were due 

to rearrangement of neuronal processes or the absence of neurons. I used double-

immunostaining of the Ank2 3’UTR mutant embryos for Ank2L or Ank2XL together 

with ElaV, which marks nuclei of all neurons (Fig. 5.9). ElaV staining revealed that 

there were regions of the nervous system that lacked neurons (white arrowheads in 

Fig. 5.9), a phenotype not found neither in control or Ank2PUD mutant embryos. Thus, 

Ank2DUD and Ank2LUD mutations cause regions that are devoid of neurons. 
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(A) Ank2DUD 

   

    
 (B) Ank2LUD 
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(C) Control 

   

   
Figure 5.9. Ank2DUD and Ank2LUD mutations can result in gaps in the nervous 
system. Double immunostaining against Ank2L (magenta) or Ank2XL (red), and 
ElaV (green) in Ank2DUD (A) and Ank2LUD (B), and control embryos (C). White 
arrowheads in (A) and (B) point to gaps in the nervous system. All images are 
representative examples from projections of confocal z-stacks. In all images, anterior 
is to the left and dorsal to the top. Scale bars are 30 µm.  
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5.2.7 Ank2E380 homozygous mutant embryos, which cannot synthesise 

AnkL and AnkXL proteins, have normal nervous system morphology 

I hypothesised that the abnormalities in embryos with Ank2DUD and Ank2LUD 

mutations are due to disrupted protein function.  To investigate whether embryos that 

do not express both Ank2L and Ank2XL proteins have morphological abnormalities, 

I performed double immunostaining of Ank2E380 mutant embryos with Futsch 

antibodies and Ank2L or Ank2XL antibodies.  

The Ank2E380 allele results in an early stop codon (Q1683Stop (Koch et al., 

2008); see Chapter 1, Fig. 1.7). Although it has been shown that larvae mutant for 

this allele exhibit severely abnormal NMJs, withdrawal of synaptic boutons, 

disassembly of presynaptic active zone, and failure of MT to extend into distant 

boutons (Koch et al., 2008; Pielage et al., 2008), embryonic phenotypes have not been 

investigated.  

The Ank2 antibodies allowed the identification of the Ank2E380 mutant 

embryos in crosses of heterozygous parents. A lack of both proteins did not result in 

any observable abnormalities in the nervous system, as exemplified in Fig. 5.10A and 

5.10B. Ank2 FISH in Ank2E380 embryos indicated that the mutant embryos have the 

ability to synthesise and localise mRNA. I did not have a diagnostic tool to identify 

the embryos that are homozygous for the Ank2E380 mutation in my FISH experiments. 

However, I did not detect any observable abnormalities in mRNA level and 

distribution in 85 embryos observed from a cross of heterozygous parents. Examples 

of FISH signals from this experiment are shown in Fig. 5.10C. These results indicate 

Ank2 mRNA localisation is not dependent on its protein synthesis.  
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(A) Ank2E380 

   
(B) Ank2E380 

   
(C) 

  
Figure 5.10. Ank2 protein null embryos do not have any visible abnormalities in 
the morphology of the nervous system and can localise Ank2 mRNA into axons. 
Double-immunostaining for Ank2L (A) or Ank2XL (B) with Futsch (green). (C) 
Ank2 FISH in Ank2E380 heterozygous embryos. (A) and (B) are representative of 58 
and 41 homozygous embryos viewed, respectively, in embryos generated from a cross 
of Ank2E380 heterozygous flies. Images in (C) are representative of 85 embryos 
examined. All images are representative examples from projections of confocal z-
stacks. In all images, anterior is to the left and dorsal to the top. Scale bars are 30 µm. 
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5.2.8 Trans-heterozygous mutant embryos for Ank2DUD/Ank2E380 and 

Ank2LUD/Ank2E380 can have nervous system abnormalities 

The lack of morphological abnormalities in embryos homozygous for the Ank2E380 

mutation could mean that the distal region of Ank2 3’UTR could have functions 

independent of Ank2 protein regulation, such as acting as enhancer for a neighbouring 

gene or synthesis of small proteins. To investigate this hypothesis, I generated 

embryos that had one copy of an Ank2 3’UTR mutant allele and one copy of the 

Ank2E380 allele that, as described above, lacks the ability to synthesise Ank2 proteins.  

While the trans-heterozygous Ank2PUD/Ank2E380 embryos showed a normal 

nervous system (Fig. 5.11A), a fraction of both Ank2DUD/Ank2E380 (Fig. 5.1B) and 

Ank2LUD/Ank2E380 (Fig. 5.11C) embryos had an abnormal nervous phenotype. The 

nature and frequency of the nervous system defects of Ank2DUD/Ank2E380 and 

Ank2CUD/Ank2E380 appeared similar those observed in homozygotes for Ank2DUD and 

Ank2LUD mutations (Fig. 5.5), and this was confirmed by quantitative analysis (Fig. 

5.11D). 

These results indicate that the function of 3’UTR sequences removed in the 

Ank2DUD and Ank2LUD alleles are related to the Ank2 protein. However, the 

abnormalities in the mutant embryos cannot be simply a loss of protein function as 

protein null embryos do not have embryonic defects. These results further corroborate 

that the phenotypes observed in Ank2DUD and Ank2LUD embryos are not an off-target 

effect of CRISPR-Cas9 mutagenesis, as it is very unlikely that an off-target mutation 

would interact genetically with Ank2 alleles.  
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(A) Ank2PUD/Ank2E380 

 
Internal control 

 
 
(B) Ank2DUD/ Ank2E380 

 
Internal control 
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(C) Ank2LUD/ Ank2E380 

 
Internal control 

 
(D) 

 
Figure 5.11. Examples of abnormal nervous system phenotypes in a fraction of 
Ank2DUD/Ank2E380 and Ank2LUD/Ank2E380 embryos. Double immunostaining against 
Futsch (magenta) and GFP (green) in Ank2PUD/Ank2E380 (A), Ank2DUD/Ank2E380 (B), 
and Ank2LUD/Ank2E380 embryos (C) compared to control GFP-positive embryos 
processed in the same tubes. The absence of GFP indicates trans-heterozygous 
embryos for the 3’UTR deletion and the E380 allele. Images are representative 
examples from projections of confocal z-stacks. In all images, anterior is to the left 
and dorsal to the top. Scale bars are 30 µm. (D) Quantification of abnormalities in the 
nervous system of heterozygous embryos for the 3’UTR deletion and the E380 allele. 
The quantification was done blind with assistance from David Garcia in the Bullock 
lab. Number of homozygous embryos analysed was: Ank2PUD/Ank2E380, 64; 
Ank2DUD/Ank2E380, 89; Ank2LUD/Ank2E380, 79; Ank2E380, 68.  
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5.2.9 Adult flies with the distal Ank2 3’UTR mutation have defects in 

locomotor ability 

To test whether Ank2 3’UTR deletions could have abnormalities associated with the 

adult nervous system, I performed locomotion tests (climbing assays) as described in 

Baldwin et al. (2016) (see Chapter 2, Materials and methods). Briefly, I introduced 

flies into a negative geotaxis counter-current apparatus and gave them 10 seconds to 

climb at each position for a total of five attempts. A climbing index based on the 

number of flies at each position was generated. Data from six independent 

experiments were used to generate the graph in Fig. 5.12. 

I did not analyse the Ank2LUD mutation in this assay, as the vast majority of 

homozygotes do not develop to adulthood. While adult flies with the Ank2PUD 

mutation exhibited a climbing activity similar to control flies, Ank2DUD homozygous 

and flies trans-heterozygous for Ank2DUD and an Ank2 protein null allele (K327, early 

stop codon S2043Stop (Koch et al., 2008); see Chapter 1, Fig. 1.7) consistently 

performed relatively poorly in the climbing assay (Fig. 5.12). These results indicate 

that Ank2DUD mutation can cause defects in the adult nervous system, which is 

manifested by defects in the locomotion of the adult fly.  
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Figure 5.12. Ank2DUD and Ank2DUD/Ank2K327 adult flies have a poor climbing 
capacity. Number of adult flies analysed: Ank2PUD, 257; Ank2DUD, 231; 
Ank2DUD/Ank2K327, 218; control, 261. The Ank2K327  mutant allele cannot synthesise 
both Ank2L and XL proteins. Control flies are homozygous for a wild-type allele of 
Ank2 that was recovered during the DUD CRISPR mutagenesis procedure described 
in 5.2.2. The score for each genotype within an experiment was normalised to the 
control. Statistical significance was evaluated with a one-way ANOVA with 
Dunnett’s multiple comparisons tests (****p<0.0001; ns, not significant). Error bars 
represent SEM. Data are representative of six independent experiments for each 
genotype, and results were consistent across experiments.  
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5.2.10 The Ank2 3’UTR distal extension sequence shows a high 

degree of conservation across Drosophila species and interacts with 

seceral RBPs 

Collectively, the data documented above indicates that the 3’UTR extension of 

Ank2 exerts an important function in embryos and adult Drosophila. I established a 

collaboration with a bioinformatician at the MRC-LMB, Dr Balaji Santhanam, to 

examine the evolutionary conservation of the Ank2 3’UTR sequence. Alignment of 

Ank2 3’UTR sequences from a large number of Drosophila species showed a high 

degree of evolutionary conservation (Fig. 5.13). The conservation was evident in both 

the proximal and distal region of the 3’UTR (Fig. 5.13, black and blue arrowheads, 

respectively). A high degree of similarity in the primary nucleotide sequence of Ank2 

3’UTR distal extension among most Drosophila species supports the importance of 

this region.  
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Figure 5.13. Ank2 3’UTR sequence alignment in different Drosophila species. 
Sequence IDs and species in the alignment: XM_017244937.1 Drosophila 
bipectinata, XM_017265918.1 Drosophila elegans, XR_001448514.1 Drosophila 
erecta, XM_017211241.1 Drosophila eugracilis, XM_017184093.1 Drosophila 
ficusphila, XM_017174481.1 Drosophila kikkawai, XM_017280940.1 Drosophila 
miranda, XM_018100578.1 Drosophila navojoa, XM_022367658.1 Drosophila 
obscura, XM_017070386.1 Drosophila suzukii, XM_017137206.1 Drosophila 
takahashii, XM_015194454.1 Drosophila yakuba, NM_001300042.1 Drosophila 
melanogaster. Please note that 818 bp of the 859-bp 3’UTR were analysed. Black, 
blue, and red arrowheads correspond to the sequence in Ank2PUD, Ank2DUD and 
Ank2LUD, respectively. Two poly(A) sites are underlined. The first poly(A) site was 
not covered in this analysis. Boxes indicate blocks of strong conservation; positions 
that are identical in all species are highlighted.  
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I hypothesised that the Ank2 3’UTR distal extension could interact with 

conserved RBPs. I used a protocol established by Dix et al. (2013) to identify proteins 

from Drosophila embryo extract that interact with RNA sequences. I synthesised in 

vitro the RNA sequences corresponding to the Ank2 3’UTR distal extension fused to a 

streptavidin-binding aptamer. I also synthesised a control RNA, which was the 

antisense of the distal extension fused to the aptamer. These fusion RNAs were 

coupled to streptavidin beads, which were then incubated with whole embryo extracts 

(it is not possible to generate extracts specifically from neuronal tissue) (see Chapter 

2, Materials and methods). Three technical replicates were performed for each RNA 

and, following brief washing, RNA-protein complexes were eluted with biotin and 

analysed by mass spectrometry. I initiated a collaboration with Dr Pietro Scaturro at 

Max Planck Institute of Biochemistry (Munich, Germany) to analyse normalised ion 

intensities from each sample by using Perseus computational analysis (Tyanova et al., 

2016). 

Perseus analysis showed a significant enrichment of several RNA-binding 

proteins in the sense Ank2 3’UTR extension samples compared to the antisense 

control (Fig. 5.14 and Table 5.2). Multiple biological replicates of the experiments 

are required before strong conclusions can be drawn but the initial experiments reveal 

a number of well-studied RNA binding proteins. 

Top candidate factors interacting with the Ank2 3’UTR extension included 

RNA binding proteins with important roles in mRNA splicing and development 

(Table 5.2).  

It has been proposed that 3’UTR extensions have scaffold interactions 

between the protein encoded by the RNA and binding partners (Berkovits and Mayr, 

2015). However, none of the known Ank2-interacting proteins, such as α- and β-

spectrin (Pielage et al., 2005), Futsch (Hummel et al., 2000; Roos et al., 2000; 

Stephan et al., 2015), Gao (Luchtenburg et al., 2014), fasciclin II (Schuster et al., 

1996), Kinesin-1, and Dynactin (Eaton et al., 2002; Hurd and Saxton, 1996), 

Neuroglian (Enneking et al., 2013) were enriched in the pull down with the extension 

compared to the control.  
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Figure. 5.14. A Volcano plot showing pairwise comparisons of statistically 
significant proteins interacting with control (blue) and statistically significant 
proteins interacting with Ank2 3’UTR distal extension (red).	Protein IDs in the 
plot: tr|E1JIK0|E1JIK0_DROME Heterogeneous nuclear ribonucleoprotein 87F, 
tr|Q8IMX8|Q8IMX8_DROME FI09213p, tr|M9PEY6|M9PEY6_DROME 5'-3' 
exoribonuclease 2 homolog, sp|Q94901|LARK_DROME RNA-binding protein lark, 
tr|M9NF14|M9NF14_DROME IGF-II mRNA-binding protein, 
tr|A0A0B4K6U6|A0A0B4K6U6_DROME RNA-binding protein squid, 
tr|Q9VKW8|Q9VKW8_DROME FI07244p. The gray circles represent statistically 
nonsignificant interacting proteins with Ank2 3’UTR distal extension. The x-axis 
shows relative fold-enrichment over the control (–Log2 scale) and the y-axis shows 
relative –Log2 p value. The criteria for positive hits were set at p value<0.05; S0=0.1; 
using Welch‘s T-test. Other candidates on the right of the arbitrary magenta line 
drawn are shown in Table 5.2. 
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Table 5.2. List of interacting proteins with Ank2 3’UTR distal extension. The 
underlined proteins are corresponding to statistically significant proteins pull-downed 
in Fig. 5.14 (red circles). Other interesting proteins that showed a nonsignificant 
enrichment are shown for the record. 

Protein	name	 Gene	 Function	 References	
Heterogeneous	nuclear	
ribonucleoprotein	87F	

Hrb87F	 RNA	binding,	mRNA	
translation	

Ji	et	al.,	(2016);	Khan	et	
al.,	(2015)	

FI09213p	 LSm3	 RNP	assembly,	mRNA	
splicing,	nuclear	export	

Barth	et	al.,	(2015);	
Phanse	et	al.,	(2016)	

5'-3'	exoribonuclease	2	
homolog	

Rat1	 5'-3'	exoribonuclease	activity	 Chen	et	al.,	(2016);	
Gerbasi	et	al.,	(2011)	

RNA-binding	protein	
lark	

lark	 RNA	binding,	embryonic	
development,	cytoskeleton	
organisation,	locomotion		

Huang	et	al.,	(2014);	
McNeil	et	al.,	(2004)	

IGF-II	mRNA-binding	
protein	

Imp	 mRNA	splicing,	nervous	
system	development,	neuron	

remodeling	

Adolph	et	al.,	(2009);	
Boylan	et	al.,	(2008);	
Medioni	et	al.,	(2016)	

RNA-binding	protein	
squid	

sqd	 mRNA	localisation,	
translation,	axis	development	

Geng	et	al.,	(2006);	
Norvell	et	al.,	(2005)	

FI07244p	 BcDNA:RE
35747	

mRNA	splicing	(prediction)	 NA	

Heterogeneous	nuclear	
ribonucleoprotein	at	

98DE	

	
Hrb98DE	

Nuclear	RBP	regulating	
stability,	splicing,	

translational	repression	

Appocher	et	al.,	
(2017);	Ishigoro	et	al.,	

(2017)	

Trailer	hitch	 tral	 mRNA	localisation,	mRNA	
translation,	cytoskeleton	

organisation	

Gotze	et	al.,	(2017);	
Snee	and	Macdonald	

(2009)	

Sister-of-Sex-lethal	 ssx	 mRNA	translation,	sex	
determination,	development	

Eirin-Lopez	et	al.,	
(2017);	Lin	et	al.,	

(2017)	
Cabeza	 caz	 mRNA	splicing,	adult	

locomotion,	axonal	transport	
Baldwin	et	al.,	(2016);	
Horan	et	al.,	(2015)	

CG7556	 CG7556	 NMJ	development	 Raut	et	al.,	(2017)	

BcDNA:HL01868	 Uncharact
erized	

protein	C	

RNA	helicase	activity	 NA	

Autophagy-related	16	 Atg16	 Autophagy,	apoptosis	 Nagy	et	al.,	(2017);	
Varga	et	al.,	(2016)	

Spenito	 nito	 mRNA	splicing,	stem	cell	
differentiation	

Chang	et	al.,	(2008);	
Lence	et	al.,	(2016)	

Deoxyuridine	
triphosphatase	

dUTPase	 dUTP	synthesis	and	
modification,	cell	division	

Horvath	et	al.,	(2015);	
Muha	et	al.,	(2009)	

CG30122	 CG30122	 mRNA	splicing	 Appocher	et	al.,	(2017)	
Maheshvara	 mahe	 mRNA	splicing,	RNA	helicase	 Lasko	(2009);	Surabhi	

et	al.,	(2015)	
Zipper	 zip	 Actin	binding,	myosin	activity	 Bloor	and	Kiehart	

(2001);	Liu	et	al.,	
(2002)	

CG31301	 CG31301	 mRNA	splicing	 Lepennetier	and	
Catania	(2016)	
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Belle	 bel	 RNA	helicase,	translational	
repression	

Gotze	et	al.,	(2017)	
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5.3 Discussion 

 

5.3.1 The Ank2 3’UTR extension contributes to development of the 

nervous system  

I took a CRISPR-Cas9 approach to generate three different mutant fly strains that 

have different regions of the Ank2 3’UTR deleted (Fig. 5.1 and 5.2). While Ank2PUD 

embryos showed a normal nervous system (Fig. 5.5A), abnormal embryonic nervous 

system morphology was observed in a fraction of Ank2DUD (Fig. 5.5B) and Ank2LUD 

(Fig. 5.5C) mutant embryos (quantified in Fig. 5.6B). Ank2 mRNA was localised in 

axons in Ank2DUD and Ank2LUD mutant embryos (Fig. 5.7). While data from 

fluorescent intensity measurements of Ank2 FISH signal showed more variance in 

Ank2DUD and Ank2LUD mutants, the mean level of mRNA did not change significantly 

in any of the mutants compared to the control (Fig. 5.7E). 

Fluorescent intensity measurements showed that the deletion of the three Ank2 

3’UTR segments did result in a statistically significant reduction of Ank2L protein 

levels, whereas the Ank2XL protein did not show significant changes (Fig. 5.8). The 

reduction of Ank2L protein per se cannot cause the abnormal nervous system 

phenotype observed in the Ank2DUD and Ank2LUD embryos as the Ank2PUD embryos 

has a normal nervous system despite a lower Ank2L level. Unlike the Ank2PUD 

mutant, however, the variance of fluorescent intensity of Ank2L and Ank2XL was 

increased in Ank2DUD and Ank2LUD mutants (Fig. 5.8E and 5.8F).  

As a higher variance of Ank2L and Ank2XL protein was observed with 

Ank2DUD and Ank2LUD alleles, one of the potential functions of the Ank2 3’UTR 

extension sequence could be regulation of the relative ratio of these two isoforms. In 

the absence of the 3’UTR extension, the ratio of Ank2L:Ank2XL protein isoform 

could change in some neurons or some embryos. A change in the ratio of these 

proteins could perturb interaction of Ank2 isoforms with downstream interacting 

factors such as Futsch (Stephan et a., 2015), resulting in abnormalities in the nervous 

system. As I have mentioned previously in Chapter 3, both Ank2L and Ank2XL 

antibodies were raised in the same species (rabbit), which means that double staining 

of both isoforms in the same neuron/embryo to examine ratios is not currently 
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possible. In the future, raising a new antibody to one of the isoforms in a different 

species or obtaining an antibody used by Stephan et al. (2015) will be very important 

to test such hypotheses.  

 

5.3.2 The Ank2 3’UTR extension is evolutionarily conserved and 

interacts with several RBPs 

The Ank2 3’UTR sequence alignments demonstrated a high degree of conservation 

among all Drosophila species examined (Fig. 5.13), which provides further support 

for an important function of the extension sequence. Future analysis of the ability of 

Ank2 3’UTR conserved regions to form secondary structures could shed light on 

regulatory elements found in this region. 

I hypothesised that binding partners could interact with the Ank2 3’UTR 

extension sequence. Although preliminary, mass spectrometry analysis of RNA 

affinity purification experiments provided evidence that the distal extension region 

interacts with conserved proteins that have been implicated in mRNA splicing, 

translation, stability and nuclear export (Table 5.2). Genetic analysis has shown that 

at least some of these factors are important for Drosophila development (Table 5.2). 

One candidate, Imp (ZBP in vertebrates), has even been shown to be important for 

neuronal remodelling at least in the pupal nervous system (Medioni et al., 2014). As 

many RBPs that regulate mRNA splicing can interact with the Ank2 3’UTR distal 

sequence, deletion of this region in Ank2DUD and Ank2LUD mutants could conceivably 

affect the ratio of mRNAs encoding the Ank2L and XL proteins. This could account 

for the higher variance of Ank2L and XL protein levels in Ank2DUD and Ank2LUD 

mutants (Fig. 5.8).  

Alternatively, Ank2DUD and Ank2LUD mutations could disturb the binding of 

RBPs important for temporal control of protein translation, thereby resulting in earlier 

or later expression of Ank2 proteins and consequently abnormalities in the nervous 

system (see Chapter 6, Section 6.3 for further discussion).  

As described in the results, more mass spectrometry repeats are required to 

verify my initial results on RBPs that interact with the 3’UTR extension. Ultimately, 

analysis of embryos in which RBPs that bind the 3’UTR extension are disrupted (by 
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genetic mutations or neuron-specific RNAi) is required to elucidate the importance of 

these proteins for functions mediated by the Ank2 3’UTR extension.  

I generated extracts from the whole embryos collected in 0-17 h to cover the 

entire embryogenesis. Although the generation of neuron-specific extracts is not 

technically feasible, future pull-down experiments with extracts generated from 

embryos with different stages of nervous system development could shed light on the 

dynamics of Ank2 3’UTR interactions during nervous system development. 

Alternatively, it may be worthwhile to generate extracts from primary Drosophila 

neuronal cultures (Sanchez-Soriano et al., 2009) as this should provide enrichment for 

neuronally-expressed RBPs. 

Collectively, my work reveals an important function for a 3’UTR extension in 

the embryonic nervous system. 

 

5.3.3 Ank2 protein null mutant embryos have normal Ank2 mRNA 

localisation and no visible abnormalities in the nervous system 

One striking observation was that embryos that cannot make Ank2L and XL proteins 

do not have observable defects in the embryonic nervous system (Fig. 5.10). 

Consistent with this finding, I also noted that reduction of Ank2L and XL protein 

levels by mutation of ElaV did not result in an overt nervous system phenotype (see 

Chapter 4, Fig. 4.10). Pielage et al. (2008) and Koch et al. (2008) demonstrated that 

the lack of both Ank2L and XL isoforms (through a premature stop codon) causes 

abnormalities in the larval NMJ such as terminal bouton defects and presynaptic 

retraction. These studies did not examine the effects of lacking Ank2 protein on the 

embryonic nervous system. In the future, immunostaining of the larval nervous 

system in Ank2 PUD, DUD and LUD mutants could provide more information on the 

importance of the 3’UTR sequences in different Ank2 functions. These experiments 

might shed light on the reason most flies homozygous for the Ank2LUD mutation, 

unlike the Ank2DUD mutation, cannot survive to adulthood. I noted that a few flies 

homozygous for the Ank2LUD mutation that do survive to adulthood have abnormally 

held out wings. This phenotype is not observed in homozygotes for the the other 

3’UTR deletions, confirming a different phenotypic spectrum for the longer 3’UTR 

deletion. 



	 189	

I also generated trans-heterozygous strains, which have one copy of an Ank2 

3’UTR mutant allele, and one copy of a protein null allele (E380). Similar to 

homozygous Ank2DUD and Ank2LUD mutations, a fraction of the trans-heterozygous 

Ank2DUD/Ank2E380 and Ank2LUD/Ank2E380 embryos had abnormal nervous system 

morphology (Fig. 5.11).   

Ank2E380 mutations do not cause defects in mRNA expression and localisation 

(Fig. 5.10). I speculate that the trans-heterozygous condition results in phenotypes 

because heterozygosity for the protein null allele compromises Ank2 function in a 

condition when the ratios of the L and XL isoforms are disturbed by the deletion of 

the 3’UTR extension. In contrast, reducing of eliminating both protein isoforms (by 

mutation in ElaV or an early stop codon) does not give an embryonic phenotype 

because there is no imbalance in protein isoforms.  In other words, I hypothesise that 

while a total reduction in mRNA or protein levels does not cause abnormalities in the 

nervous system, a change in the ratio of different isoforms does. 

 I cannot rule out that sequence encoding the 3’UTR extension of Ank2 has 

functions that are not directly related to Ank2 protein, such as regulation of 

transcription of another gene or making a small peptide. However, this seems unlikely 

due to the genetic interaction with the Ank2 protein null allele. Future experiments 

with mutant embryos with an allele that contains the extension deletion and also 

cannot make specific Ank2 protein isoforms could shed further light on the function 

of the 3’UTR extension sequence (see Chapter 6 for further discussion).  

 

5.3.4 Adult flies with the distal Ank2 3’UTR deletion have defects in 

climbing ability 

A climbing assay revealed that while homozygous Ank2PUD adult flies had locomotion 

similar to controls, homozygous Ank2DUD adult flies had a reduced locomotion 

capacity (Fig. 5.12). Locomotory defects were also observed in trans-heterozygotes 

for Ank2DUD and an Ank2 protein null allele. These results are reminiscent of the 

phenotypic analysis in embryos (Fig. 5.11).  

 A reduction in the climbing ability indicates that the Ank2DUD mutation causes 

a defect in the adult fly nervous system. More experiments are required to investigate 
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potential morphological defects in the adult nervous system. These could include 

immunostaining approaches and the introduction of transgenes marking specific 

neuronal subtypes. It will also be important to investigate the effect of the DUD 

mutation on the musculature of the adult fly. Ank2 is expressed in larval 

motorneurons (Koch et a., 2008; Pielage et al., 2008; Stephan et al., 2015), but no 

data is available on the expression pattern of Ank2 in the adult nervous system. 

Neuron- and muscle-specific RNAi against Ank2 in adult flies can shed light on 

whether the reduced locomotion ability is due to a defect in muscle or neurons, or 

both tissues.  

 

5.3.5 Summary of the main findings 

In this chapter of my thesis, I have demonstrated that: 

• Ank2DUD, Ank2LUD, Ank2DUD/Ank2E380, and Ank2LUD/Ank2E380 mutations can 

result in abnormal nervous system morphology in the embryo.  

• None of the three Ank2 3’UTR deletions results in a statistically significant 

change in the Ank2 mRNA level, although Ank2DUD and Ank2LUD mutants 

exhibit an increase in the variance of the RNA signal. 

• Ank2PUD, Ank2DUD and Ank2LUD mutations cause a decrease in Ank2L level. 

• None of the Ank2 3’UTR mutants cause a significant change in Ank2XL level.  

• Embryos that cannot synthesise either isoform of Ank2 proteins have a normal 

nervous system and can localise mRNA in processes. 

• Adults homozygous for Ank2DUD and heterozygous for Ank2DUD/Ank2K327 have 

a reduced climbing ability.  

• The Ank2 3’UTR distal extension sequence is conserved among Drosophila 

species and appears to interact with conserved RBPs.  

• Collectively, my data reveal an important function for a 3’UTR extension in 

nervous system development. 
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In this chapter, I recap the key findings of my thesis research and describe several 

ideas for future approaches to address outstanding questions regarding mRNA 

localisation and alternative polyadenylation in the nervous system.  

 

6.1 mRNA localisation in Drosophila embryonic axons 

Although in vitro studies of cultured neurons have provided very useful information 

on mRNA localisation and local translation (Atken et al., 2011; 2012; Kirschman et 

al., 2017; Verma et al., 2005), we still do not have a clear understanding of the 

detailed molecular mechanisms underlying axonal mRNA localisation. This is 

particularly the case in vivo, where neurons are present in their physiological 

environment. The initial aim of my thesis was to identify mRNAs that localise in 

axons of embryonic neurons and to use these as model transcripts to understand the 

mechanism of mRNA localisation in vivo.  

Although my work with the 3’UTR reporter library led to the identification of 

3’UTRs that are likely to contain elements that regulate mRNA stability, I could not 

find any 3’UTRs driving mRNA localisation into axons. As discussed in Chapter 3, 

it is possible that fusion to the LacZ sequence disrupts the secondary structure of any 

localisation element present in the 3’UTR of reporters. However, several studies have 

shown that reporter constructs containing the 3’UTR of endogenously localising 

mRNAs can drive localisation in neuronal processes (Davis and Ish-Horowicz, 1991; 

Dynes and Steward, 2007; Rook et al., 2000).  

Another possible reason for the insufficiency of the tested 3’UTR to drive 

mRNA into axons is that sequences in other regions of the message, such as the 

5’UTR, are required for mRNA localisation. As described in Chapter 4, Section 

4.5.2, future investigations with reporters expressing 5’UTRs may facilitate the 

identification of axonal mRNA localisation signals in Drosophila. 

An alternative hypothesis is that Drosophila embryonic axons have a limited 

capacity to mediate mRNA localisation. In fact, it may be that the prevalence of 

asymmetric mRNA localisation in Drosophila oogenesis (Jambor et al., 2015) and 

vertebrate neurons (Cajigas et al., 2012; Jung et al., 2012) is not a feature shared with 

Drosophila neurons. Xu et al. (2013) have provided vivid evidence that nanos mRNA 
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is localised into dendrites of larval class IV da neurons but I am not aware of other 

published examples of robust mRNA localisation in Drosophila neurons. In 

unpublished work from the Bullock lab, Fillip Port and colleagues found only one 

3’UTR (from β-spectrin) of ~270 screened in the full 3’UTR library that mediated 

dendritic localisation in class IV da neurons. It is conceivable that the relatively short 

processes of neurons in Drosophila means that there is little selective pressure to 

evolve mRNA localisation signals. I was, however, successful in identifying one 

axonally localising mRNA in embryonic neurons – Ank2 – from my search on a 

database of FISH images for several thousand mRNA species (Fly-FISH; Lecuyer et 

al., (2008)). Thus, machinery for axonal mRNA localisation does exist in Drosophila 

and it is therefore possible that it is exploited by a relatively small number of other 

transcripts. This could be investigated by performing a FISH screen for the mRNAs 

not analysed by the Fly-FISH project. The potential of embryonic PNS neurons for 

studying trafficking of other cargoes (such as mitochondria, lysosomes and 

endosomes) in neurons in situ could also be explored in the future. 

It is known that the mammalian homologue of Ank2, AnkG, has important 

functions in the nervous system (van der Werf et al., 2017). While it is known that 

AnkG protein can directly associate with Kinesin-1 as part of transport complexes for 

voltage-gated sodium channels in hippocampal neurons (Barry et al., 2014), no 

evidence exists about the subcellular localisation of its mRNA. Future experiments 

should investigate the potential of AnkG mRNA to localise in mammalian axons. This 

work could potentially pave the way for studying evolutionarily conserved mRNA 

localisation mechanisms.  

 

6.2 Ank2 mRNA localisation mechanisms 

Kinesin-1 is responsible for the fast axonal transport of several cargoes toward the 

plus end of MT (Maday et al., 2014; Martin et al., 1999). To have a better 

understanding of the mechanism of Ank2 mRNA localisation, I investigated a role for 

active transportation by overexpressing dominant negative Kinesin-1 as well as 

Spastin.  

DN Kinesin-1 and Spastin overexpression disrupted Ank2 mRNA localisation 

in axons, suggesting a requirement for active transport of the mRNA along MT by the 
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endogenous Kinesin-1 motor. Thus, my work identifies a novel system in which to 

study Kinesin-1-based mRNA transport. In some cases, more than one Kinesin motor 

participates in transport of a single mRNA species (Chang et al., 2004; Gagnon and 

Mowry, 2011) and it will therefore be important to assess the role of other Kinesin 

motors in Ank2 mRNA localisation in axons.  

Interestingly, DN Kinesin-1 expression did not result in a strong accumulation 

of the Ank2 mRNA in the cell body region because the overall level of mRNA in the 

neuron was reduced significantly compared to control. These data raise the possibility 

of a novel quality control mechanism in which failure of the mRNA to associate with 

a motor promotes decay of the transcript. The FISH protocol that I used (Lecuyer et 

al., 2008) does not provide a linear measurement of the signal intensity. Future 

experiments with single molecule FISH (Trcek et al., 2017) are required to have better 

quantitative measurements of mRNA levels after DN Kinesin-1 overexpression. It 

may also be worthwhile to search for interactions between proteins that regulate 

mRNA decay and the Kinesin-1 motor, as this could shed light on the quality control 

mechanism. As described in the discussion to Chapter 4, open questions also remain 

as to why Ank2L and XL proteins have a different distribution in neurons expressing 

DN Kinesin-1 compared to in wild-type neurons. These questions could be addressed 

by live imaging of fluorescently tagged Ank2L and XL.  

One very important unresolved question is what sequences of Ank2 mRNA 

mediate its axonal localisation. As described in Chapter 4 and 5, I did not find 

evidence of an axonal mRNA localisation signal in the coding sequences tested, 

3’UTR sequences (including the extension) or several introns analysed. The possible 

presence of localisation elements in the 5’UTR, thirteen smaller introns or the region 

of the coding sequence not covered in my experiments should be examined in the 

future. An alternative hypothesis is that multiple localisation elements that are 

dispersed across the Ank2 locus act cooperatively to mediate its mRNA localisation. 

A systematic approach to generate a combination of different reporter constructs 

containing various segments of Ank2 is required to test this hypothesis. 

Another outstanding question is the functional importance of Ank2 mRNA 

localisation in sensory axons. Although the experiments with DN Kinesin-1 indicate 

that axonal localisation of the mRNA is not obligatory for the protein to localise in 

axons, it is still possible that mRNA localisation contributes to the efficiency of 
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protein targeting (Hotz and Nelson, 2017; Lewis et al., 2018; Xing and Bassell, 2013). 

Ankyrin family proteins link the actin-spectrin cytoskeleton to integral membrane 

proteins (Bennett and Stenbuck 1979). In Drosophila, Ank2 associates directly with 

β-spectrin and indirectly with MT (Koch et al., 2008; Pielage et al., 2008; Stephan et 

al., 2015). I speculate that trafficking of Ank2 proteins directly would cause 

interactions with regions of the axons that are rich in β-spectrin, thereby hindering the 

delivery of the Ank2 protein to other regions. Therefore, Ank2 mRNA localisation 

could, if combined with local translation, ensure robust distribution of the protein to 

different regions of the axons.  

Studying this hypothesis in the DN Kinesin-1 condition is challenging because 

of potential indirect effects of inhibiting the motor. The bacteriophage-derived MS2-

MS2 coat protein (MCP) system (Beach et al., 1999; Bertrand et al., 1998) could 

instead be used to retain Ank2 mRNA in the cell body region, and thereby assess the 

functional importance of mRNA targeting to the axon. This technique has been used 

previously to tether β-actin mRNA to focal adhesions in mammalian cells by inserting 

MS2-binding sites in the RNA and fusing MCP with vinculin (Katz et al., 2012). 

MCP can be fused to a protein such as the N-terminal region of BicD, which activates 

dynein transport and therefore counteracts anterograde motion (Dienstbier 2009). 

Flies expressing this region of BicD fused to MCP are already available (Dienstbier 

2009). It may also be interesting to observe the functional consequences of directing 

more of the Ank2 mRNA to the distal tip by fusion of MCP to the constitutively active 

version of the Kinesin-1 molecular motor (Doodhi et al., 2014; Kevenaar et al., 2016). 

The MS2-MCP system can also be used in the future to track Ank2 mRNA 

dynamics in live embryos by expressing MCP fused to a fluorescent molecule 

(Bertrand et al., 1998; Fusco et al., 2003; Park et al., 2010; Weil et al., 2010). In situ 

hybridisation has been the traditional method of choice to visualise mRNA molecules 

in their subcellular context but this requires fixation of samples (Cui et al., 2016; 

Singer and Ward, 1982; Yang et al., 2017). Therefore, most of the information on the 

temporal regulation of mRNA trafficking is lost. Live imaging of single RNP can 

provide us with more information on mechanism of Ank2 mRNA localisation and can 

be further extended to study mRNA dynamics under different physiological 

conditions, such as axon injury (Merianda et al., 2013). 
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I have generated two transgenic fly strains that express single gRNAs against 

the proximal region of Ank2 3’UTR, which can be used in CRISPR-Cas9 mediated 

knock in of multiple MS2 elements (Fig. 6.1). I choose target sites in the proximal 

region of the 3’UTR as my functional analysis (see Chapter 5, and reviewed below) 

revealed that this region is less important than the distal region containing the 

extension.  

In summary, my work on Kinesin-1- and MT-dependent localisation of Ank2 

mRNA has provided a model transcript for studying the mechanism of active 

localisation in the tractable embryonic nervous system.  

 

 
Figure. 6.1. Design of gRNAs to facilitate knock in of MS2 sites into the 3’UTR of 
Ank2. The PAM sequences are overlapping on different strands. 
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6.3 Ank2 3’UTR engineering with CRISPR-Cas9  

In the final part of my thesis research, I investigated the role of APA in the context of 

a localising mRNA. To address this question, I decided to study the Ank2 3’UTR 

extension in more detail, which is present in Ank2 mRNA within sensory axons. 

Although the initial aim was to shed light on Ank2 mRNA localisation, the results 

provided interesting insight into the functional importance of APA in the nervous 

system. 

As discussed in Chapter 1 and 5, Hilgers et al. (2012) demonstrated that the 

generation of a proportion of 3’UTR extensions in flies is dependent on ElaV (Oktaba 

et al., 2015). I demonstrated that although the level of Ank2 RNA was reduced in 

ElaV mutant embryos, Ank2_EXT mRNA was still synthesised. Thus, Ank2_EXT 

mRNA synthesis is independent of ElaV. 

I used CRISPR-Cas9 genome engineering to remove different regions of the 

Ank2 3’UTR. While deletion of proximal sequence in the 3’UTR did not result in any 

observable morphological abnormalities, deletion of the majority of the 3’UTR or just 

the region encompassing the extension resulted in striking nervous system defects in a 

proportion of embryos. None of the alleles resulted in a statistically significant 

reduction of Ank2 mRNA levels, or disrupted localisation of the Ank2 mRNA into 

axons. These observations raised further questions about the function of the extended 

3’UTR.  

I then tested whether development of the embryonic nervous system is 

dependent on Ank2 protein synthesis. I found that embryos that express Ank2 mRNA 

but not protein do not exhibit morphological abnormalities. In contrast, embryos 

trans-heterozygous for a protein null allele and either the distal or long 3’UTR 

deletion do have abnormalities in the nervous system.  

The protein null alleles tested in this thesis abolish the production of both 

Ank2 isoforms, L and XL. Trans-heterozygotes should also be generated using the 

3’UTR deletions and mutant alleles that cannot synthesise specific Ank2 isoforms 

(Stephan et al., 2015). The results of these experiments may elucidate which protein 

isoform(s) is relevant for the phenotype associated with the 3’UTR deletions.  I have 

no reason to suspect that the protein-disrupting mutations will affect production of the 

3’UTR extension but it will be important to confirm if this is the case in order to 
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interpret the results of the experiments with embryos trans-heterozygous for these 

alleles and the extension deletion. If the protein null alleles do not make the 3’UTR 

extension it could be that the trans-heterozygous phenotypes are related simply to loss 

of the extension, rather than a specific effect of lowering the amount of protein 

produced. 

I recently used the CRISPR-it mutagenesis strategy explained earlier to 

generate flies that have an early stop codon mutation in the second common exon of 

Ank2L and XL (Fig. 6.2) within the allele that contains the 3’UTR distal deletion. 

Immunostaining experiments of embryos homozygous for this mutation should clarify 

if the functional requirement for the 3’UTR extension depends on the capacity to 

make Ank2 protein.  

 

 
Figure 6.2. Design of gRNAs to generate a mutant allele that cannot synthesise 
both Ank2 protein isoforms on the 3’UTR distal deletion background. I recovered 
an out-of-frame deletion that leads to a premature stop codon. 

 

 



	 199	

 In other preliminary work I have tested whether abnormalities in the nervous 

system associated with the extension deletion are due to a gain of function phenotype 

because RNA polymerase II transcribes the sequence after the Ank2 3’UTR. To this 

end, I generated probes against the downstream sequence of the Ank2 3’UTR and 

performed FISH on the Ank2DUD embryos. I could not detect any FISH signals. 

Therefore, the abnormal nervous system morphology observed in the Ank2 3’UTR 

distal deletion does not appear to be due to transcription of sequences after the 

deletion region.  

Although the exact function of the Ank2 distal 3’UTR remains unknown based 

on the currently available data, I speculate that the extended 3’UTR sequence may 

regulate the ratio of each protein isoform. While a reduction in the levels of both 

Ank2L and XL isoforms in embryos mutant for ElaV and a total elimination of both 

isoforms in protein null embryos does not affect the nervous system, a change in their 

ratio may have a disruptive effect.  

As I mentioned in Chapter 3 and 5, one limitation in my experimental 

approach is the lack of Ank2L and XL antibodies raised in different species, which 

could be used for simultaneous immunostaining of both isoforms in the same neurons. 

Future investigations with antibodies against Ank2L and XL raised in different 

species are required to visualise both protein isoforms in single embryos.  

Interestingly, Plass et al. (2017) demonstrated that AU-rich sequences in the 

3’UTR could act as hotspots for binding regulatory factors in mammalian cells. Many 

interacting proteins purified in my pull-down experiment with the extension sequence 

have a role in mRNA splicing. Thus, it is possible that the extension regulates the 

splicing process and thereby influences the ration of L to XL. Assuming that these 

investigations confirm that there is a difference in L:XL ratios, several steps could be 

undertaken to shed light on the underlying molecular mechanism. This notion could 

be tested by Northern blotting- or reverse transcription (RT)-PCR-based analysis of L 

and XL transcripts in mutant embryos. Future experiments to study the functional 

importance of the extension-associated proteins by knockdown and knockout 

experiments can also be used to assess the mechanistic basis of any change in ratio of 

L and XL isoforms.  
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As I mentioned in Chapter 5, Section 5.3.2, an alternative hypothesis to 

explain the abnormalities observed upon removal of the Ank2 3’UTR extension is that 

the mutation disrupts the temporal regulation on the expression of different Ank2 

protein isoforms. 3’UTR extensions can act as binding sites for miRNAs to regulate 

mRNA expression (Fig. 6.3) (Hoffman et al., 2016; Plass et al., 2017), and this could 

in principle regulate the timing of expression of the proteins.  

 

 

 

(A) Short 3’UTR mRNA 

 

(B) Extended 3’UTR mRNA 

 

Figure 6.3. 3’UTR extension can act as miRNA binding site. The figure is 
modified from one provided by Dr Lori Passmore. 

 

 

An earlier or later expression of Ank2 protein isoforms due to the absence of 

the distal 3’UTR region might result in an abnormal nervous system by ectopic 

interactions with MT and MAPs, such as Futsch (Battencourt da Cruz et al., 2005). To 

assess whether Ank2 3’UTR deletions can cause a disruption in temporal regulation of 

isoform expression, future experiments are required to examine Ank2 RNA and 

protein isoform expression in embryos collected during narrow time windows.  

It would be interesting to know whether both Ank2L and XL isoforms can 

synthesise the 3’UTR extension. Northern blotting could be used to assess the ability 
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of each isoform to generate mRNAs with extended 3’UTRs (i.e. with a probe specific 

to the extension).  

 Another outstanding question is the nature of the nervous system 

abnormalities observed when the 3’UTR extension is deleted. I observed a wide range 

of defects, including axon fusion, axon retraction or failure of axonal development, 

and regions of the nervous system that were devoid of neurons. Future investigation 

of 3’UTR mutant alleles could include probing with markers of apoptosis and cell 

division, which could shed light on why some regions of the nervous system lack 

neurons. Live imaging of axonal outgrowth (Gibbs et al., 2016; Loverde et al., 2011) 

in 3’UTR mutant alleles should also unravel specific defects in nervous system 

development. As described in the discussion to Chapter 5, it will also be important to 

investigate the cellular basis for the strongly reduced climbing activity that is 

observed in adult flies that are homozygous for the extension deletion.  

In conclusion, although mechanistic details remain to be resolved, my data 

from this part of my thesis provide a proof-of-principle for the importance of a 3’UTR 

extension in nervous system development. Many other genes in Drosophila undergo 

APA to generate mRNAs with different 3’UTR isoforms (Oktaba et al., 2015). A 

systematic analysis of conservation of extension sequences across all genes that 

undergo APA may shed light on the interaction of conserved RBPs. This approach 

could be coupled to large-scale CRISPR-Cas9 mediated deletion of conserved 

sequences and downstream phenotypic analysis. Ultimately, these studies could shed 

further light on the role of enigmatic 3’UTR extensions in the nervous system, and 

potentially other tissues. 
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