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Role du domaine de type prion de Imp dans la régulation des
granules RNP neuronaux

Les ARNms des cellules eucaryotes sont liés a des protéines de liaison aux ARNs (RBPs) et
empaquetés au sein d’assemblages macro-moléculaires appelés granules RNP. Dans les
cellules neuronales, les granules RNP de transport sont impliqués dans le transport
d’ARNms spécifiques jusqu'aux axones et dendrites, ainsi que dans leur traduction locale en
réponse a des signaux externes. Bien que peu de choses soient connues sur I’assemblage et la
régulation de ces granules in vivo, des résultats récents ont indiqué que la présence de
domaines de type prion (PLDs) dans les RBPs facilite les interactions protéines-protéines et
protéines-ARN, favorisant ainsi la condensation de complexes solubles en granules RNP.

La RBP conservée Imp est un composant central de granules RNP qui sont transportés dans
les axones lors du remodelage neuronal chez la drosophile. De plus, la fonction de Imp est
nécessaire au remodelage des axones lors de la maturation du systéme nerveux de
drosophile. Une analyse de la séquence de la protéine Imp a révélé qu’en plus de quatre
domaines de liaison aux ARNs, Imp contient un domaine C-terminal désordonné enrichi en
Glutamines et Serines, deux propriétés caractéristiques des domaines PLDs. Lors de ma
these, j’ai étudié la fonction de ce PLD dans le contexte de ’assemblage et du transport des
granules RNP. J’ai observé en culture de cellules que les granules Imp s’assemblent en
absence de PLD, bien que leur nombre et leur taille soient augmentés. Des protéines
présentant une séquence PLD mélangée, au contraire, s’accumulent dans des granules au
nombre et a la taille normaux, indiquant que I’état désordonné de ce domaine, et non sa
séquence primaire, est essentiel a 'homéostasie des granules. De plus, des expériences de
FRAP réalisées en culture de cellule et in vivo ont révélé que le domaine PLD de Imp favorise
la dynamique des granules. In vivo, ce domaine est nécessaire et suffisant a 'accumulation
axonale de Imp. Comme montré par une analyse en temps réel, I'absence de domaine PLD
aboutit également a une diminution du nombre de granules axonaux motiles.
Fonctionnellement, le domaine PLD de Imp est essentiel au remodelage neuronal car des
protéines sans ce domaine ne sont pas capables de supprimer les défauts de repousse
axonale observés apres inactivation de imp. Enfin, la génération d’un variant de Imp dans
lequel le domaine PLD a été déplacé en N-terminus a montré que les fonctions du PLD dans
le transport des granules et dans leur assemblage sont découplées, et que la modulation des
propriétés des granules Imp médiée par le domaine PLD n’est pas nécessaire au remodelage
neuronal in vivo.

En conclusion, mes résultats ont montré que le domaine PLD de Imp n’est pas nécessaire a
I'assemblage des granules RNP Imp, mais régule leur nombre et leur dynamique. De plus,
mon travail a mis en évidence une fonction inattendue pour un domaine PLD dans le
transport axonal et le remodelage des neurones lors de la maturation du systéme nerveux.

Mots clés : Drosophile, protéine de liason a 'ARN, granule neuronale, RNP transport



Role of the Prion-like domain of Imp in neuronal RNP granule

regulation

Eukaryotic mRNAs are bound by RNA Binding Proteins (RBP) and packaged into diverse
range of macromolecular assemblies named RNP granules. In neurons, transport RNP
granules are implicated in the transport of specific mRNAs to axons or dendrites, and in
their local translation in response to external cues. Although little is known about the
assembly and regulation of these granules in vivo, growing evidence indicates that the
presence of Prion Like domains (PLD) within RBPs favours multivalent protein—protein and
protein-RNA interactions, promoting the transition of soluble complexes into RNP granules.
The conserved RBP Imp is as a core component of RNP granules that are actively
transported to axons upon neuronal remodelling in Drosophila. Furthermore, Imp function
was shown to be required for axonal remodelling during Drosophila nervous system
maturation. Analyses of the domain architecture of the Imp protein revealed that, in addition
to four RNA binding domains (RBD), Imp contains a C-terminal domain showing a striking
enrichment in Glutamines and Serines, which is one of the characteristics of a PLD. During
my PhD, I explored the function of the PLD in the context of granule assembly and transport.
In cultured cells, I observed that Imp granules assembled in the absence of the PLD, however
their number and size were increased. Proteins with scrambled PLD sequence accumulated
in granules of normal size and number, implying that the degree of disorder of this domain,
and not its sequence, is essential for granule homeostasis. Moreover, FRAP experiments,
performed on cultured cells and in vivo, revealed that Imp PLD is important to maintain the
turnover of these granules. In vivo, this domain is both necessary and sufficient for efficient
transport of Imp granules to axons. These defects are associated with a reduction on the
number of motile granules in axons. Furthermore, mutant forms lacking the PLD do not
rescue the axon remodelling defects observed upon imp loss of function. Finally, a swapping
experiment in which I moved Imp PLD from the C-terminus to the N-terminus of the protein
revealed that the functions of Imp PLD in granule transport and homeostasis are uncoupled,
and that PLD-dependent modulation of Imp granule properties is dispensable in vivo.
Together, my results show that Imp PLD of is not required for the assembly of RNP granules,
but rather regulates granule number and dynamics. Furthermore, my work uncovered an
unexpected in vivo function for a PLD in axonal transport and remodelling during nervous
system maturation.

Keywords : Drosophila, RNA binding proteins, neuronal granules, RNP transport
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1 Introduction

Eukaryotic cells have evolved to maintain the stability of their internal environment
through tight regulation of gene expression. Gene expression, composed of the two cardinal
steps of transcription and translation, decodes genes to produce proteins which act as
building blocks of all organisms. Regulation of transcription is the first step of gene
expression. The coordinated effort of several factors such as transcription factors, chromatin
regulators and the transcription machinery leads to regulated production of RNA transcripts,
and has for long been established as a nuclear process (Shandilya and Roberts 2012) .
However, the subcellular location of the translation machinery has remained a subject of
debate for years. It was originally believed that proteins were translated in the nucleus based
on studies that reported the isolation of polyribosomes from the nuclei, the presence of
translational machinery in the nucleus, and detection of amino acids precursors in physically
isolated nuclear preparations (Birnstiel and Flamm 1964; Goidl et al. 1975; Iborra et al.

2001; David et al. 2012)

However, the theory of nuclear translation was later abandoned based on electron
microscopic (EM) images indicating the presence of molecular components necessary for
translation outside of the cell’s nucleus (Job and Eberwine 2001), and the absence of the
complete set of translation machinery in the nucleus (Bohnsack et al. 2002; Dahlberg et al.
2003)._Furthermore, studies indicated that the ribosomal units were functional only after
maturation in the cytoplasm (Bohnsack et al. 2002; Dahlberg et al. 2003). Over the years, it
further became apparent that translation machineries were not only localized at the
periphery of the nucleus, close to nuclear export sites, but were also found in various cellular
compartments. Indeed, biochemical and EM data reported the distribution and association
of ribosomes like particles at the endoplasmic reticulum, and additionally along the mitotic
apparatus and microtubules, as well as in axons or dendritic spines (Steward and Banker

1992; Job and Eberwine 2001; Lecuyer et al. 2009). These discoveries led to the speculation



that translation of mRNAs may occur locally in specialized subcellular compartments
(Suprenant 1993). A breakthrough in this field came through the work of Jeff et al in 1983,
which reported asymmetric subcellular localization of f-actin mRNA in ascidian eggs
(Jeffery et al. 1983). Since then, several studies showed a myriad of examples of asymmetric
localization of mRNAs in different model organisms, establishing that asymmetric mRNA
localization was not restricted to a specific cell type (Figure 1). Moreover, these studies
emphasized that mRNA localization was critical for cell development and cell functions, e.g.
for embryogenesis (Weil 2014), neuronal synapse formation and plasticity (Wang et al.

2009; Holt and Schuman 2013), or cell migration (Shestakova et al. 2001).

In the first part of the introduction (1.1), I will briefly explain a few examples illustrating
the conserved mechanism of RNA localization observed across various cell types and then
continue to extensively present the techniques and information available about RNA
localization and local translation, focusing on neurons (1.2-1.6). In the second part of the
introduction (2.1-2.5), I will introduce the function, and the mechanism of assembly and
transport of neuronal RNA-Protein granules. In the third part (3.1-3.3) I will introduce the
role of the RNA Binding Protein Imp in RNA transport and regulation, and finally (4) end

with the specific objectives of my thesis work.

1.1 The prevalence of mRNA localization

The best characterized roles of RNA localization were demonstrated in oocytes, yeast,
migrating cells and polarized neurons. In Drosophila oocytes, the most investigated
examples are the asymmetric localization of gurken, oskar, bicoid and nanos mRNAs.
During oogenesis, these mRNAs localize to the anterior (gurken, bicoid) and posterior
(oskar, nanos) poles of the oocyte, and initiate a series of events that are responsible for the
elaborate body axis specification and patterning of the embryos (Fig. 1 A) (Ephrussi et al.
1991; Johnstone and Lasko 2001). Similar examples of localized RNAs have also been

described in other model organisms such as Xenopus oocytes, where Vg1 mRNA localization



to the vegetal pole results in the endodermal and mesodermal patterning (Fig. 1 B) (Yisraeli
et al. 1990; Kloc et al. 2002b), and in Zebrafish oocytes, where cyclinB, zDazl and vasa
mRNAs localize during oogenesis to the animal and vegetal poles and cortex respectively
(Howley and Ho 2000). Asymmetric RNA accumulation is also important for differential fate
specification, which is well demonstrated through the asymmetric localization of Asht mRNA
in the daughter cells of budding yeasts during late anaphase (Fig. 1 C). The local translation
of the Aship protein represses transcription of the HO endonuclease specifically in the
daughter cell, resulting in a mating type switch between the mother and daughter cell
(Gonsalvez et al. 2005). Another described function of RNA localization is in establishing
polarity and directed migration. Localization to the leading edge of migrating fibroblasts of
mRNAs coding for cytoskeletal proteins such as B-actin or subunits of the Arp2/3 complex,
has been shown to be important for polarity and motility (Fig. 1 D) (Lawrence and Singer

1986; Condeelis and Singer 2005; Liao et al. 2011).

Although the above studies documented RNA localization to specific cellular
compartments, the number of such documented transcripts was relatively limited until the
last decade. Significant advances in transcriptome-wide analysis have recently helped to
unravel how prevalent the spatial distribution of many mRNAs is. Notably, the work of
Lecuyer et al and followers, involving systematic high resolution In Situ Hybridization (ISH)
in Drosophila tissues, showed that 71% of the transcripts exhibited differential subcellular
localization (Lecuyer et al. 2007; Jambor et al. 2016; Wilk et al. 2016). Similarly, several
groups performed genome-wide microarray analyses across different subcellular fractions of
cell types such as Xenopus oocytes or fibroblasts, further identifying the enrichment of
subsets of mRNAs involved in diverse functions such as cell motility, cytoskeletal
organizations and regulating cell cycle (Blower et al. 2007; Mili et al. 2008). New image-
based technologies combined with modified FISH technologies have also been beneficial in
documenting the subcellular distribution of up to 1,000 transcripts in single cultured cells,

highlighting the prevalence of asymmetric localization (Battich et al. 2013).
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Figure 1: Schematic representation of the classical examples of asymmetric

mRNA localization in different cell types.

A) Localization of bicoid mRNA to the anterior pole of the Drosophila embryo, and oskar and nanos
mRNAs to the posterior pole B) Vg1 mRNA localizes to the vegetal pole of the Xenopus oocyte. C) Ashi
mRNA localizes to the bud tip of a budding yeast. D) S-actin mRNA localizes to the leading edge of
migrating fibroblast cells.

Image adapted from (Martin and Ephrussi 2009).

The phenomenon of mRNA targeting was believed not to occur in prokaryotes owing
to the understanding that RNA transcription was strictly coupled to protein synthesis.
However, several pioneering studies using ISH and advanced live-cell imaging have shown
over the past decade a non-random pattern of distribution of some RNAs in bacterial cells

(Fig. 2) (Nevo-Dinur et al. 2011; Buskila et al. 2014). Induction of RNA transcription and live



imaging of tagged RNAs revealed the accumulation of RNAs at the poles, laterally along the
cell wall (Valencia-Burton et al. 2009). Although the precise function of RNA localization in
bacteria remains to be established, it demonstrates that this process is an integral part of

gene expression that is conserved in prokaryotes and eukaryotes.

SOS®S

Figure 2: Schematic representation of the RNA localization pattern observed in

prokaryotes.

Bacterial RNAs can localize to specific subdomains, typically showing one of the four following
patterns of distribution: a) near poles, b) helix-like distribution in the cytoplasm, c) laterally along the

cell wall, and d) close to the gene locus.

Thin green wavy lines represent RNA and the thick blue curly lines represent chromosomes (Nevo-

Dinur et al. 2012).

1.2 Neurons are highly polarized cells

Neurons are highly complex cells with a polarized morphology; they contain distinct
compartments: axon, cell body and dendrites (Fig. 3). Dendrites are long, branched
extensions with specialized domains found on the dendritic surface and called the dendritic
spines. Super resolution imaging revealed that spines can further be divided into multiple

microcompartments (Chen and Sabatini 2012). Dendrites integrate synaptic inputs from



divergent cells, which are then relayed to the axon via the cell body (Gulledge et al. 2005).
Axons are the longest cellular processes seen in animals and can form multiple branches,
enabling contact with multiple targets and propagation of signal input to other cells (Prokop
2013). Functional circuits are formed during nervous system development, when growth
cones, the motile sensory tip of axons, sense extracellular guidance cues and make their way
through complex environments. Connectivity is then established via the formation of
synapses, specialized junctions where the presynaptic axons contact the postsynaptic
dendrites (Kalil and Dent 2014). Although neural circuits are established initially in response
to developmental cues, local modulation of neuronal structure (termed remodeling) and
modulation of synaptic strength are induced by neural activity, highlighting the plasticity of

neuronal cells (Takeuchi et al. 2014).
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Figure 3: Morphology of the neuron.

Long Polarized extensions, axons (orange) and dendrites (blue), emerge from the cell body (gray) and
travel through the complex environment to make synaptic contact with neighbouring neurons or other
cells. The spiny protrusions of the dendrites, seen as mushroom shaped protrusions on the dendrites,
are involved in forming the synaptic contacts with the presynaptic axons. Image adapted from

(Rangaraju et al. 2017).

Both the initial growth and branching of a neurite, and its remodeling, depend on the
coordinated regulation of neuronal cytoskeletal elements: actin, microtubule (MT) and
neurofilaments. Focal accumulation of actin monomers and actin polymerization drive the
formation of filopodia or lamellipodia from the cell body (Fig. 4 A, C) (Armijo-Weingart and
Gallo 2017). While local F-actin polymerization generates the force necessary for neurite
protrusion, neurite stabilization depends on the organization of the parallel arrays of tubulin
heterodimers which constitute the MT network (Fig. 4 B, C). The formation of axon branches
from the main axon follow a relatively similar event of actin accumulation, protrusion and
MT stabilization-dependent growth (Pacheco and Gallo 2016). Several studies have indicated
that F-actin bundles behave as predetermined tracks for the growth and stabilization of MTs.
Furthermore, F-actin polymerization or retrograde flow of actin have been indicated to
influence the assembly and disassembly of MTs (Coles and Bradke 2015; Cammarata et al.
2016). Thus, this concerted action of both actin and MTs is essential for the cellular events

underlying neuron growth and motility.

The unique morphology of neurons, with their cellular protrusions extending mm or
cm away from the cell body, poses serious challenges for the timely delivery of specific
molecules to their appropriate subcellular destinations. To overcome these challenges,
neurons have developed means to sustain such spatio-temporal demands (Gao 1998; Di
Liegro et al. 2014). Among them, is the transport of mRNAs to dendrites and axons coupled
to their local translation, a mechanism first hypothesized by Bodian et al. in the early 60s. In

this study, ribosome ‘particles’ were not only observed in the soma, but also in the dendrites



of motor neurons via electron microscopy (Bodian 1965; Batista and Hengst 2016), leading
the authors to speculate that local translation may exist and may be important for

maintenance and function of neurons.

Peripheral

+ Domair
+
Transi

Zone

. Centra
Domain

microtubules
— F-actin

Figure 4: Organization of the cytoskeleton along the neurite.

Neurons have a very elaborate cytoskeletal structure which defines their morphology. A) Actin
filaments (red in A, C) are seen enriched in the peripheral domain, of the growth cones of an axon. B)
The microtubule (green in A, B, C) network is composed of tubulin heterodimers organized along the

length of the neurite, and predominantly present in the central domain (Pacheco and Gallo 2016).

C) Schematic representation of the parallel array of MTs organized along the axon and the actin
filaments on the growth cones. The growth cone mediates elongation and guidance through actin
polymerisation and depolymerisation. The unipolar actin-rich filopodia extend from the lamellipodia

which contain a dense mesh of actin polymer (Franz and Guck, 2010).



1.3 RNA Localization in dendrites and axons

Bodian’s speculation was further substantiated by the identification of RNA along the
neurites. Starting from the early 80s several studies, using various approaches, have

provided evidence for the subcellular localization of mRNAs in neurons.

RNAs were initially detected using ISH technique. This method relies on
chromogenic or fluorescently-labeled probes complementary to the transcript to be detected,
and enables the detection of mRNAs expressed during various developmental stages and
different environmental conditions. The first detected localized RNAs were revealed to code
for proteins with multiple cellular functions (Burgin et al. 1990; Kleiman et al. 1990; Mohr
1999). For example, the detection of the mRNAs coding for proteins that regulate neuronal
cytoskeleton such as, MAP2 mRNA which promotes tubulin polymerization (Fig. 5 A), and
ARC mRNA, an activity regulated cytoskeletal associated protein, particularly in dendrites
strongly suggested that their local translation may promote dendrite morphogenesis by
regulating cytoskeletal dynamics (Garner et al. 1988; Steward et al. 1998; Yao et al. 2006). A
second group of mRNAs detected in the dendrites were transcripts encoding regulators of
synaptic plasticity such as CamKII« or neurogranin mRNAs (Burgin et al. 1990; Berry and
Brown 1996). The patterned accumulation of specific mRNAs along the dendrites also
correlated with synapse maturation and neural activity. The work of Berry and Brown
demonstrated the detection of CamKII mRNA at apical dendrites of the cerebral cortex and
purkinje cells during the postnatal period coinciding with synaptogenesis. Then on, several
works starkly illustrated the process of RNA sorting to dendrites supporting growth,
morphogenesis and plasticity (Miller et al. 2002; Baj et al. 2011; Kim and Martin 2015).
Similarly, mRNAs were also detected in the axons of invertebrates and vertebrates (Giuditta
et al. 1980; Giuditta et al. 1986; Piper and Holt 2004). Particularly, the detection of mRNAs
encoding cytoskeletal protein, like f—actin mRNA (Fig. 5 B), Actin depolymerizing factor
and tau, highlighted their role in axon morphogenesis and neuronal polarity (Litman et al.

1993; Bassell et al. 1998; Wong et al. 2017). The detection of only a subset of RNAs in axon



and dendrites argued against random diffusion of mRNA into different compartments (Tang
and Schuman 2002). Despite the widespread use, the ISH had significant limitations such as
trouble of detecting transcripts that were expressed at low levels and the sensitivity of the

probes in detecting RNA secondary structure.
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Figure 5: Asymmetric localization of transcripts in neuronal subcompartments

FISH technique indicates the specific localization of Map2 mRNAs (A), in the dendrites (Batish et al.
2012), and B-actin (B) mRNAs in the axons of cultured hippocampal neurons (Bassell et al. 1998).

Arrow indicates the accumulation of mRNA in the growth cones of axons.

The reverse transcriptase polymerase chain reaction (RT-PCR) was an alternate
technique that was used for candidate-based subcellular detection of transcripts (Surmeier et
al. 1992; Miyashiro et al. 1994; Twiss and Fainzilber 2009). The RT-PCR techniques applied
to fractionated neurites and soma revealed large number mRNAs expressed at low levels,
including those encoding glutamate and dopamine receptors. Notably, this work explored
the pattern and differential expressions of specific subunits of receptors which contributes to

the physiological identity of the synapse (Miyashiro et al. 1994).

The studies outlined above unraveled the spatio-temporal accumulation of mRNAs in
specific compartments. Yet, they have only been successful in identifying a few mRNAs in the
neuronal processes. With the advent of microarray and high throughput RNA sequencing
techniques, we now know that thousands of RNA molecules are localized to neuronal
processes. Indeed, using microarrays to identify RNAs specifically extracted from isolated
neuronal compartments provided a transcriptome-wide snapshot of the transcripts that were
differentially enriched in axons, dendrites, or smaller structures such as growth cones. As
revealed by these studies, the population of RNAs enriched in the neurites significantly
changed during development and injury (Poon et al. 2006; Taylor et al. 2009; Zivraj et al.
2010; Gumy et al. 2011). Furthermore, the stage-specific sorting of transcripts such as EphB4
mRNAs into dendrites and tubb3 mRNAs into embryonic axons hinted towards a possible
post-transcriptional mechanism that differentially regulates the sorting of transcripts from
the soma to the neurites during development (Zivraj et al. 2010; Gumy et al. 2011). More
recently developed high-throughput RNA sequencing methods, by enabling accurate

measurement of transcript levels (Kukurba and Montgomery 2015), unveiled a large number
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of previously undetected mRNAs that localize in specific neuronal sub-compartments
(Cajigas et al. 2012; Minis et al. 2014; Zappulo et al. 2017). More specifically, deep-
sequencing combined with advanced bioinformatics analyses enabled the detection of axonal
mRNA motifs at the level of whole transcriptome, linking splice variants with specific axonal
distributions (Taliaferro et al. 2014). With the interest of defining in a stage- and cell type-
specific manner the pools of transcripts that are translationally active, diverse and more
advanced methods of deep sequencing have recently been developed, including ribosome
profiling (ribo-seq), the Axon TRAP (translating ribosome affinity purification) and
SynapTRAP, methods to isolate specific ribosome-bound mRNAs from the axons and
synaptoneurosomal fractions respectively (Shigeoka et al. 2016; Ouwenga et al. 2017). These
studies revealed a complex population of axon-specific mRNA isoforms that are dynamically
targeted during development and in mature axons. The presence of such a wide array of
transcripts further implied a role for local protein synthesis in response to growth and

maintenance.

To gain insights into the temporal dynamics of RNA localization, RNA labeling
methods and imaging techniques with increasing temporal resolution were developed. The
first attempt at live imaging was done using a cell permeable Syto 14 dye, which labels
nucleic acids. Although this technique enabled live imaging of RNA axonal transport, it failed
to distinguish different transcripts (Knowles et al. 1996). The more advanced MS2-MCP
system facilitated single molecule imaging of specific exogenous and later endogenous RNAs.
The MS2-MCP system relies on the ability of the phage RNA binding protein MS2 coat
protein (MCP) to bind the RNA secondary structures formed by the MS2 stem loops
(Bertrand et al. 1998; Buxbaum et al. 2014). Target RNAs are tagged with multiple stem
loops (MS2) and co-expressed with MCP protein containing a nuclear localization signal and
fused to a fluorescent protein (Fig. 6). Thus, the tagged transcripts are fluorescently labeled
upon MCP-MS2 interaction. Notably, the high specificity and affinity of MCP for MS2 tags,

together with the multimerization of MS2 sequences on target mRNAs, lead to high signal to
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noise ratios enabling imaging with high spatio-temporal resolution. This technique revealed
that although a vast majority of localizing RNAs was non-motile, a fraction of granules
exhibited active unidirectional and bidirectional transport (Rook et al. 2000; Park et al.
2010; Misra et al. 2016) and enabled the dissection of the machinery required for active
transport (Dictenberg et al. 2008). Furthermore, single molecule live imaging revealed that
localization of mRNAs at specific compartments occur in a translation independent manner

(Dynes and Steward 2012).
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Figure 6: MS2-MCP based RNA tagging system.

mRNAs of interest are tagged with repeated MS2 stem loop structures recognised by chimeric MCP-
GFP fusion proteins, thus enabling RNA tagging and visualization of reporter or endogenous RNAs in

live cells (Czapinski et al. 2017).

Thus, methods ranging from ISH, single resolution imaging of RNA to advanced high

throughput sequencing have now provided researchers with a more comprehensive list of the
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complex population of transcripts that are specifically enriched in neuronal protrusions.
They have been instrumental in expanding our knowledge of the repertoire of localized RNA
controlling diverse cellular processes in neurons (e.g., axon growth and maintenance,

memory and plasticity).

1.4 Local translation in dendrites and axons

A hallmark discovery that led to the theory of local protein synthesis was the
detection of polyribosomes in the neurites. EM analyses led to the identification of
polyribosomes precisely positioned at the base of dendritic spines (Fig. 7 A, B) (Steward and
Levy 1982; Steward and Ribak 1986). Polyribosomes were particularly abundant in the
synaptic region during synaptogenesis and declined with synapse maturation (Steward and
Falk 1986; Deitch and Banker 1993). During synaptic stimulation however, polyribosomes
have been documented to translocate to spine heads (Ostroff et al. 2002). Although the
presence of translation machinery components in axons had for long remained controversial
(Piper and Holt 2004), ribosomes had been detected in the axons of both growing (Bassell et

al. 1998) and mature neurons (Steward and Ribak 1986; Koenig et al. 2000).
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Figure 7: Detection of polyribosomes in the spine neck and axon segments.

Electron microscopy images of dentate gyrus cells illustrating the distribution of the polyribosomal
rosettes (arrow in A) observed on the dendritic spines (S), and the distribution of polyribosomes
(arrows in B) located in the axon initial segment,.directly under the synaptic terminals of pyramidal

neurons (Steward and Levy 1982; Steward and Ribak 1986).

Confirming the capacity of neurites to support local synthesis of both cytosolic and
transmembrane proteins, electron microscopy and immunocytochemical studies have also
indicated the presence of golgi-like structures and various components of the translational
machinery in both axons and dendrites (Rook et al. 2000; Steward and Schuman 2001;
Zheng et al. 2001; Willis et al. 2005; Merianda et al. 2009; Moon et al. 2009). This, together
with the presence of localized mRNAs led to the hypothesis that localized structures and
machineries could mediate local translation and posttranslational modification (PTM) of
proteins (Steward et al. 1988; Steward and Schuman 2001). Importantly, this suggested that
local translation could account for an immediate response to external cues, conferring

greater flexibility to growth and plasticity.

Although several studies reported specific enrichment of mRNAs (e.g. f-actin, Arc
and CamKIla) and their corresponding protein products in response to growth factors and
activity in activated synapses (Steward et al. 1998; Ouyang et al. 1999; Scheetz et al. 2000), it
remained unclear that local translation occurred specifically at the synapses, due to the lack
of sufficient information to refute rapid transport of protein from the cell body or from the

neighboring Schwann cells (Alvarez et al. 2000; Koenig et al. 2000; Court et al. 2008).

Pioneering studies provided evidence for local de novo protein synthesis using
microlesion approaches to isolate neurites from soma combined with addition of
translational inhibitors, demonstrating its role in facilitating long-lasting synaptic
enhancement in response to growth factors (Kang and Schuman 1996), or in promoting

chemotropic response of axons to attractive and repelling cues (Campbell and Holt 2001).
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These studies thus provided compelling evidence for local translation of protein in neurites
that support growth and plasticity. Other studies developed cell culture techniques in which
neurons are plated in compartmentalized chambers containing a porous membrane that
allows the penetration of neurites exclusively into the distal compartments. This technique
not only enables separation of cell bodies from neurites, but also eliminates glial cells and
other possible contaminants. When combined with metabolic pulse labelling approaches in
which radiolabeled amino acids are incorporated by newly synthesized proteins, these
studies indicated the competence of the somaless neurite to locally produce de novo proteins

(Torre and Steward 1992; Feig and Lipton 1993; Eng et al. 1999; Zheng et al. 2001).
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Figure 8: Single molecule imaging of transcripts and nascent peptides.

A) Scheme of the SunTag single molecule imaging system. Nascent peptides are labelled by the
binding of co-expressed GFP-fused antibodies clustered on the translating protein (Tanenbaum et al.
2014). B) Simultaneous usage of the SunTag and MS2-MCP systems enables detection of both
transcripts (MS2-MCP-RFP) and nascent peptides (scFv —GFP) (Yan et al. 2016). C) Primary
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hippocampal dendrites co-eexpressing a MS2-MCP mRNA and scFv-GFP. Both repressed mRNAs
(red, white arrows) and translated mRNAs (yellow, yellow arrows) are detected, with changes in the
relative frequency of repressed mRNAs along the proximo-distal axis of the dendrite. Fixed imaging
using single molecule FISH (red — mRNA) and Immunofluroscence (green — protein) (Wu et al.

2016).

Fluorescent reporters proved beneficial for wunderstanding spatio-temporal
translation patterns in neurons. Local translation at hotspots near ribosomes and synaptic
sites was convincingly reported using a destabilized and membrane-tagged form of the green
fluorescent protein (GFP) flanked by the 5’ and 3’ Untranslated Regions (UTR) of CAMKII
mRNA in dendrites (Aakalu et al. 2001). Photoconvertible and photobleachable reporters
have also been important in understanding protein translation at subcellular domains
(Leung et al. 2006; Strohl et al. 2017). For example, the Kaede photoconvertible protein
undergoes an irreversible green to red photo-conversion upon Ultraviolet illumination and
enables the visualization of newly synthesized protein which appears green (Leung et al.
2006). More recently, a single molecule approach to detect individual translation sites was
made possible through the Suntag system (Fig. 8 A). This method combines the previously
explained MS2-MCP technique (for live imaging of mRNA) with the Suntag technology, to
visualize nascent peptides (Fig. 8 B) (Tanenbaum et al. 2014). The Suntag technology
consists in tagging the open reading frame (ORF) of interest with multiple copies of a
cognate peptide recognized by a co-expressed single chain variable fragment (scFV) fused to
a fluorescent protein (Morisaki et al. 2016; Wang et al. 2016; Wu et al. 2016; Yan et al. 2016).
This technique was also instrumental in providing quantitative readouts of translational

events i.e., initiation, elongation and pauses.

Proteomic approaches have also been used for systems-wide detection of the proteins
present in the different sub-compartments of a neurite (Shigeoka et al. 2016; Zappulo et al.
2017; Cagnetta et al. 2018). Zappulo et al. used neuronal fractionation, and performed mass

spectrometry, ribo-seq and RNA-seq on neurite and soma fractions. This work demonstrated
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that the proteome detected in the neurites mostly corresponds to the population of neurite-
localised and actively translated transcripts. Recently, the work of Cagnetta et al
characterized the dynamic change of basal and specific attractive and repulsive cue-
dependent remodelling of nascent translatomes (Cagnetta et al. 2018). This approach,
performed on somaless axons, also revealed the existence of cue-specific patterns of
translated proteins. Thus, proteomic approaches proved beneficial in unravelling the

subcellularly synthesised proteomic landscape.

Taken together, the above highlighted studies have now provided conclusive
evidence for the coupled process of RNA localization and subsequent local translation as a

mechanism for decentralization of gene expression.

1.5 Advantage of RNA localization

The coupled process of spatio-temporal sorting of transcripts and local translation
has several advantages over transport of proteins. First, the intracellular cytosolic
environment is heavily crowded and estimated to contain 5-40% of various biological
macromolecules (Uversky 2017). In this respect, transport of a single copy of mRNA is
energetically more favorable, reduces the cost of the transport of several proteins and
additionally prevents mis-localization of the transcripts (Medioni et al. 2012). Second,
efficient and rapid partitioning of mRNAs and translation enables the cells to promptly
adapt to developmental cues and environmental changes. Moreover, since few copies of
mRNA is sufficient to synthesis sufficient protein through several rounds of translation, the
response is more robust. For example, rapid and increased accumulation of B-actin mRNA
and protein at the growth cones have been observed within 2 mins after treatment with
chemo-attractants (Zhang et al. 2001). Similarly, another study reported protein synthesis-
dependent accumulation of Cofilin at the growth cone within 5 minutes in response to a
chemo-repellant (Piper et al. 2006). Third, targeted localization and translation is beneficial

for increasing protein concentration locally, at specific subcellular location. For example, a
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study performed on migrating fibroblasts estimated that local B-actin translation supplies
only 7% of the actin consumed for actin polymerization at the leading edge. This small
percentage of translated products may still prove beneficial for actin polymerization and
growth, if it generates significantly higher protein concentration at specific local sites
(Condeelis and Singer 2005). Indeed, several lines of work have shown translation-
dependent local increases in actin concentration and their role in regulating growth and
branching (Zhang et al. 2001; Leung et al. 2006; Yao et al. 2006; Wong et al. 2017). Fourth,
localized translation of protein restricts the availability of proteins at sites where they could
be toxic or interfere with cell function. For example, the myelin basic protein (MBP) is a
sticky protein that can interact non-specifically with any cell membrane and needs to be
restricted to the processes of oligodendrocytes. This is achieved by targeting of MBP mRNA
to this region coupled to localised protein synthesis (Smith et al. 2001). Last, newly-
synthesized proteins produced locally have a PTM profile distinct from that of “aged”
proteins transported from the cell body. Immunocytochemical studies indicated the presence
of golgi complexes in the dendrites and indicated that certain newly transcribed proteins
acquire glycosylation (Steward and Schuman 2001). Although this experiment did not reveal
the protein or groups of proteins undergoing PTM nor its functional relevance, the data
strongly suggested that protein glycosylation may occur in dendrites and axons. One study
showed the enrichment and local translation of cAMP responsive element binding protein
(CREB) at the distal ends of axons in response to nerve growth factor. This study further
showed that the locally synthesized CREB protein are the source of the phosphorylated
CREB that are retrogradely transported to the nucleus and are important for the activation of

transcription of CRE-dependent transcription factors and for axon survival (Cox et al. 2008).
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1.6 Importance of Local Translation in neurons

1.6.1 Local translation contributes to axon growth and maintenance

During growth and pathfinding, growth factors and guidance cues, present at specific
stages and locations, precisely regulate the migration of axons and dendrites through a
complex environment to reach their final target. Different guidance cues have been shown to
activate specific signaling pathways that trigger rapid mRNA translocation and translation of
cytoskeletal regulators such as B-actin, Cofilin, or RhoA (Campbell and Holt 2001; Leung et
al. 2006; Holt and Schuman 2013; Piper et al. 2015; Wu et al. 2016). Consequently, the
newly synthesized proteins modulate the dynamic organization of the actin/ MT

cytoskeleton, thus supporting growth, branching and retraction (Fig. 9) (Cioni et al. 2018).
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Figure 9: Schematic representation of how cue-induced local translation

influences the growth cone dynamics.

Guidance cues induce chemotropic response by binding to specific receptors that activate specific
downstream signalling pathways. This results in an immediate and robust local translation of mRNAs
that influences the cytoskeletal network (fB-actin mRNA in particular). Attractive guidance cues
induce translation of genes involved in growth cone stabilization and extension, while repulsive cues
induce translation of genes involved in retraction and turning away from the guidance cue (Lin and

Holt 2007).
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For example, in vitro neuron culture studies demonstrated a marked increase in
p-actin mRNA localization and translation at the growing tips of axons, in response to
Netrin-1, BDNF or Shh chemoattractants (Leung et al. 2006; Yao et al. 2006; Welshhans and
Bassell 2011; Lepelletier et al. 2017). This accumulation resulted in axon outgrowth and
turning. Similarly, the chemorepellent Semaphorin 3a (sema-3a) has been shown to induce
local protein synthesis and growth cone collapse. For example, Sema-3a elicits a rapid
localization and translation of the actin regulator Rho. In cultured DRG axons mechanically
isolated from the soma, inhibiting Rho protein synthesis, or more specifically abolishing the
activity of RhoA, abolished growth cone collapse (Wu et al. 2005). Moreover, an increasing
number of studies from developing cultured neurons and in vivo systems have revealed that
a wide repertoire of mRNAs are targeted to specific subcellular compartment in response to
extracellular cues and their translation is fundamental for growth (Hengst et al. 2009; Leung
et al. 2013; Cagnetta et al. 2018). During development and also upon reaching the target,
axons form branches that facilitate target innervation. In vivo live imaging of the Xenopus
retinal ganglion cell (RGC) axons elegantly demonstrated the docking of RNA at specific ‘hot
spots’ and the accumulation of de novo synthesis of B-actin at these spots. This precise
localization of the RNA correlated with new branch emergence and inhibition of local

translation resulted in reduced axonal arborizations (Wong et al. 2017).

In addition to growth and branching, local synthesis of proteins and retrograde
transport of the signals from axon to nucleus have been shown to promote neuron survival.
Several in vitro studies have demonstrated the activation of anti-apoptotic and pro-survival
transcriptional factors such as CREB and its activators myo-inositol monophosphatase 1
(Impa-1), are essential for the survival of the axon (Cioni et al. 2018). Furthermore, cue-
induced transport and local translation of lamin B in in vivo RGC axons has shown to be

crucial for axon integrity (Yoon et al. 2012).
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1.6.2 Local translation contributes to axon regeneration

A striking feature of axons is the decline of mRNAs and polyribosomes as they
progressively mature and cease to grow. This observation prompted scientists to test the
capacity of a neuron to regenerate following injury. Both in vivo and in vitro studies have
now established that peripheral nervous system (PNS) neurons can regenerate following
axotomy or crush by eliciting a cascade of axonal response. Interestingly, the ability to
regenerate is at least partially due to mRNA recruitment and local protein synthesis at the
site of injury (Verma et al. 2005; Costa and Willis 2018). Indeed, local translation of
axonally-localized mRNAs has been described to participate to the retrograde signal that

facilitates global response by activating genes and specific signaling pathways.

For example, Importin-# and vimentin mRNAs are locally translated in the axon
following injury. Axonally synthesized Importin-f then assembles into a heterodimeric
complex with Importin-o and dynein complex (Hanz et al. 2003) and is translocated to the
nucleus. As revealed by in vivo RNA deep sequencing data of wildtype and conditional
knockout of importin-p 3'UTR mice, this translocation is essential for induction of the
regeneration-associated transcriptome (Perry et al. 2012; Batista and Hengst 2016). Notably,
similar studies have further shown the participation of local translation and subsequent
retrograde signaling to the activation of a transcriptional response essential for post-
traumatic neuronal regeneration (Ben-Yaakov et al. 2012; Baleriola and Hengst 2015;

Rozenbaum et al. 2018).

1.6.3 Local translation contributing to plasticity

Plasticity describes the change in strength of synaptic connections in response to
neuronal activity and learning. An increase in synaptic strength after synaptic stimulation is
called long-term potentiation (LTP) while a decrease in synaptic strength following synaptic
stimulation is called long-term depression (LTD). The cellular modifications that underlie

LTP or LTD require de novo proteins synthesis. Kang and Schumann provided the direct
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evidence for local protein synthesis leading to synapse enhancement (Kang and Schuman
1996). Experiment on rat hippocampal slices separated from the cell body resulted in
synaptic enhancement in response to neurotrophins. Absence of such plasticity in the
presence of protein synthesis inhibitors revealed that synaptic plasticity requires local

protein translation.

Interplay between synaptic plasticity and local protein synthesis has been well studied
using the invertebrate model, Aplysia. An elegant cell culture system was developed where
the bifurcated sensory neuron makes contact with two motor neurons. Repeated application
of the neurotransmitter serotonin to one of the motor neuron resulted in enhanced branch
specific protein synthesis, which was abolished in the presence of protein synthesis
inhibitors. This work also demonstrated that local protein synthesis was important for
plasticity (Martin et al. 1997). Furthermore, several studies showed that branch specific
transient transport and translation of mRNA encoding synapse related molecules such as
eEF1A, sensorin A, are important for the maintenance of synapse (Schacher et al. 1999; Hu

et al. 2003; Si et al. 2003; Lyles et al. 2006).

Taken together, the above studies established that neuronal activity modulates protein

translation at the synapse, which in turn is important for plasticity of the synapse.

2 Mechanism of neuronal RNP Granule assembly and transport

The localization of RNA at specific subcellular sites occurs through various
mechanisms such as diffusion and entrapment, local translation, local degradation and
active transport (Dahm et al. 2007). It is now becoming evident that mRNAs in neurons are
not localized as individual molecules but predominantly in the form of granules containing
few RNA molecules and multiple regulatory components (De Graeve and Besse 2018).
Following transcription, nascent transcripts are recognized by RNA Binding Proteins (RBPs)
that dictate the final destination of the transcript (Muller-McNicoll and Neugebauer 2013).

The recognition of the transcripts is mediated through interaction via sequence/ structural
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motifs in RNA and specific modular domains found within RBPs. Upon nuclear export, the
mRNA-protein particles modulate the assembly of mRNAs into larger membrane-less
organelles, and enable distinct steps of post-transcriptional mRNA processing (Fig. 10 A).
These granules have been observed to exhibit a wide range of sizes (100nm- 1000nm), and
are characterized by the absence of a defining membrane (Anderson and Kedersha 2009).
These organelles referred to as RNA protein granules (RNP) orchestrate the life cycle of an
mRNA, beginning from RNA maturation including splicing and polyadenylation followed by
downstream regulatory events, nuclear export and cytoplasmic localization of mRNAs and
degradation (Kress et al. 2004; Glisovic et al. 2008; Tutucci and Stutz 2011). The transport
RNP granules are then transported along the cytoskeleton in a translationally repressed
manner to their destination for local translation. This multi-step RNA localization process

will be explained in detail below.

2.1 Cis acting elements

Localization elements (LE), more commonly known as cis-elements, are motifs found
within localized mRNAs that address mRNA to their specific destination. Strategies to
identify cis-elements responsible for transport were initially based on reporter constructs
fused to truncated parts of a localizing mRNA (Doyle and Kiebler 2011). These studies
demonstrated that the information encoded by LEs can be either primary sequences or
secondary structures, or a combination of both (Kloc et al. 2002a; Xing and Bassell 2013).
The primary sequences could be tandem repeats of few nucleotides to >1 kb long sequence
(Jambhekar and Derisi 2007). These cis-acting elements are predominantly found in the 3’
UTR of the mRNA (for example, the 54nt sequence present in the 3’UTR of f-actin mRNA,
sufficient to localize to axon and dendrites), while in some mRNAs they are present in the 5’
UTR (for example, the 62nt long sequence in the 5'UTR of BC1 mRNA involved in dendrite
targeting) (Mayford et al. 1996; Muslimov et al. 1997; Zhang et al. 2001; Vuppalanchi et al.

2010). Cis elements could also be sequences that form complex secondary structures (Meer
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et al. 2012). For example, the G-quadrapulex structures present in the 3° UTR of PSD-95 and

CamKIIa mRNAs have been shown to be important for localization (Pratt and Mowry 2013).

Interestingly, to date, no consensus sequences have been observed for mRNAs that
are directed to the same subcellular compartment. The cis-elements are recognized by trans-
acting factors (RNA binding proteins and associated proteins), which recruit motor proteins

and link mRNAs to the transport machinery.

2.2 Trans-Acting Factors

Biochemical approaches, sequencing and computational analysis of DNA sequences
brought to the spotlight a specific group of proteins called RBPs, based on their ability to
bind RNA (Calabretta and Richard 2015). RBPs are modular in nature and can bind to a
large number of mRNA targets via one or many RNA Binding Domains (RBD). Some well
characterized canonical RBDs include the RNA recognition motif (RRM), the K-homology
domain (KH), the double stranded RBD (dsRBD), the Zinc Finger motif (ZnF), the Piwi/
Argonaute/ Zwille domain (PAZ), the Sm domain, the DEAD/DEAH box and pumilio
domain (PuF) (Glisovic et al. 2008; Kishore et al. 2010). Recent development in the field of
RBP-RNA interactome capture and mass spectrometry lead to identification of an even
larger group of RBPs (1,500). Quite intriguingly, this revealed that, in addition to the
canonical folded domains, RBPs contain non-canonical domains exhibiting structural
heterogeneity (Calabretta and Richard 2015; Hentze et al. 2018). The non-canonical domains
are involved in RNA-protein interactions, and are broadly categorized as Intrinsically

disordered regions (IDR) described in more details in section 2.5.

2.3 Assembly of RNP granules

Spatial organization of mRNAs by RBPs occur through the dynamic assembly of
higher order structures referred to as RNP granules. Analysis of the neuronal RNP
constituents from embryonic and young brain tissues revealed that these assemblages are

enriched in mRNAs, RBPs, ribosomes, translational machinery, translational repressors and
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motor proteins (Kanai et al. 2004; Elvira et al. 2006; Besse and Ephrussi 2008; El Fatimy et
al. 2016; De Graeve and Besse 2018). A more systematic analysis of the proteomes of two
distinct dendritically localized RNP granules, characterized by the presence of the RBPs
Barentz and Staufen, revealed that the granule composition is heterogenous, and that these
two granules share only a third of their components (Fritzsche et al. 2013). Similarly, FISH
experiments have revealed that transcripts that are localized to the dendrites compartment
are not sorted to the same granules (Mikl et al. 2011; Batish et al. 2012). Furthermore, the
composition and properties of the RNP granules have been shown to change in space and in
response to development and neuronal activity (De Graeve and Besse 2018). Thus, it is now
emerging that RBPs associate with mRNAs to modulate the assembly of the mRNAs into
diverse range of membrane-less organelles, recruit additional regulatory factors and enable
distinct steps of post-transcriptional mRNA processing (Kress et al. 2004; Glisovic et al.
2008; Tutucci and Stutz 2011). Neuronal cells have been shown to contain different types of
RNPs of varying constituents, size and shapes. These RNPs are classified based on their
subcellular localization, composition and function, and commonly comprise stress granules,

P bodies and transport granules (Fig. 10 A) (Courchaine et al. 2016).
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Figure 10: Schematic representation of the types and assembly paradigm of

RNP granules in a neuron.

A) Following transcription, mRNAs are bound by RNA Binding Proteins and assemble into a diverse
range of RNP granules. The functions of RNP granules include protecting the transcripts during
various stress conditions (Stress granules), transporting the transcripts to specific subcellular
compartments for local translation (Transport granules), and targeting the transcripts for degradation
or translation silencing (P-Body) (Image adapted from (Protter and Parker 2016)). B) RNP granules
can be formed by liquid-liquid phase separation, where an initially homogenous liquid solution
demixes into two distinct phases, with one phase robustly increasing the local concentration of

proteins and RNA (Protter and Parker 2016; Shin and Brangwynne 2017).

The assembly of RNP granules has recently been proposed to occur through a process
known as liquid-liquid phase separation (LLPS) (Fig. 10 B) (Hyman et al. 2014). Cell free
approaches have been crucial in understanding the process of LLPS and in dissecting the
hierarchical process underlying their assembly. The in vitro phase separation experiment
involves the demixing of poorly concentrated homogenous solution into a depleted phase
and a crowded phase, thereby increasing the local concentration for specific proteins and
nucleic acids (Weber and Brangwynne 2012; Courchaine et al. 2016). The dense phase then
allows for the selective recruitment of further components. The assembly and disassembly
properties of the droplets are regulated by several factors such as salt, temperature, pH, RNA
and PTMs. The liquid like feature of RNP granules was hypothesized based on their ability to
assume spherical shape governed by surface tension, fusion and dripping due to shear stress
(Gomes and Shorter 2018). Moreover, RNP granules are in a dynamic state, rapidly
exchanging molecule with the cytoplasm and having a fast-internal recovery as judged by
Fluorescence Recovery After Photobleaching Technique (FRAP). As described below,
compartmentalization into dynamic assemblies likely favours the controlled localization of

specific molecules to specific subcellular domains along the cytoskeleton of the neuronal cell.
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2.4 Transport of neuronal RNP granules

The transport of neuronal RNP granules to subcellular compartments is a highly
regulated process (Fig. 11). Development of live imaging techniques enabled visualization of
the dynamic trajectories of mRNAs along the axons and dendrites. Imaging of exogenous
and endogenously-labelled RNA revealed that about 10% of labeled RNP granules were
motile, exhibiting active directed movements that are dependent on an intact MT network
(Knowles et al. 1996; Rook et al. 2000; Kanai et al. 2004; Dynes and Steward 2007; Park et
al. 2014). Motile RNP granules exhibit different types of motion, transitioning between long
pauses and short mobile phases with a global net bias in their trajectory (De Graeve and
Besse 2018). Motion was shown to depend on intact microtubules, and the velocity of RNP
transport suggests that transport is dependent on the activity of opposing molecular motors
such as kinesin and dynein (Kiebler and Bassell 2006; De Graeve and Besse 2018). Indeed,
purification of proteins associating with the conventional kinesin KIF5 identified several
RBPs such as FMRP, Pur-o, Staufen as well as dendritically localized mRNAs such as
CamKII and Arc RNA (Kanai et al 2004). As a proof of concept, knockdown of either kinesin
or dynein impaired transport of localized mRNAs such as MBP, Arc, or CamKlIla, in
cultured neurons, thus affecting their cellular function (Carson et al. 2001; Aronov et al.

2002; Kanai et al. 2004; Dictenberg et al. 2008; Ma et al. 2011).

More detailed investigation of the interplay between kinesin and several different
RBPs revealed a specific mechanism of mRNA transport. This process involves interaction of
RNP granule components and motor proteins. The motor proteins behave as adaptor
molecules linking the RNP granules to the neuronal cytoskeleton network and are involved
in both short-range and long-range transport. Several studies have shown RNP granule
components physically interact with both MT-dependent and actin-based motor proteins
(Huang et al. 2003; Davidovic et al. 2007; Dictenberg et al. 2008; Bianco et al. 2010; Yoon et
al. 2016; Urbanska et al. 2017). For example, FMRP associates with Kinesin in an RNA-

dependent manner, an interaction that is dramatically increased upon stimulation of
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cultured neurons (Dictenberg et al. 2008). Likewise, intact actin filaments and interaction
with plus end directed myosin Va have also been shown to be important for the short-range
transport of RNP granules to somatodendritic compartments and to dendritic spines
(Yoshimura et al. 2006; Balasanyan and Arnold 2014; De Graeve and Besse 2018). However,
it is still unclear what molecular mechanisms govern the recruitment of specific motor
proteins to the granules. Nonetheless, these studies were instrumental in demonstrating that
a discrete population of RNAs and RBPs are found associated to motor proteins, and that
motor proteins facilitate the distribution of RNP granules. While MT-based transport is
required long distance transport of cargoes, actin-based transport may be involved in local

delivery and docking of the RNP granules (Knowles et al. 1996; Yoon et al. 2016).
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Figure 11: Schematic representation of the regulated process of assembly and

transport of RNP granules neural cytoskeleton.

(A) mRNA-RBP interaction leads to the assembly of RNP granules. B) In neurons, RNP granules
undergo active bidirectional transport along the neuronal cytoskeleton via opposing motor proteins,
such as kinesin or dynein. These motors are recruited to the RNP granules and C) assist in sorting the

granules to specific subcellular compartments along the axons and dendrites. D) RNP granules can
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dock at specific regions in response to extracellular cues or neural activity. Local translation of the

transported transcript supports growth, maturation and plasticity (Buxbaum et al. 2014).

The transport of the RNP granules had been suggested to occur in a translationally
repressed manner based on experimental data that revealed the presence of specific
translational repressors in transport granules (Kanai et al. 2004; Barbee et al. 2006; Elvira
et al. 2006; Sossin and DesGroseillers 2006; Fritzsche et al. 2013; El Fatimy et al. 2016).
Furthermore, purification of neuronal RNP granules revealed that they sedimented in
fractions distinct from polysomal fractions, further suggesting that the granules were
translationally silent (Krichevsky and Kosik 2001). Through the utilization of different
experimental approaches, such as in vitro translation systems and ribopuromyclation, it was
revealed that indeed RNP granules remain in a translationally repressed state (Darnell et al.
2011; Graber et al. 2013; Pimentel and Boccaccio 2014). This mode of translational
repression allows for the controlled expression of mRNA at specific subcellular location and
prevents the degradation of the transcript during transport (Kiebler and Bassell 2006; Besse

and Ephrussi 2008).

Following the transport of translationally repressed transcripts, RNP granules are
docked at specific sub-compartments, where the transcripts are released for local translation
of associated mRNAs. Immunofluorescence and live imaging of cultured neurons have
revealed a precise positioning of RNP granules at axon and dendritic branch points and in
dendritic spines (Dynes and Steward 2012; Urbanska et al. 2017; Wong et al. 2017). Such
precise docking of RNP granules have been correlated with local protein synthesis and new

branch emergence (Wong et al. 2017).

Thus, these studies show a complex multistep regulatory process occurring right from
assembly of the granules until the transport and local translation. Furthermore, studies over
the years have highlighted the prominent role played by RBPs in the post-transcriptional

regulation of mRNA in space and time.
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2.5 Prion-like domains in RBPs

IDRs or Intrinsically disordered proteins are abundant in nature, found
approximately in 40% of the eukaryotic proteome and are involved in various cellular
functions (Babu 2016). The presence of IDRs within RBPs appear to be conserved from yeast
to human. Such domains have for long been poorly studied, but gained wide attention during
the past few years owing to their distinct structural features and lack of stereospecific
interactions and functional property. IDRs exhibit conformational flexibility, adopting a
range of 3D structures, but can fold upon binding to interacting partners (Tompa 2005;
Uversky 2015). The structural polymorphism of IDRs provides the flexibility to transiently
interact with multiple partners (Fonin et al. 2018). IDRs have been shown to play an
essential role in various cellular process such as assembly and guidance of RNP granules, cell
signaling and control pathways (Toretsky and Wright 2014; Frege and Uversky 2015).
Furthermore, IDRs have been shown to be targets of various PTMs, such as phosphorylation,
methylation, acetylation, which can modulate their interaction with target partners (Wright
and Dyson 2015; Bah and Forman-Kay 2016). To date, a precise unifying definition of IDRs
is still lacking, and various algorithms using specific sets of rules to detect IDRs within a
protein have been developed and used (Li et al. 2015). A general rule however is that IDRs
are domains composed of at least 30 residue that i) have a biased amino acid composition,
and ii) lack order promoting amino acids. Different classes of IDRs have been defined based
on the nature of their enriched residues: while charged acidic or basic residues are
characteristic of RGG repeat-containing domain such as the one found in DDX4, uncharged
polar residues with interspersed aromatic residues are characteristic of Prion-like domains

(PLDs) such as the one found in TDP43 (Alberti and Hyman 2016; Uversky 2017).

Initially, Prion-like domains acquired their name based on their sequence similarity
to the mammalian and yeast prion proteins with self-replicating properties. The mammalian
prion protein can adopt different conformations with distinct cellular functions. The normal

cellular form (PrP¢) can transform into the prion form (PrPs¢) assembling into B-amyloid
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fibrils, thus endowing cells with infectious properties (Shorter and Lindquist 2005). The
fungal prion protein Sup 35, an essential component of the translation termination
machinery, has been well studied because of its self-templating property. The N-terminal
domain of this protein is rich in glutamine and asparagine and has been shown to be
essential for nucleation, subsequent polymerization and stabilization of a functionally
inactive amyloid state (Ross et al. 2005b). Following the discovery of Sup 35, three other
self-templating prion proteins were detected in S. cerevisiae: Ure2p, Rnqip and Swiip.
Comparison of the fungal prion proteins and mammalian proteins showed no sequence
similarity but showed a striking enrichment for glycine and uncharged polar amino acids,
such as glutamine and asparagine (Malinovska et al. 2013b). This sequence conservation
prompted scientists to develop a genome-wide search for “prion-like” domains in other
species (Alberti et al. 2009; King et al. 2012). The first algorithm was based on the detection
of amino acid sequences that are longer than 60, with an enrichment in aspargines and
glutamines (Alberti et al. 2009). Of the 200 proteins identified using this algorithm, 24
proteins were shown to contain a PLD and confer prion characteristics. Subsequently,
several algorithms with advanced compositional search that are more adapted to a wide
range of species have been developed to screen for proteins with a PLD. These analyses
revealed that PLDs are quite common in eukaryotic proteins and are overrepresented in RBP
(30%) and DNA Binding Protein (33%) (March et al. 2016; Harrison and Shorter 2017).
Recently, a precipitation experiment performed on mouse tissues and mouse cell line with an
aggregation inducing drug (biotinylated isoxazole) resulted in the precipitation of RBPs that
were constituents of neuronal transport granules, stress granules and P bodies and have
been implicated in several neurodegenerative disorders. Quite interestingly, the precipitated
pool of RBPs also had a striking enrichment for PLD (Kato et al. 2012). The predominance of
the PLD in RBP and the self-templating property of PLD thus suggested a possible role for

this domain in the macro-molecular assembly of RNP granules.
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Following these initial observations, several labs have set out to understand the
physicochemical properties underlying granule assembly, and the contribution of RBP-
associated PLDs in this process. As described below, a multitude of these studies were based
on in vitro cell free approaches in which RNP assemblies were reconstituted in vitro using

purified RBPs containing PLD.

2.5.1 Properties of PLD

The role played by PLDs in granule assembly only recently began to be unraveled,
pioneered by the work on Fused in Sarcoma (FUS) PLD. FUS is an RBP that contains a N-
terminal PLD and a RRM domain. It is involved in DNA repair and gained attention because
clusters of neurodegenerative disease-causing mutations were identified in its PLD
(Ravanidis et al. 2018). In vitro assays revealed that the isolated PLD of FUS was sufficient
to facilitate the demixing of molecules from solution and their assembly into liquid-like
droplets reminiscent of RNP granules found in living cells (Lin et al. 2015). Subsequent
studies with different PLD-containing proteins revealed that PLDs from various RBPS were
sufficient to promote demixing and high-order structure assembly (Kwon et al. 2013; Lin et
al. 2015; Molliex et al. 2015). Thus, multivalent interactions achieved through PLDs have
been shown to be important for liquid like properties of the phase separated droplets.
Furthermore, these studies also demonstrated that the requirements for droplet
organization, formed either from the full-length protein or the isolated PLDs, were
dependent on protein concentration, salt, temperature, crowding and PTMs, such as
phosphorylation, sumolyation etc (Fig. 12) (Kato et al. 2012; Patel et al. 2015; Monahan et al.
2017; Boeynaems et al. 2018; Carpenter et al. 2018). However, the assembly of these droplets
occurred in conditions which were not near to the physiologic salt and protein
concentrations. Remarkably, addition of RNA to the mixture promoted LLPS at a more
physiologically relevant salt and protein concentration (Lin et al. 2015; Smith et al. 2016).
Furthermore, addition of an RNA altered the material properties i.e., increased the fluidity of

the liquid droplets. (Zhang et al. 2015). Here, RNA could either function as a negatively
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charged molecule involved in electrostatic interactions or are involved in multivalent

interaction with the RBDs and the PLD (Boeynaems et al. 2018).
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Figure 12: Role of PLDs in granule assembly and transition into pathological

aggregates.

A) Schematic representation of RNP granule formation and maturation. RNP granules can
assemble via LLPS, which is sensitive to changes in protein concentration, salt, temperature, RNA
concentration or macromolecular crowding. RNP granules contain proteins that are enriched for
PLDs. B) The liquid-like behaviour of these granules depends on weak interactions involving PLDs as
well as RNA and RBDs. These liquid-like assemblies can mature into solid-like structures with
stronger interaction between molecules, possibly involving fibrillization (Guo and Shorter 2015). C)
Cell- free approach demonstrating the LLPS-driven formation of liquid droplets followed by a
transition into a solid fibrous aggregate. The RNP granule component, FUS, separates from the

solution into liquid droplets and matures into solid aggregates after 5h incubation (Patel et al. 2015).

Accumulating evidence from the recent past has thus far shown that multiple

interactions between RNP components underlie the assembly of phase-separated RNP
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assemblies. In this context, PLD could either function as the scaffold for granule assembly
through multivalent non-specific interactions, or provide a means enhance their assembly
and dynamics (Fig. 12) (Lin et al. 2015; Li et al. 2018; Protter et al. 2018). Quite intriguingly,
a recent study on Pab1 protein expended the proposed role of PLDs and showed that Pab1
PLD was dispensable for granule assembly, and that demixing was abolished in the presence
of RNA (Riback et al. 2017). This study suggested that the phase separation was rather
mediated through weak electrostatic interaction involving protein-protein interaction.
Furthermore, two recent studies, using yeast PLD containing protein, highlighted a rather
new function for the PLD as solubilizers of proteins and prevent the transition of the protein
into aberrant aggregates (Franzmann and Alberti 2018; Franzmann et al. 2018; Kroschwald
et al. 2018). Thus, the role of PLD could be seen as either organizers of the RNP granules or

solubilizers and regulate the material property of the granules.

Phase separation can also be triggered through multiple copies of interacting
domains (MCID) that are involved in multivalent heterotypic interactions with proteins and
nucleic acids (Li et al. 2012; Zeng et al. 2016; Wheeler and Hyman 2018). The Rosen lab
elegantly demonstrated the involvement of multiple copies of folded protein-protein
interaction domains in the in vitro phase separation of two signalling proteins (Li et al.
2012). This phase separation was dependent on both the protein concentration and valency
of the interacting partner. Furthermore, this study and others were able to show that
addition of RNA to MCID proteins further promotes droplet formation (Li et al. 2012; Zhang
et al. 2015). Thus, these studies demonstrated that multivalent heterotypic interactions

between RNA molecules and RBD can regulate phase transition in addition to IDRs.

Together, these studies have shown that governing principle for the assembly of RNP
granules could be through multivalent interactions, arising either through IDRs or multiple

folded domains, or the concerted action of both.
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2.5.2 Function of PLDs

An interesting question to address is if the PLD-mediated higher order assembly is
essential for a cell. Studies are now beginning to show that the oligomeric assembly has both

beneficial and deleterious effect to a cell depending on the environmental condition and cell

type.

PLDs have been implicated with a pivotal role for adaptive learning and memory
(Keleman et al. 2007; Fiumara et al. 2010; Heinrich and Lindquist 2011; Kruttner et al. 2012;
Bakthavachalu et al. 2018). In Drosophila, the CPEB orthologue Orb2 contains an RNA-
binding domain, a zinc finger domain, and an amino-terminal PLD. Orb2 proteins are
involved in the expression of synapse-specific proteins and required for long-term memory
(Mastushita-Sakai et al. 2010; Kruttner et al. 2012). The Drosophila Orb2A isoform exists in
2 different states, monomeric and oligomeric state similar to prion like properties (Kruttner
et al. 2012; Majumdar et al. 2012). Interestingly, the PLD of Orb2 has been shown to be
important for the assembly into oligomeric state, and this activity-induced conformational
switch is essential to relieve translational repression and trigger long term memory (Khan et

al. 2015).

In addition to this physiological function, lines of evidence compiled over the last
years have indicated a compelling link between RBDs enriched in PLD and neurogenerative
diseases. A hallmark of neurodegenerative disease is the accumulation of protein aggregates
occurring either due to protein misfolding, or due to altered homeostasis (King et al. 2012).
Strikingly, pathological protein inclusions observed in patients affected with
neurodegenerative diseases revealed a disturbing number of RBPs that are particularly
enriched with PLDs (Gitler and Shorter 2011; Harrison and Shorter 2017). Recent work
proposed that the dynamic RNP granule assembly is a metastable state, and that a change in
the morphology and/or dynamic properties of RNP granules underlies the transition into

persistent pathological amyloid aggregates (Lin et al. 2015; Molliex et al. 2015; Patel et al.
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2015; Aguzzi and Altmeyer 2016; March et al. 2016). Mutations within the IDR, or proteome
imbalance due to aging, would thus result in the alteration of the physiological function of
the protein, leading to a shift in the maintenance and clearance of RNP granules, change in
the interactions with components of the RNP granules and/or misfolding of the RBP due to
repetitive assembly and disassembly (Fig. 12 C) (Aguzzi and Altmeyer 2016). Furthermore,
this altered homeostasis of RNP granules would also disrupt RNA recognition and gene

expression (Conlon and Manley 2017).

As mentioned earlier, mutations predominantly found in the PLD of FUS leads to
both familial and sporadic amyotrophic lateral sclerosis. FUS positive inclusions have been
detected in the cytoplasm of degenerating neurons (Ravanidis et al. 2018). Indeed, in vitro
studies have now shown that disease linked mutations and ageing lead to the transitioning of
the liquid droplets into stable aggregated fibrous state (Fig. 12 C) (Murakami et al. 2015;

Patel et al. 2015).

Although a paradigm for the assembly of the RNP granules and maturation into
pathological aggregates have been described in vitro, a direct in vivo link between PLDs and

pathological aggregate assembly is still lacking.

3 Imp, a conserved RBP

S-actin mRNA was one of the first-studied transcripts for its subcellular distribution
pattern in migrating chicken fibroblasts (Lawrence and Singer 1986) and neurons (Bassell et
al. 1998). In both cell types, localization is driven by a 54-nucleotide cis-element located in
the 3’'UTR of S-actin mRNA. An UV-crosslink of the B-actin cis-element from chick embryo
fibroblasts followed by a purification of associated trans-acting factors led to the
identification of the 68kDa Zipcode Binding Protein 1 (ZBP1) (Ross et al. 1997).
Subsequently, independent studies identified ZBP1 orthologues in a wide range of organisms
including human, containing 3 variants, Igf-II mRNA Binding Proteins (IGF2BP 1-3 or Imp

1-3), murine c-myc coding region instability determinant binding protein (CRD-BP),
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Xenopus Vg1 RNA-binding protein (Vg1RBP) and Drosophila Imp (Fig. 13 A). These proteins

have been shown to bind a number of mRNA targets including IGF-II, f-actin, Vg1, or c-myc

(Deshler et al. 1998; Doyle et al. 1998; Nielsen et al. 1999; Zhang et al. 1999; Nielsen et al.

2000), and are involved in posttranscriptional events such as RNA localization, RNA

stabilization and translational inhibition (Kislauskis et al. 1994; Doyle et al. 1998;

Huttelmaier et al. 2005).
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Figure 13: Phylogeny and Structure of the Imp family of RNA-binding proteins.

A) Phylogenetic tree showing the phylogeny of Imp family members (Cao et al. 2018). B) Schematic
representation of the domain architecture of Imp protein. Most Imp proteins contain two N-terminal
RNA Recognition Motif domains (RRM 1 and 2 represented in blue and purple) followed by four C-
Terminal K-Homology domains (KH 1,2,3,4 are represented in orange, brown, pink and green
respectively) (Degrauwe et al. 2016a). Examples of the distribution of Imp in the cytoplasm and as
granular structures (white arrow) along the leading edge of a migrating cell (C), along the growth
cones of vertebrate neurites (D) and concentration of Imp as a crescent (red arrow) at the posterior

pole of the stage 9 Drosophila oocyte (E) (Farina et al. 2003; Leung et al. 2006; Munro et al. 2006).

3.1 Imp regulates the fate of associated transcripts

Imp proteins show similarity at the structural level, containing 6 canonical RBDs
with variabilities mostly observed in the linker regions. Imp contains two RRM at the N-
terminal followed by 4 KH domains (Nielsen et al. 2000) (Fig. 13 B). In vitro studies have
shown that KH domains (1-4) are critical for the interaction of the protein with transcripts,
with KH 3-4 having a higher affinity for interaction (Farina et al. 2003; Chao et al. 2010),
and the RRM domains involved in the stabilization of the complexes (Cao et al. 2018).
Structural analysis of the KH34 domain of the Imp1 protein revealed that the domain adopts
an anti-parallel pseudodimer conformation exposing the RBD. This precise orientation of the
domains optimizes the interaction with two non-sequential motifs within a single transcript,

thus increasing the affinity and specificity of the interaction (Chao et al. 2010).

Interaction of Imp to its target transcripts via the KH domains results in the assembly
of RNP granules that are distributed throughout the cytoplasm and cellular protrusions
(Zhang et al. 2001; Farina et al. 2003) (Fig. 13 C,D,E). Although some of Imp targets had
been identified in different species, transcriptome-wide studies using Rip-seq, individual-
nucleotide resolution UV-cross-linking and immunoprecipitation (iCLIP) and
photoactivatable ribonucleoside-iCLIP (Par-iCLIP) on cells have now provided a
comprehensive understanding of the transcripts that interact with Imp (Jonson et al. 2007;
Hafner et al. 2010; Hansen et al. 2015; Conway et al. 2016; Degrauwe et al. 2016b). These

studies have shown that Imp interacts with a large number of protein-coding transcripts,
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predominantly by binding to their 3’UTRs. These transcripts are involved in cell
organization, cell survival, cell signaling neuronal development, cytoskeletal rearrangement
and reproduction. Pull down of Imp-1 and analysis of the proteomic data through mass
spectrometry has further revealed that the Imp RNP complexes contain a unique identity,
distinct from stress granules or P-bodies (Jonson et al. 2007). Specifically, Imp was shown to
interact with several RBPs and ribosomal proteins in an RNA-dependent fashion
(Weidensdorfer et al. 2009). This study further revealed that although Imp interacts with
several RBPs, the association with few is critical for the stabilization of associated transcripts
(Weidensdorfer et al. 2009). Furthermore, the Imp complexes were shown to contain
proteins released from mRNAs upon translation (e.g. exon junction complex and CBP80),
indicating that Imp binds repressed mRNAs (Jonson et al. 2007). In accordance with this,
independent studies showed that Imp may associate with nascent transcripts in the nucleus
(Gu et al. 2002; Oleynikov and Singer 2003; Pan et al. 2007), and regulate the export and
localization of translationally repressed transcripts to specific subcellular domains

(Huttelmaier et al. 2005).

Live imaging of Imp granules in different living systems revealed that transport of
these granules is active, motor-driven (Zhang et al. 2001; Tiruchinapalli et al. 2003), and
mediated either through actin microfilaments (Farina et al. 2003; Oleynikov and Singer
2003) or MT-networks (Elisha et al. 1995; Nielsen et al. 2000; Medioni et al. 2014)
depending on the cell type. However, studies have now begun to show that Imp granule
localization and anchoring could be regulated by the concerted action of both actin and MT
network (Nalavadi et al. 2012; Urbanska et al. 2017). For example, a recent study showed
that Imp interacts with the actin-based myosin Va motor in an RNA-dependent manner.
Inhibition of myosin Va leads to an increased number of Imp RNP granules, and a robust
accumulation of granules in the axons of cultured neurons, suggesting that myosin Va
normally functions to limit the interaction of Imp granules to the MT based motor proteins

(Nalavadi et al. 2012). This suggests that Imp RNP granules may be docked to specific
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cytoplasmic sites in cell bodies, and following extracellular stimuli, Imp RNP granules

associates with kinesin (Urbanska et al. 2017) and are transported.

Imp family of proteins are regarded as oncofetal proteins dues to their biphasic
protein expression during development and later in transformed cells. Gene deletion
experiments have been instrumental in understanding the physiological role of Imp during
development. Knockout of Imp resulted in mice that were 40% smaller and exhibited
mortality (Hansen et al. 2004). However, increased expression of Imps correlates with poor
prognosis and enhanced metastasis in various cancers including colorectal cancers, tumours
of the hepato-biliary system, and breast carcinoma. In vivo studies have shown that forced
expression of Imp1 in mammary epithelial cells induce mammary tumours in up to 95% of
cases (Tessier et al. 2004). Mechanistically, Imps were shown to play a significant role in
promoting cell survival and self-renewal, through protection of mRNAs from degradation
and subsequent upregulation of several oncogenic transcripts (Jonson et al. 2014; Degrauwe
et al. 2016b). Indeed, several studies indicated that Imp interacts with several transcripts
and proteins and are involved in various important aspects of cell function (Degrauwe et al.
2016b). Examples of the crucial role of Imp proteins in regulating the life cycle of mRNAs

will be briefly described below.

() During development, Imp proteins are involved in the localization of regulatory
mRNAs supporting growth or fate specification. For example, Vg1iRBP interacts
with Vg1 mRNA and localizes it to the vegetal poles of Xenopus oocyte (Deshler et
al. 1997; Yaniv et al. 2003); it is also necessary for the migration of neural crest
cells in Xenopus embryo (Yaniv et al. 2003). Furthermore, ZBP1 dependent
localization of f-actin mRNA along the shaft or to the growth cones of vertebrate
neurites is essential for guidance and branching of axon and dendritic processes
(Tiruchinapalli et al. 2003; Perycz et al. 2011; Welshhans and Bassell 2011;

Kalous et al. 2014; Gaynes et al. 2015; Lepelletier et al. 2017).
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(i) Imp is involved in the protection and stabilization of transcripts from miRNA
degradation by binding to miRNA recognition sites (Toledano et al. 2012;
Goswami et al. 2015; Degrauwe et al. 2016a; Degrauwe et al. 2016b). For
example, a study revealed Imp expression during development determines the
fetal neural stem cell fate. Imp promotes the self-renewal of neural stem cell by
protecting the stability of mRNAs like Ccnd2 and Hgma that are targets of the

let7-miRNA (Nishino et al. 2013).

3.2 Imp, role in Drosophila Development

Drosophila imp is an essential gene, as imp null mutants are zygotic lethal, dying
during the late pharate stage. Similar to its vertebrate orthologues, Drosophila Imp is
involved in the post-transcriptional regulation of different mRNAs during development.
During oogenesis, Imp forms cytoplasmic granules that are transported in a dynein-
dependent manner to oocytes (Fig. 13 E). Furthermore, it binds to the asymmetrically
localized oskar and gurken mRNAs, and its overexpression perturbs dorsoventral
patterning, suggesting a developmental role during embryogenesis (Geng and Macdonald

2006; Munro et al. 2006; Boylan et al. 2008).

The expression of Imp and post-transcriptional regulation of its target transcripts
have been shown to be important during the spatio-temporal development and maturation
of the nervous system, particularly in the Mushroom Body (MB) (Boylan et al. 2008;
Medioni et al. 2014). MBs are a pair of prominent neuropil structures found in the central
brain, and are the centre of learning and memory in Drosophila (Fig 14. A) (Heisenberg
2003). Each MB is derived from four neuroblasts which divide repeatedly from
embryogenesis until late pupal stage and produce around 2,500 Kenyon cells (Fig 14. B) (Ito
and Hotta 1992). Three distinct classes of MB neurons, born sequentially, extend their axons
ventrally along the peduncle and, upon reaching the tip of the peduncle, bifurcate to form the

so-called dorsal and medial lobes (Fig 14. C). The y neuron are generated during
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embryogenesis, followed by the o’f’ neurons during late larval development and finally the
of neuron during metamorphosis (pupal stage). While the larval y neurons extend axonal
branches into both lobes, during metamorphosis they undergo stereotypic pruning and later
extend adult specific axonal branches specifically along the medial lobe (Lee et al. 1999; Yu

and Schuldiner 2014).
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Figure 14: The brain of Drosophila and the sequential generation of the

Mushroom Body neurons.

A) Schematic representation of an adult Drosophila head. Mushroom bodies are represented as dark
blue L shaped structures located in the central brain (Heisenberg 2003). B) Schematic representation
of an adult MB. Each MB is generated from 4 neuroblasts and consists of around 2,500 neurons. MBs
are organized in a stereotypic pattern: their cell bodies lie in the dorsal region, with the dendrites
projecting just beneath them, and the axons projecting more ventrally into the dorsal and medial

lobes. The projection pattern of a single MB y neuron is shown in blue (Medioni et al. 2014). C) The
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MB neurons are classified into three types based on their axonal projection patterns and their time
course of development. y neurons (red) are born before the mid-3rd instar stage, a’/p’ neurons
(green) are born between the mid-3rd instar stage and PF, and o/ neurons (blue) are born after
metamorphosis (Lee et al. 1999). NHL and ALH stand respectively for newly hatched larvae and after
larval hatching.

Transcriptional profiling of the MB neuroblasts at specific time points during the
larval and pupal stages revealed the temporally-controlled expression of imp, and its role in
dictating MB neuronal fates (Liu et al. 2015). Indeed, Imp is expressed abundantly during
larval stage, and its expression declines 36h after metamorphosis onset (APF). Depletion of
Imp resulted in the premature generation of pupal-specific a3 neurons and small size MB
lobe. More specifically, Imp has been proposed to post-transcriptionally regulates the
chronologically inappropriate morphogenesis (Chinmo) transcription factor, whose
expression determines the temporal MB neuronal fate. In addition to specifying the fate of
larval yneuron in dividing neuroblast, Imp function is also essential in post-mitotitc
differentiated y neurons, for the regrowth and branching of adult-specific y axons that
develop after pruning of the larval axons (Medioni et al. 2014). Imp assembles into RNP
granules containing the actin regulator encoding profilin mRNA in the cell body of MB y
neurons. Imp RNP granules are restricted to the cell body during the initial growth of the y
neurons (Fig 15. B). During metamorphosis, Imp RNP granules are actively transported
along the MT in a developmentally regulated manner (Fig 15. B) (Medioni et al. 2014).
Furthermore, imp function is essential for the growth and branching of the adult specific
axons (Fig. 16). How this developmentally-controlled translocation of Imp to axons is

regulated has remained unclear.
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Figure 15: Development of the MB gamma neurons

A) Schematic representation of y neuron developmental pruning and regrowth. Adapted from (Luo
and O'Leary 2005). y neurons change their neuronal projection pattern during development. During
the larval stage, y axons first extend main axonal branches in both the medial and dorsal lobes. During
metamorphosis, these branches undergo programmed degeneration and later extend their adult
specific branch along the medial lobe. B) MBs of 201Y-Gal4, UAS-Flag-Imp/+flies dissected at
different stages of development, and double-stained with anti-Flag (upper panel). The inset shown for
the 26hAPF stage corresponds to higher magnification. Imp proteins are present in the MB cell bodies
during the larval stage. During metamorphosis, the Imp RNP granules are transported along the axon

in a developmentally regulated manner (Medioni et al. 2014).
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Figure 16: Axonal Growth and Branching Defects in y Neurons Mutant for imp

(A-C") Axonal projections of single wild-type (A) and imp7 (B and C) adult y neurons labeled by GFP
(A—C; green in A’—C’) using the MARCM technique. The shape of the MB medial lobe is highlighted
by FaslI staining (magenta in A’—C’). Scale bar, 20 um. Single axons homozygous for the imp7 null

mutant allele show axon re-growth and branching defects (B, B’, C, C’) (Medioni et al. 2014).
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4 Aim of the thesis

Previous work from our group has uncovered the role of Drosophila Imp as a core
component of the neuronal RNP granules that are involved in polarized growth and
branching of Mushroom Body (MB) y axon. While analysing the domain structure of the Imp
protein, it was noticed that in addition to four RNA binding domains, Imp contains a
disordered C-terminal domain showing a striking enrichment in Glutamines and Serines.
Based on its lack of structure and biased amino acid composition, this domain has the
characteristics of a PLD, suggesting it could either play a role in granule assembly or
modulate the material properties of RNP granules. The main objectives of my PhD work
were to investigate the in vivo function of this domain, and to elucidate its molecular role in

the assembly and functional regulation of neuronal Imp granules.

To understand the role of Imp PLD in the assembly of RNP granules, I first assessed
the ability of Imp proteins lacking the PLD to assemble into RNP granules in both cultured
cells and cell bodies of MB y neurons. Then, I further characterized the material properties of
RNP granules conferred by the PLD, and the molecular requirements underlying PLD
function in granule assembly. Imp PLD requirement was compared to that of Imp KH RNA
binding domains. To further investigate the molecular mechanism underlying granule
assembly, I attempted to perform in vitro reconstitution assays from purified Imp wild-type

and mutant proteins.

To explore the physiological functions of Imp PLD, I took advantage of the previously
known role of Imp in y axon growth and branching and studied the function of Imp PLD in
vivo in the context of maturing brains. Using endogenous and exogenous GFP tagged
wildtype and mutant Imp proteins, I investigated the transport and localization of Imp
granules, as well as the ability of Imp variants to support y axon growth and branching.
Overall, this work sheds light on the role of the PLD of Imp in granule assembly and

transport.
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5 Results

5.1  Summary of my thesis work I

During my 4 year PhD work, I sought to decipher the function of the C-terminal PLD
of Drosophila Imp. To study the mechanisms underlying the assembly and regulation of Imp
granules and the contribution of the PLD to the function of the protein, I used two
complementary cellular systems: i) a population of central nervous system (CNS) neurons
that undergo extensive remodeling during metamorphosis (MB y neurons), a process
requiring imp function, and ii) a cell line exhibiting a large cytoplasm in which Imp granules

can be actively transported (S2R+ cells).

The first part of my results unraveled two essential functions for Imp PLD: one in the
regulation of granule homeostasis, and one in the axonal transport of Imp granules.

Furthermore, I demonstrated that these two roles are uncoupled

Imp PLD function in granule homeostasis

Previous results from the lab showed that Drosophila Imp assembles into
cytoplasmic RNP granules in both S2R+ cells (unpublished) and CNS neurons (Medioni et
al. 2014). I first questioned the importance of interaction of Imp with RNA for granule
component coalescence. I observed that a mutant form of Imp that lacks the ability to bind
RNA lost its capacity to assemble into granules and predominantly localized in the nucleus.

To elucidate the role of the PLD, a truncated variant of Imp lacking the PLD (Imp APLD) was

constructed. Expression of the truncated version of Imp revealed that Imp APLD could
assemble into RNP granules in S2R+ cells and in vivo. Furthermore, smFISH experiment
revealed that in vivo granules contain profilin mRNA, a described target of Imp. However,
quantification of the RNP granules that assembled in S2R+ cells indicated a significant
increase in the number and size of Imp granules in the absence of the PLD. These
experiments hinted that, in contrast to predominant current models, the PLD has a

propensity to prevent the hyper aggregation of the RNP granules. To confirm this result, I
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fused the PLD of Drosophila to the human orthologue of Imp that naturally lacks a PLD.
This gain of function study further substantiated the role of PLD in restricting Imp RNP
granule size and number. To test if the sequence of the Imp PLD is essential for granule
homeostasis, I designed two scrambled versions (V2 and V4) by randomly rearranging the
position of amino acids within the PLD, ensuring that the newly generated sequences
maintain a similar score in algorithms used to predict disorder. The two scrambled versions
of PLD (Imp ScrPLD) assembled into granules in cultured cells and in MB y neurons and
were similar both in number and size to the Imp wild-type granules. Together, these data
revealed that PLD is essential for regulating granule homeostasis, and that PLD primary

sequence is not necessary for this regulation.

To characterize the function of Imp PLD in imparting dynamics to the granules, I
performed FRAP experiments in mammalian cells (Hela cells), Drosophila cells and in the
cell body of MB y neurons. Results from all three different cell types consistently

demonstrated that the PLD promotes the turnover of Imp molecules in and out complexes.

Axonal Transport and neuronal remodeling

Previous results demonstrated that Imp RNP granules are actively transported to
axons upon developmental remodelling, and that imp supports y axon re-growth and
branching at that stage. Taking advantage of a CRISPR line expressing truncated Imp APLD
proteins from the endogenous locus, I showed that Imp APLD proteins failed to localize to
axons from metamorphosis onwards. In vivo live imaging experiments revealed that there
was a decrease in the number of both anterograde and retrograde granules in axons, and an
increase in the velocity of retrograde granules. These defects in axonal transport are linked to
defects in axon growth and branching. Indeed, single neuron labelling experiment showed
10% of adult y axons failed to grow and branch properly in the CRISPR APLD line.
Furthermore, expression of Imp APLD proteins could not rescue the imp axon remodelling

defects in MARCM experiments. Thus, the PLD of Imp is not only important for granule
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homeostasis of Imp granules, but is also essential physiologically, for Imp-dependent growth

and branching of axonal branches.

Uncoupled role in granule homeostasis and axon transport

Surprisingly, my data further showed that these two roles of the PLD of Imp are
independent. In order to understand the importance of the position of the PLD, I generated a
variant of Imp with the PLD at the N-terminus. This variant, when expressed in S2R+ cells
accumulated as large granules, and FRAP experiment showed significantly less recovery that
for Imp wild-type proteins. Strikingly, however, the proteins were efficiently transported to
y axons and supported growth and branching.

Thus, these results suggest that the PLD of Imp has two independent functions: one
in the restriction of granule size (which requires a C-ter PLD), and the other in the polarized

growth of axons.

A manuscript describing these results was submitted to Nature communication and is

inserted at the end of this section. This manuscript is now under revision.
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5.2.1 Abstract (150 words max)

Prion-like domains (PLDs), defined by their low sequence complexity and lack of structure,
are present in hundreds of human proteins. Although gain-of-function mutations in the
PLDs of neuronal RNA binding proteins were linked to neurodegenerative disease
progression, the physiological role of PLDs and their range of molecular functions are still
largely unknown. Here, we show that the PLD of Drosophila Imp, a conserved component of
neuronal RNP granules, is essential for the developmentally-controlled localization of Imp
RNP granules to axons and regulates in vivo axonal remodeling. Furthermore, we
demonstrate that Imp PLD restricts, rather than promotes granule assembly, revealing a
novel modulatory function for PLDs in RNP granule homeostasis. Strikingly, swapping the
position of Imp PLD compromises RNP granule dynamic assembly but not transport,
suggesting that these two functions are uncoupled. Together, our study uncovers a key

physiological function for PLDs in the spatio-temporal control of neuronal RNP assemblies.



5.2.2 Introduction

Following transcription, splicing and nuclear processing, eukaryotic mRNAs are
exported to the cell cytoplasm as ribonucleoprotein complexes (RNPs) containing RNA
molecules and associated regulatory proteins. Individual RNPs can further assemble into
higher order structures detected by light microscopy and referred to as RNP granules
(Muller-McNicoll and Neugebauer 2013). Cytoplasmic RNP granules of different sizes,
composition and properties have been defined over the last past decades, including large
macromolecular complexes such as P-bodies, stress granules, germ cell granules or neuronal
granules (Anderson and Kedersha 2009). These assemblies are enriched in helicases,
regulators of mRNA translation and stability, and/or molecular motors. They represent a
very efficient and flexible means to compartmentalize and regulate gene expression
(Anderson and Kedersha 2009; Buchan 2014; Mitchell and Parker 2014). Neuronal granules,
in particular, have been implicated in the long-distance transport of mRNAs to axons or
dendrites, and in their local translation in response to external cues (Kiebler and Bassell
2006; Besse and Ephrussi 2008; Holt and Schuman 2013; De Graeve and Besse 2018). By
enabling precise and dynamic spatio-temporal expression of mRNAs involved in cytoskeletal
remodeling, synaptic activity or cell signaling, neuronal granules promote functional and
structural plasticity in both developing and mature neurons. Their function underlies many
fundamental neuronal processes regulated by extrinsic signals, such as synaptic plasticity,
axon or dendrite growth and branching, as well as axon survival or regeneration (Doyle and
Kiebler 2011; Jung et al. 2012; Holt and Schuman 2013; Glock et al. 2017). To date, however,
the cellular and molecular principles underlying the assembly, transport and regulation of

neuronal RNP granules are still poorly understood.

Numerous recent studies have suggested that the assembly of macromolecular RNP
granules is mediated by the process of liquid-liquid phase separation, i.e. the demixing of a
homogenous solution into a soluble phase in which RNA and associated proteins are

dispersed, and a condensed phase in which these components are concentrated in droplets



with semi-liquid behavior (Weber and Brangwynne 2012; Courchaine et al. 2016; Alberti
2017). Once assembled, these RNP droplets undergo constant changes at the molecular level,
as illustrated by the relatively fast exchange (from seconds to minutes) of RNP components
(Kedersha et al. 2005; Aizer et al. 2008; Zhang et al. 2011; Hubstenberger et al. 2013; Patel
et al. 2015). This property enables RNP granules to rapidly change their size, number and/or
composition, and can be modulated in response to physiological cues or environmental
stresses (Hubstenberger et al. 2013; Buxbaum et al. 2014; Schisa 2014; Nott et al. 2015;
Riback et al. 2017; Khayachi et al. 2018). As revealed by recent in vitro studies, the
establishment of multivalent protein-protein and protein-RNA interactions is a key factor
driving the coalescence and maintenance of dynamic RNP assemblies (Li et al. 2012; Burke
et al. 2015; Lin et al. 2015; Molliex et al. 2015; Zhang et al. 2015). In this context, the role of
intrinsically disordered prion-like domains (PLDs), found at high frequency in RNP granule
components (Kato et al 2012; Kind et al 2012; Malinovska et al 2013), has raised strong
interest. PLDs are composed of repeated stretches of uncharged polar and aromatic amino
acids, rendering them very interactive and able to drive the formation of transient
interaction networks underlying condensation reactions. Consistent with this idea, PLDs
studied so far promote self-assembly in reconstituted systems, and seed phase separation
into RNP droplets (Kato et al. 2012; Lin et al. 2015; Molliex et al. 2015; Patel et al. 2015).
Interestingly, alterations in PLD functionality have been linked to the progression of several
neurodegenerative diseases including amyotrophic lateral sclerosis (ALS) or frontotemporal
dementia (FTD) (King et al. 2012; March et al. 2016). Disease-causing mutations identified
in the PLDs of different RNA binding proteins, indeed, were shown to alter granule
properties and promote the formation of abnormal solid aggregates, a hallmark of ALS and
FTD (Kim et al. 2013; Murakami et al. 2015; Patel et al. 2015). Surprisingly, although a clear
link has now been established between alteration of PLD function and disease, the
physiological function of PLDs in the assembly and regulation of neuronal RNP granules

largely remains to be demonstrated.



Here, we have explored the role of a PLD found in Drosophila Imp, a known
component of neuronal RNP granules belonging to the conserved family of VICKZ RNA
binding proteins. In both vertebrate and invertebrate neurons, Imp family members are
packaged together with target mRNAs into microscopically visible granules that are
transported to the axons and/or dendrites of neuronal cells (Tiruchinapalli et al. 2003;
Leung et al. 2006; Nalavadi et al. 2012; Medioni et al. 2014). As best described for VgiRBP
and ZBP1, two vertebrate orthologs of Imp, Imp proteins not only promote the microtubule-
dependent transport of their targets such as p-actin mRNA, but also control their
translational regulation (Yao et al. 2006; Sasaki et al. 2010; Welshhans and Bassell 2011;
Patel et al. 2012; Buxbaum et al. 2014; Yoon et al. 2016). Functionally, Vg1RBP/ZBP1-
dependent localization and translational control of S-actin promote axon navigation (Leung
et al. 2006; Yao et al. 2006; Lepelletier et al. 2017), as well as dendritic growth and
branching (Perycz et al. 2011) in developing neurons. In Drosophila brains, Imp assembles
into neuronal RNP granules that contain the actin regulator-encoding profilin mRNA. These
granules undergo precise spatio-temporal regulation during nervous system maturation, and
are dynamically recruited to axons upon developmental remodeling (Medioni et al. 2014).
Moreover, Imp function is required for completion of axonal branch remodeling, in
particular for the regrowth and branching of adult axons that occur after pruning of

immature branches.

In this study, we find that Drosophila Imp contains a PLD that is not required for
RNP granule assembly in cells and in vivo. Imp PLD, rather, regulates granule properties by
limiting the clustering of Imp molecules, and by promoting their exchange in and out of
granules. Such functions do not depend on PLD primary sequence. In vivo, Imp PLD
promotes the motility of axonal Imp granules, and is both necessary and sufficient for
efficient localization of Imp to axons. Furthermore, it regulates the imp-dependent axonal
remodeling that occurs during brain maturation. Surprisingly, swapping the position of Imp

PLD revealed that its function in the modulation of Imp granule assembly and dynamics can



be uncoupled from that in axonal transport. Together, our findings reveal a novel in vivo
function for a PLD in the formation of transport-competent neuronal granules. By
uncovering an unexpected function of a PLD in RNP granule homeostasis, they also shed
new light into the molecular principles and requirements underlying RNP granule assembly

and regulation in living cells.
5.2.3 Results
Drosophila Imp contains a C-terminal prion-like domain

Analysis of the primary sequence of Drosophila Imp revealed that the C-terminal
most region of the protein is highly enriched in uncharged polar amino acids, in particular in
glutamines that are clustered in stretches of 3-5 residues (31 glutamines over a 95 amino acid
length; Figure 1A). This C-terminal domain has an amino acid composition typical of that
described for low-complexity prion-like domains (PLD) (Alberti et al. 2009), and was
identified as such in a genome-wide in silico search (Malinovska et al. 2013a). This domain is
further predicted to be intrinsically disordered (Figure 1B), a prediction that we validated
using circular dichroism spectroscopy. As shown in Figure 1C, indeed, spectra obtained from
recombinant Imp PLD revealed that the majority of the domain does not fold into detectable

o-helices or B-sheets secondary structures.

Imp RNA binding capacity, but not Imp PLD, is required for Imp granule

assembly.

PLDs were shown in different contexts to drive the coalescence of RNP granule
components into phase-separated higher order structures (Kato et al. 2012; Lin et al. 2015;
Molliex et al. 2015; Patel et al. 2015). Thus, we investigated the importance of Imp PLD in
the assembly of Imp RNP granules. In S2R+ cells, both endogenous Imp and transfected
GFP-Imp distribute diffusely throughout the cytoplasm and accumulate within granules of
an apparent diameter of 200 to 300 nm (Figure 2A and B) (Hansen et al. 2015). As revealed

by the absence of co-localization with Stress Granule (SG) markers, these granules are



distinct from SGs (Figure S1A-B). To test if binding of Imp to RNA is essential for granule
assembly, we generated a mutant form of Imp in which two negatively charged aspartate
residues were introduced in the characteristic GxxG loop of all four KH domains (GxxG to
GDDG substitutions). Such point mutations were described to preserve KH domain structure
while strongly impairing nucleic acid binding (Hollingworth et al. 2012). Indeed, Imp-KH1-
4DD proteins did not show any significant binding to RNA in vitro (Figure 21, compare with
wild-type Imp). When transfected into S2R+ cells, GFP-Imp-KH1-4DD proteins did not
assemble into granules (Figure 2C), suggesting that the binding of Imp to target RNAs is
essential for the formation of Imp RNP granules. To then test whether Imp PLD plays a role
in this process, we generated a mutant form of Imp lacking this domain (Imp-APLD) and
analyzed its subcellular distribution. As shown in Figure 2D, GFP-Imp-APLD fusions
assembled into distinct cytoplasmic particles, indicating that the PLD of Imp is not required

for the assembly of Imp RNP granules in S2R+ cells.

In vivo, both endogenous Imp (Figure 2E,F) and UAS-driven GFP-Imp fusions
(Figure 2G) accumulate into cytoplasmic granules in Mushroom Body (MB) y neurons. These
granules contain profilin mRNA, a direct target of Imp (Figure S1C,D) (Medioni et al. 2014).
As was observed ex vivo, GFP-Imp-KH1-4DD mutants did not assemble into visible granules
when expressed in MB yneurons (Figure 2H), whereas GFP-Imp-APLD proteins
accumulated into distinct punctate structures in the cytoplasm (Figure 2J). In these
experiments, the presence of endogenous wild-type Imp proteins may influence the
distribution of exogenous GFP-Imp-APLD constructs. To generate flies that exclusively
express GFP-Imp-APLD proteins, we took advantage of an available knock-in line (Go80

protein-trap line) in which a GFP exon is inserted in frame in all imp transcripts, generating

functional N-terminally tagged proteins (Figure 2F and S2A,B)_(Medioni et al. 2014). Using
the CRISPR/Cas9 technology, we introduced into this line two premature STOP codons in
the imp locus, upstream of the PLD-coding sequence (Figure S2A). Remarkably, GFP-Imp-

APLD proteins produced by homozygous Go80-GFP-Imp-CRISPR-APLD flies assembled



into cytoplasmic granules containing profilin mRNA (Figure 2K and S1D,E), confirming that

the PLD of Imp is not required for the assembly of Imp RNP granules in vivo.

Imp PLD modulates granule size and number

As described, Imp PLD is not strictly required for granule assembly. Rather, careful
examination and quantification of the cytoplasmic granules formed upon GFP-Imp-APLD
expression revealed that Imp PLD restricts granule coalescence. Indeed, a significantly
higher number of granules was observed in GFP-Imp-APLD-expressing cells compared to
GFP-Imp-expressing cells (Figure 3A). Furthermore, GFP-Imp-APLD granules were on
average larger (9.3 +/-0.13 pixels vs 8.2 +/-0.17 for GFP-Imp granules; P<0.001 in a Mann-
Whitney test), as illustrated by the significant increase in the number of cells with very large
(>25 pixels) granules (Figure 3B). Notably, such differences did not result from a differential
expression of the two proteins, as both were expressed at similar levels (Figure S3B). Thus,

these results suggest that Imp PLD normally restricts the number and size of Imp granules.

Next, we wondered whether Imp PLD is sufficient to limit the assembly of RNP
granules. We found that, on its own, Imp PLD does not trigger particle assembly and cannot
be recruited to Imp containing granules (Figure S3A-A’ and data not shown). Thus, we next
generated a chimeric construct in which we grafted the PLD of Drosophila Imp at the C-
terminus of the human IMP1 protein, which naturally lacks such a domain (Figure 3C).
Strikingly, addition of Drosophila Imp PLD significantly decreased both the number and the
size of cytoplasmic granules formed by hIMP1 in S2R+ cells (Figures 3D-G), without
affecting hIMP1 levels (Figure S3C). Together, these results thus indicate that Imp PLD is

not only required, but also sufficient, to modulate Imp granule size and number.

Imp PLD position, but not primary sequence, is important for the regulation of

granule size and number

To better understand the molecular determinants underlying Imp PLD function, we

analyzed the function of variants in which Imp PLD sequence or position was altered. First,



we tested whether Imp PLD might encode interaction sites with specific sequence by
generating two scrambled PLD variants with altered primary sequence but preserved overall
amino acid composition (Imp-scr2 and Imp-scr4; Figures 4A-D). In these two PLD variants,
the degree of disorder is predicted to be preserved (Figure S3D). Remarkably, expression of
GFP-Imp-scr2 or GFP-Imp-scr4 proteins in S2R+ cells did not result in any changes in
granule size or number (Figure 4A,D,E and Figure S3E,F). This result indicates that primary
sequence is not important for Imp PLD function in granule assembly, and thus that Imp PLD
does not regulate granule assembly through stereospecific interactions. To next test if the
position of Imp PLD is important for its function, we generated a form of Imp in which we
moved the PLD from the C-terminus of the protein to its N-terminus (Figure 4B). GFP-Imp-
Nter-PLD proteins, while expressed at levels similar to GFP-Imp proteins (Figure S3G),
accumulated in granules with altered properties (Figure 4F). In this context, indeed,
increased granule number (Figures 4G) and size (Figure 4H) were observed, similarly to the
GFP-Imp-APLD condition. Thus, Imp PLD appears to be non-functional when located N-
terminally, suggesting that domain arrangement is a key requirement for the functional

modulation of granule assembly by Imp PLD.
Imp PLD renders Imp RNP granules more dynamic

RNP granules are dynamic assemblies whose components constantly exchange with
the cytoplasm. To test if Imp PLD regulates the exchange of granule-associated Imp, we
measured fluorescence recovery after photobleaching (FRAP) in GFP-Imp-expressing S2R+
cells. As shown in Figures 5A-B, a partial recovery was observed after photobleaching of the
granule-associated pool of wild-type GFP-Imp proteins, suggesting that Imp may be a core
particle component that moderately exchanges with the cytoplasmic fraction. Interestingly, a
significantly lower recovery was observed when expressing GFP-Imp-APLD fusions (Figure
5B), indicating that the PLD of Imp promotes the exchange of Imp in and out granules. Such
a reduction in fluorescence recovery was observed when expressing GFP-Imp constructs in

HeLa cells, a heterologous system where the identity of Imp partners and targets is likely



partially different (Figure S4). Furthermore, it was also visible in whole adult brains, after

bleaching of endogenous GFP-Imp and GFP-Imp-APLD neuronal granules (Figure 5C,D).

To investigate the behavior of Imp variants, we then performed FRAP experiments on
GFP-Imp-scr2, GFP-Imp-scr4 and GFP-Imp-Nter-PLD granules in S2R+ cells. While the
fluorescence recovery of GFP-Imp-scr2 and GFP-Imp-scr4 variants was similar to that of
wild-type GFP-Imp proteins, the recovery of GFP-Imp-Nter-PLD was significantly lower
(Figure 5E), consistent with a model in which granule dynamics is regulated by PLD

position, but not through PLD-mediated stereospecific interactions.

Altogether, these results suggest that Imp PLD is a key contributor to RNP granule
homeostasis. Instead of promoting granule assembly, it plays an important role in

modulating RNP granule assembly and dynamics.

Imp PLD promotes the transport of Imp to Mushroom Body (MB) axons

We have previously shown that the distribution of Imp is precisely controlled in vivo
during nervous system maturation: while Imp is restricted to the cell bodies of MB y neurons
during larval stages, it localizes to axons from metamorphosis onwards (Medioni et al. 2014).
To investigate the role of Imp PLD in the developmentally-controlled recruitment of Imp to
axons, we analyzed at larval and adult stages the localization of GFP-Imp fusions expressed
in MB y neurons under the control of 201Y-Gal4. Similar to wild-type GFP-Imp, GFP-Imp-
APLD proteins were restricted to y neuron cell bodies at larval stages (data not shown). In
contrast to GFP-Imp, however, GFP-Imp-APLD proteins did not efficiently localize to the
axons of adult MB y axons (Figure 6A-C and Figure S6A), suggesting that Imp PLD is
required in vivo to promote the localization of Imp to axons. To assess the distribution of
endogenously-expressed Imp proteins, we then compared the localization of GFP-Imp
proteins produced from the GFP protein-trap line with that of GFP-Imp-APLD proteins
produced from the Go80-GFP-Imp-CRISPR-APLD line. As shown in Figure 6D-F, a strong

reduction in the localization of GFP-Imp proteins to MB y axons was observed in the absence
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of Imp PLD. Such a difference in axonal signal intensity was not explained by differences in
expression levels, as protein levels were similar in Go80-GFP-Imp and Go80-GFP-Imp-

CRISPR-APLD lines (Figures S2B and S6B).

To test whether Imp PLD is sufficient to promote the axonal recruitment of
heterologous proteins, we then compared the distributions of GFP-tagged hIMP1 and
hIMP1-drosPLD proteins expressed in MB y neurons. Remarkably, a significant increase in
axonal localization was observed upon addition of Drosophila Imp PLD to hIMP1 (Figure

6G-I), indicating that Imp PLD is both necessary and sufficient for axonal localization.

In vivo recruitment of Imp granules to axons is mediated by bi-directional,
microtubule-dependent transport, a process triggered during early metamorphosis by a yet
unknown instructive signal (Medioni et al. 2014). To investigate whether Imp PLD regulates
the motility of Imp granules in vivo, we performed real-time imaging of endogenous axonal
Imp granules in Go80-GFP-Imp and G080-GFP-Imp-CRISPR-APLD intact pupal brains
(Medioni et al. 2015). As previously reported (Medioni et al. 2014), wild-type GFP-Imp
granules exhibited a biased bi-directional motion (Figure 7A,B and Video1) characterized by
a higher number of granules moving anterogradely (Figure 7C and S5A) and a higher
anterograde mean velocity (Figure 7D). Remarkably, a decreased number of both
unidirectional and bidirectional motile particles was observed in Go80-GFP-Imp-CRISPR-
APLD axons compared to wild-type Go80-GFP-Imp axons (Figure 7C; P<0.01 in a Kruskal-
Wallis test). Furthermore, although the proportion of anterograde particles was still higher
than that of retrograde ones in Go80-GFP-Imp-CRISPR-APLD brains (Figure S5A), an
increased retrograde mean velocity was observed (Figure 7D and Figure S5B,C). Together,
these results thus suggest that the PLD of Imp promotes the motility of axonal Imp granules

in vivo and modulates the properties of their retrograde transport.

The function of Imp PLD is important for imp-dependent axonal remodeling.
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As described previously (Medioni et al. 2014), imp function is required for the
developmentally-controlled remodeling of MB y axons that occurs during metamorphosis, in
particular for the growth and branching of adult mature branches. Notably, Go80-GFP-Imp-
CRISPR-APLD flies did not exhibit major alterations in the global projection pattern of the
adult y axon population (Figure 6D’,E’). To visualize the detailed morphology of individual
neurons, we induced stochastic sparse labeling of y neurons using the MultiColor FlpOut
(MCFO) approach (Nern et al. 2015). While the majority of single labeled adult y axons had a
normal morphology, about 10% of them exhibited polarized growth defects (6/62 vs 0/21 in
control flies). In this context, all y neurons express truncated Imp-APLD proteins. To then
test the function of Imp-APLD proteins in a condition where single mutant neurons are
challenged by surrounding wild-type neurons growing simultaneously and competing for
space, we performed rescue experiments using the MARCM technique (Wu and Luo 2006).
About half of individual imp” mutant neurons grown in an otherwise wild-type environment
failed to properly elongate, a phenotype significantly suppressed by expression of wild-type
GFP-Imp (Figures 8A-C). Remarkably, expression of GFP-Imp-APLD did not suppress the
axon growth defects observed in adult imp mutant y neurons in this assay (Figures 8C),
indicating that the PLD of Imp is important for efficient growth, a process better highlighted

in a competitive context.

The functions of Imp PLD in granule homeostasis and in vivo transport are

uncoupled.

As described previously, changing the position of Imp PLD from the C-terminus to
the N-terminus of the protein compromises its function in the regulation of Imp granule
assembly. Surprisingly, expression of GFP-Imp-Nter-PLD in MB y neurons revealed that this
variant is able to localize to axons as efficiently as wild-type GFP-Imp fusions (Figure 8J-L).
Furthermore, expressing the N-ter-PLD construct in an imp mutant background suppressed

the axonal regrowth phenotypes observed upon imp inactivation (Figures 8C), suggesting
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that the presence of Imp PLD, but not its position, is important for axonal transport and
control of axonal regrowth. Together, these results thus indicate that Imp PLD has two
independent functions in regulating Imp RNP granule assembly and axonal transport.
Furthermore, they indicate that changes in RNP granule homeostasis do not directly impact

on the in vivo function and regulation of Imp during developmental neuronal remodeling.

5.2.4 Discussion

Imp PLD modulates, rather than promotes RNP granule assembly.

Establishment of multivalent interactions is driving the self-assembly of components
into phase-separated high-order structures (Li et al. 2012; Courchaine et al. 2016). In the
context of RNP granules, multivalency was proposed to originate from repeats of RNA
binding domains (Li et al. 2012), as well as from disordered low-complexity domains, which
are prone to establish interaction networks and are found at high frequency in RNA binding
proteins (Kato et al. 2012; Weber and Brangwynne 2012; Malinovska et al. 2013a;
Courchaine et al. 2016). Here, we showed that preventing Imp binding to RNA by mutating
all four KH domains interferes with Imp granule formation, consistent with the idea that
RNA binding is a key driver of phase separation (Lin et al. 2015; Zhang et al. 2015), and that
multivalent protein-RNA interactions may underly granule formation (Li et al. 2012). Imp
PLD, however, is neither sufficient nor necessary for such a process. This finding contrasts
with the capacity of described PLDs to trigger demixing into phase-separated structures
(Kato et al. 2012; Lin et al. 2015; Molliex et al. 2015; Patel et al. 2015; Bakthavachalu et al.
2018), but is consistent with recent work showing that low-complexity sequences may not
necessarily act as seeds for granule coalescence and rather modulate such a process (Riback
et al. 2017; Franzmann and Alberti 2018; Franzmann et al. 2018). Indeed, our results show
that Imp PLD restricts the capacity of Imp granule components to self-assemble into
granules and reduces the exchange of Imp molecules with the cytoplasm. To our knowledge,
Imp PLD is the first PLD that negatively regulates demixing. How this domain is acting at

the molecular level still has to be resolved, but one possibility is that it dynamically regulates
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access to binding sites and interferes with intra- and/or inter-molecular interactions, thus
decreasing valency of binding or strengths of interactions within the complex. Strikingly,
Imp PLD still modulates RNP assembly when ectopically grafted onto a heterologous
protein, indicating that its modulatory function is transferable to a functionally related
protein. Imp PLD functionality, however, depends on its position within the protein because
a N-terminally-located PLD cannot restrict granule assembly. This suggests conformational

constraints within the interaction network that is established during RNP granule assembly.

What is the in vivo impact of changes in granule homeostasis? Imp PLD-mediated
changes in granule assembly appears to not have a major impact on Imp function during
Drosophila development, as GFP-Imp-CRISPR-APLD individuals, in contrast to imp
mutants, are homozygous viable and fertile. Furthermore, these changes do not interfere
with imp-dependent remodeling of MB y axons, as revealed by the capacity of Imp-NterPLD
proteins to efficiently rescue the imp re-growth and branching phenotypes. The capacity of
Imp PLD to regulate Imp granule coalescence and dynamics might however be
physiologically important in other contexts, to regulate synaptic plasticity in the adult

nervous system, or in response to stress.

Molecular requirements for PLD functions

PLDs belong to a class of low-complexity domains defined by their biased amino acid
composition, and in particular by their enrichment in uncharged polar amino acids such as
glutamine, asparagine, serine or proline, a characteristic signature of prion domains (Alberti
et al. 2009; Malinovska et al. 2013a). A key feature of PLDs is also their predicted lack of
defined structure, a property we have experimentally confirmed for Imp PLD using circular
dichroism spectroscopy. Because of their intrinsic disorder, PLDs have been proposed to
bring “fuzziness” to macromolecular RNP complexes, and to provide both adaptability and
reversibility to the metastable protein interaction networks characteristic of such assemblies
(Fuxreiter 2012; Malinovska et al. 2013a; Wu and Fuxreiter 2016). To date, however, the

precise molecular requirements underlying PLD functions are still unclear. Recent work
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performed on the PLD of the yeast Nab3 protein has uncovered that some heterologous
PLDs, but not all, can compensate for the lack of Nab3 PLD, suggesting the existence of
distinct functional classes of PLDs (Loya et al. 2017). No correlation could however be
established between PLD amino acid composition and/or length and functionality, leaving

open the question of the molecular signature required for PLD function.

Aligning Imp PLD sequences from different Drosophila species reveals some
variations in primary sequences, in particular an increased length of glutamine repeats in
distantly-related species such as D. grimshawi or D. mojavensis (Figure S6C). To test if
providing disorder was the main function of Imp PLD, or rather if PLD sequence was
encoding some information, we generated scrambled versions of Imp PLD that preserved
overall amino acid composition but not primary sequence. Interestingly, scrambled PLDs
could restrict granule assembly and regulate interaction dynamics as efficiently as wild-type
domains, suggesting that primary sequence is not a determinant of Imp PLD function in

granule regulation.

How such disordered domains are regulated still has to be clarified, but both in vitro
and in vivo work has shown that post-translational modifications of low-complexity domains
(LCD), in particular phosphorylation of LCDs residues, can dramatically change phase
separation behavior (Li et al. 2012; Kwon et al. 2013; Wang et al. 2014; Monahan et al. 2017).
Imp PLD contain numerous serines, yet mutating all serines into non-phosphorylable
glycines did not impact on granule assembly and dynamics in S2R+ cells, nor on MB [J axon
remodeling in developing brains (data not shown). Whether other post-translational
modifications contribute to the regulation of Imp PLD, and to changes in granule properties,

remains to be determined.
Imp PLD promotes the formation of transport-competent RNP granules

Our work has revealed that Imp PLD is both necessary and sufficient to promote Imp
axonal localization in vivo, and uncovered a role for Imp PLD in the microtubule-dependent
transport of axonal RNP granules. While previous work has shown that ALS-disease causing
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point mutations in the low complexity domain of the TDP-43 RNA binding protein alter the
transport of TDP-43 granules along the axons of cultured neurons (Alami et al. 2014),
whether such changes resulted from observed alterations of granule dynamics and physical
properties remained unclear. The capacity of Imp-Nter-PLD constructs to localize to axons
demonstrates that the function of Imp PLD in axonal transport is uncoupled from that in the
modulation of granule dynamics. As further revealed by our quantitative real-time in vivo
imaging, Imp PLD appears to promote the motility of axonal granules, and to modulate the
velocity of retrograde granules. Although we have not been able to detect physical
interactions between Imp and microtubule-dependent motor components such as Kinesin-
heavy chain or Dynein (data not shown), these results suggest that Imp PLD may be
important for efficient activation or recruitment of such molecular motors. Intrinsically
disordered regions were shown in different contexts to promote the establishment of
multiple transient protein-protein interactions, and to employ short linear motifs for specific
interactions (Miskei et al. 2017). Such motifs are however not likely to mediate interaction
with motor molecules in the case of Imp PLD, as Imp proteins with scrambled domains can
localize to axons in vivo (data not shown). Remarkably, localization of Imp neuronal
granules to axons is under the control of a precise developmental program, as Imp granules,
restricted to cell bodies during larval stages, start translocating to axons specifically during
metamorphosis (Medioni et al. 2014). An interesting possibility is thus that the flexible
nature of Imp PLD mediates a switch triggering maturation into transport-competent
granules in response to developmental signals. This is particularly interesting in a context
where the molecular principles underlying the physiological regulation and remodeling of

neuronal RNP granules are still largely unclear.
5.2.5 Materials and Methods
Subcloning of Imp coding sequences

Imp-APLD coding sequence was amplified by PCR from EST SDo7045, using the

impCS_sense/ KH34-Gtwy-RP couple of primers. To generate the pENTR_ImpKH1-4DD
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variant, site directed mutagenesis was performed on previously described pENTR_Imp
(Medioni et al. 2014) using primers listed in Table S1. Scrambled v2 and v4 PLDs were
produced by gene synthesis, PCR-amplified, and added in frame to the APLD sequence by
SOE PCR using the primers listed in Table S1. PLD-Nter was generated by SOE PCR using
the primers listed in Table S1. hIMP1 was amplified from ¢cDNA (gift from J. Chao) using the
hIMP1-Gtwy-FP/RP primers, and hIMP1-drosPLD was generated by SOE PCR. The exact
sequence of all above-mentioned primers is detailed in Supplemental Table 1. All sequence
variants were subcloned into pENTR-D/TOPO vector (Life Technologies), fully sequenced,
and recombined into Gateway destination vectors to express N-terminally-tagged proteins.
PAGW (Murphy lab) and pUASt-attB-GFP (Sanial et al. 2017) destination vectors were used
for expression in S2R+ cells and Drosophila respectively. All constructs were inserted into

the same genomic location (attP40), by PhiC31-mediated site-directed transgenesis.
Expression of GFP-Imp variants in S2R+ cells and particle quantification

S2R+ cells were plated in 6-well plates at a density of 5.10° cells/well, and incubated for 1
day at 25°C. Cells were then transfected with 600 ng plasmids using Effectene (Qiagen).
After 12h, cells were resuspended in 1mL of Schneider’s medium supplemented with 10%
Fetal Bovine Serum and Penicillin/streptomycin (1%), and transferred 24h later to
chambered Lab-Tek slides (4 chambers; 250 uL/chamber). Cells were then fixed in 4%
paraformaldehyde for 10 min, washed and permeabilized in PBS/0.1% Triton (PBT), and
stained with DAPI. For detection of endogenous proteins, S2R+ cells were blocked in PBT
supplemented with 1% BSA and then incubated overnight with rabbit anti-Imp antibodies
(1:500) in PBT supplemented with 0.1% BSA. Cells were then washed with PBT, incubated
with Alexaq88 conjugated anti-rabbit antibody (1:500) in PBT/0.1% BSA for 1—2 h, and
washed once before DAPI labeling (5 minutes, 5ug/mL). After two washes in PBT, cells were
mounted in Vectashield for imaging. Images were acquired on a Spinning Disc confocal
microscope equipped with a Yokogawa CSU-X1 confocal head, and a iXON DU-897-BV

EMCCD camera (Andor technology), using a UPLSAPO 100X oil 1.4 NA objective. Cells with
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low expression levels were selected for imaging and images were acquired using identical

settings.

Granule size and number analysis were done on Maximum Intensity projections, and
analysis performed using the SPADE algorithm

(https://raweb.inria.fr/rapportsactivite/RA2016/morpheme/uid13.html), with  manual

edition for particles larger than 25 pixels. Minimal granule size was set to 4 pixels.

Immunostainings and imaging of adult brains

Dissection and immunostainings of fly brains were performed as described in (Medioni et al.
2014) using rat anti-Imp (1:1000), rabbit anti-GFP (Molecular Probes, 1:1000), mouse anti-
FasciclinIl (DSHB, 1D4 clone; 1:15). Images of immunostained brains were acquired on a
LSM710, using a APO 40x NA 1.1 water objective for axon imaging, and a Plan Apo 63X NA
1.4 oil objective for cell body imaging. To assess the localisation of UAS-GFP-Imp variants in
v axons, GFP intensity was measured from a 41um?2 region of interest located in the distal
part of the y lobe (selected using FasciclinlII staining as a template), subtracted from the

intensity of a neighbouring background region, and normalised.

For detection of endogenous GFP fluorescence, 1-3 day old female flies (Go80-GFP-Imp;
201Y-Gal4,UAS-mCD8-RFP and Go080-GFP-Imp-CRISPR-APLD; 201Y-Gal4,UAS-mCD8-
RFP) were dissected in Schneider’s medium, fixed with 4% formaldehyde, and washed three
times with 0.1% PBs-Triton (PBT). Images were acquired on freshly mounted samples, with
a Zeiss LSM780 NLO inverted confocal microscope equipped with a GaAsP spectral detector
and a Plan Apo 40X 1.2 NA water objective for axons, and a 63x 1.4 NA oil objective for cell
bodies. Measurement of endogenous GFP-Imp axonal signal was performed as explained
above (using the 201Y>CD8-RFP marker as a template). To assess the fluorescence intensity
of Imp in the cell body of MB y neurons, GFP-Imp endogenous fluorescence was measured in
a 332um? region of a single confocal section and background intensity subtracted. Average

intensities were normalised to 1 for controls, and measured for the different variants.
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FRAP experiments and analysis

FRAP experiments were performed on a Zeiss LSM780 NLO inverted confocal microscope,
using the GaAsP spectral detector. Samples were imaged for five consecutive time frames
and then bleached with 5 scan iterations (100% of a 35mV 488nm laser line). Fluorescence

recovery was measured every 400 ms (for cells) and 1s (for brains) for 115 time points.

For FRAP on transfected S2R+ cells, cells were resuspended in 1 mL complete Schneider’s
medium after 24h of expression, and plated in Nunc Lab-Tek IT chambered Coverglass (two
wells). Imaging was performed using a Plan Apo 63X oil 1.4 NA objective, and a circular
region of interest of 9 pixel diameter was bleached (pixel size: 0.15 pm). A maximum of 2
granules was recorded per cell. For FRAP on brains, 12-14 day old female flies were dissected
(Go80-GFP-Imp; 201Y-Gal4,UAS-mCD8-RFP and Go080-GFP-Imp-CRISPR-APLD; 201Y-
Gal4,UAS-mCD8-RFP), their brains were mounted as described in (Medioni et al. 2015), and
left at room temperature for 1 hour before imaging. Imaging was performed using a Plan Apo
40X water 1.2 NA objective, and a circular region of interest of 6 pixel diameter was bleached

(pixel size: 0.083um). A maximum of 4 granules was recorded per hemisphere.

To quantify granule intensity over time, we manually tracked granules using the Fiji “Manual
Tracking” plugin and used the xy coordinates of tracked particles to define ROI centers for
each time points. Fluorescence intensities of the defined ROIs (3 pixel diameter) were
measured  using the  Fiji = “Measure  Track” plugin  (Chris  Nicolai;
http://rsb.info.nih.gov/ij/plugins/measure-track/index.html). Average intensities were
normalized to pre-bleach intensities and corrected for acquisition bleaching (double

normalization).

For experiments in HeLa cells, culture and FRAP assays were performed as described in

(Mateju et al. 2017).
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Particle imaging and tracking

For particle imaging on brains, 24h APF pupae were dissected (Go80-GFP-Imp; 201Y-Galy4,
UAS-mCD8-RFP and Go80-GFP-Imp-CRISPR-APLD; 201Y-Gal4,UAS-mCD8-RFP). Their
brains were mounted as described in (Medioni et al. 2015), and left at room temperature for
1 hour before imaging. Experiment was performed on a Zeiss LSM880 Fast Airy Scan
inverted confocal microscope, using the Fast Airy scan super resolution mode and a 40X
water NA 1.1 objective. Stacks of 3 images (z step: 0.5um) were acquired every 1.2 second and
image analysis done on maximum intensity projections. The images were corrected for

bleaching using the Fiji “Bleach correction > Histogram Matching method” plugin.

All moving particles detected in MB peduncles were manually tracked using the Fiji “Manual
Tracking” plugin, and automatically analyzed as described in (Gaspar et al. 2014).
Bidirectional granules were defined as granules undergoing at least one reversal that lasts for
at least three consecutive steps. For analysis of run properties, runs were extracted from
anterograde and retrograde granules, as well as from bidirectional granules for which both
anterograde and retrograde components could be clearly assigned. Mean velocities were
calculated using the following formula: Sqrt((x¢-xi)2-(y+yi)2)/teti, where (x,y)f and (x,y); refers

to respectively the final and initial positions of individual tracked granules.
Fly genetics and generation of fly lines

Flies were raised on standard food at 25°C. All UAS-GFP-Imp constructs were inserted into
the attP40 landing site via PhiC31-mediated integration and crossed with the 201Y-Galg line
(gift of K. Ito) for analysis of subcellular distribution. To generate the GFP-Imp-CRISPR-
APLD line, gRNAs were cloned into the pDCC6 plasmid using the
CTTCGCAACAGCAACAGAGCCTAGC and AAACGCTAGGCTCTGTTGCTGTTGC sense and
antisense primers, and injected into Go80/+; attP40-nos-Casg9 embryos together with a

donor construct containing a 3XP3-RFP selection cassette flanked by LoxP sites and 5’ and 3’
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homology arms. The 5° homology arm was amplified using the ATTGAGAACATGTCGCGTGC
and ttactaCTGTTGCTGTTGTTGCAATTGTT primers, and the 3° homology arm using the
AACAGCCACAGTCGCCATCT and ACGCTTTGCTCACTTCTCTTCT primers. RFP+
individuals were screened by PCR, and the Go80-GFP-Imp-CRISPR-LIPLD line validated by
sequencing. MCFO experiments were performed using the HA_V5_FLAG cassette and a
hsp-flp inserted on the second chromosome (Nern et al. 2015); flies were raised at 18°C.

MARCM experiments were performed as previously described (Wu and Luo 2006).
Western-Blots

For western-blots, protein extracts were subjected to electrophoresis, blotted to PVDF
membranes, and probed with the following primary antibodies: rabbit anti-GFP (1:2500;

Torey Pines); mouse anti-Tubulin (1:5000 ; Sigma).
Circular dichroism

The PLD of Imp was expressed in E. coli Rosetta2 bacterial cells transformed with pETM40-
PLD containing a cleavable MBP N-ter tag and a His C-ter tag. The cells were sonicated in

sonication buffer (20mM Tris Hel pH 7.6, 200mM NaCl, protease inhibitors (Roche,

11836170001) and 1mg/ml lysozyme (Sigma L.6876)) and the lysate treated with turbo DNase
(Ambion™). Soluble MBP-tagged proteins were captured using amylose resin (NEB), and

eluted with elution buffer A (20 mM Tris HCL pH 7.6, 15smM Maltose (Sigma Moi71).

Recombinant proteins were then incubated with TEV, applied to a HI-TRAP TALON crude
column (GE healthcare 10431065), eluted with elution buffer B (20 mM Tris HCL pH 7.6,
150mM Imidazole (sigma 12399)), and dialyzed into dialysis buffer (20mM Tris Hcl pH 7.6,

50mM NacCl and 20% glycerol).

Far ultraviolet circular dichroism spectra were recorded at 20°C using a JASCO J810
dichrograph equipped with a thermostatted cell holder and o.1mm path-length quartz
cuvettes (Hellma, Miillheim, Germany). Each spectrum was the average of 5 acquisitions

recorded at a speed of 50nm min-, in 1nm increments from 260 to 190nm, and a bandwidth
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of 1nm. All spectra were buffer-corrected and normalized to the mean residue weight
ellipticity (OMRW; degrees x cm2/dmole) using the equation 6(A)MRW = 6(A)mdeg/10cnd,
where 6(A)mdeg is the recorded spectra in millidegrees, c is the sample concentration in
moles per liter, n is the number of amino acid residues, and d is the path length of the

cuvette in centimeters.
EMSA

EMSA experiments were performed as described in (Medioni et al. 2014), with recombinant
GFP Imp and GFP Imp KH1234DD proteins expressed using the baculovirus expression
system and purified as described in (Patel et al. 2015). Briefly, Imp sequences were cloned
into pocc29 plasmids containing a Nter GFP tag and a cleavable MBP C-ter tag. After
expression, cells were lysed in resuspension buffer (50 mM Tris-HCI pH 8, 1 M KCl, 5%
glycerol, 0.1% CHAPS, 1 mM DTT), recombinant proteins were captured using amylose resin
(NEB), and eluted with elution buffer (resuspension buffer complemented with 1omM

maltose).
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5.2.6 Figures
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Figure 1. Drosophila Imp contains a C-terminal prion-like domain (PLD).

(A) Schematic representation of Drosophila Imp (PB isoform). The four KH RNA binding domains are
shown in yellow, and the prion-like domain (PLD) in pink. Residues composing the prion-like domain
are colored according to their physicochemical properties (Zappo color code). (B) Plot of the degree of
disorder along the Imp protein, as predicted by the DisEMBL Intrinsic Protein Disorder Prediction 1.5
algorithm (Linding et al. 2003). (C) Far ultraviolet circular dichroism spectrum of the PLD of Imp.
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GFP-Imp

| GFP-Imp-APLD | |GFP-Imp-KH1-4DD ||

Figure 2. Imp PLD is dispensable for RNP granule assembly.

(A) S2R+ cell stained with anti-Imp antibodies (A, green in A’), and DAPI (red in A’). (B-D) S2R+
cells transfected with GFP-Imp (B), GFP-Imp-KH1-4DD (C) or GFP-Imp-APLD (D) constructs, and
stained with DAPI (red in B’,C’,D’). GFP signals are shown in white in B-D, and green in B’-D’. Scale
bar in A-D: 1oum. Note that the KH1-4DD mutations induce a retention of Imp proteins in the
nucleus, as described for the vertebrate protein (Wachter et al. 2013). (E) Cell bodies of wild-type
adult MB vy neurons stained with anti-Imp antibodies. (F) Cell bodies of adult MB y neurons
homozygous for the Go80-GFP-Imp protein-trap insertion. GFP fluorescence is shown in white. (G-J)
Cell bodies of adult MB y neurons expressing wild-type GFP-Imp (G), GFP-Imp-KH1-4DD (H), or
GFP-Imp-APLD (J) under the control of the 201Y-Galg driver. GFP signals are shown in white.
Complete genotypes: 201Y-Gal4/UAS-GFP-Imp, 201Y-Galq/UAS-GFP-Imp-KH1-4DD, and 201Y-
Gal4/UAS-GFP-Imp-APLD. (I) EMSA analysis using fluorescently-labeled profilin 3’UTR in the
absence (-) or presence (+) of 800 nM recombinant GFP-Imp (left) or GFP-Imp-KH1-4DD (right). (K)
Cell bodies of adult MB y neurons homozygous for the Go80-GFP-Imp-CRISPR-APLD chromosome.

GFP fluorescence is shown in white. Scale bar in E-K: 1oum.
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Figure 3. Imp PLD is both necessary and sufficient to restrict Imp granule size

and number.

(A) Distribution of cells in function of their number of GFP-Imp (left) or GFP- Imp-APLD (right)
granules (Tukey box plots). ***, P<0.001 (Mann-Whitney test). (B) Percentage of cells exhibiting
arger than 25 pixels. *** P<0.001 (Fisher’s exact test). 47 and 55 cells were analyzed for

and GFP-Imp-APLD constructs respectively. (C) Schematic representation of hIMP1 (top)
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and the chimeric construct hIMP1-drosPLD (bottom). (D,E) S2R+ cells transfected with GFP-hIMP1
(D) or GFP-hIMP1-drosPLD (E) constructs, and stained with DAPI (red in D’, E’). GFP signals are
shown in white in D,E, and green in D’,E’. Scale bar: 1oum. (F) Distribution of cells in function of their
number of granules (Tukey box plots). *, P<0.05 (Mann-Whitney test). (G) Percentage of cells
exhibiting granules larger than 25 pixels. *, P<0.05 (Fisher’s exact test). 37 and 49 cells were analyzed
for GFP-hIMP1 and GFP-hIMP1-drosPLD respectively.
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Figure 4. Molecular determinants underlying Imp PLD function in the

regulation of Imp granule assembly.

(A,D,E,F) S2R+ cells transfected with GFP-Imp (A), GFP-Imp-scr2 (D), GFP-Imp-scr4 (E) or GFP-
Imp-Nter-PLD (F) constructs, and stained with DAPI (red in A’,D’,E’ and F’). GFP signals are shown
in white in A,D,E,F and green in A’,D’,E’,F’. Scale bar: 1oum. (B) Schematic representation of the
generated Imp variants. (C) Primary sequences of the wild-type (top) and scrambled (bottom) PLDs.
Scramble variants were generated randomly and exhibit different degree of Glutamine dispersion. (G)
Distribution of cells in function of their number of GFP-Imp or GFP- Imp-Nter-PLD granules (Tukey
box plots). *** P<0.001 (Mann-Whitney test). (H) Percentage of cells exhibiting granules larger than
25 pixels. *** P<0.001 (Fisher’s exact test). 72 and 71 cells were analyzed for the GFP-Imp and GFP-
Imp-Nter-PLD constructs respectively.
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Figure 5. Imp PLD promotes the exchange of Imp in and out granules

S2R+ cell expressing GFP-Imp. The dashed box indicates the region shown in ai-a3. The red circle
delimits the photobleached region, and the white arrows the position of the bleached granule over
time. a1 and a2 correspond respectively to pre- and post-bleaching time points. a3 corresponds to the
last recorded time point (t= 45s). Images in a1-a3 were color-coded using the Rainbow RGB function
of ImageJ. Scale bar in A: 1oum. (B) Average FRAP curves obtained after photobleaching of GFP-
positive particles from S2R+ cells. The following numbers of particles were analyzed: GFP-Imp: 44;
GFP-Imp-APLD: 41. (C) Cell bodies of adult MB y neurons homozygous for the Go80-GFP-Imp
protein-trap insertion (brain explant). The dashed box indicates the region shown in c1-c3. The red

circle delimits the photobleached region, and the white arrows the position of the bleached granule
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over time. c1 and c2 correspond respectively to pre- and post-bleaching time points. c3 corresponds to
the last recorded time point (t= 50s). Images in c1-c3 were color-coded using the Rainbow RGB
function of ImageJ. Scale bar in C: 5um. (D) Average FRAP curves obtained after photobleaching of
GFP-positive particles from brain explants. The following numbers of particles were analyzed: Go8o-
GFP-Imp: 44; G080-GFP-Imp-CRISPR-APLD: 46. (E) Average FRAP curves obtained after
photobleaching of GFP-positive particles from S2R+ cells. The following numbers of particles were
analyzed: GFP-Imp: 55; GFP-Impscr2: 57; GFP-Imp-scr4: 51; GFP-Imp-Nter-PLD: 56. Error bars in
B,D,E indicate s.e.m. **, P< 0.01; *** P< 0.001 (Mann-Whitney test on the distributions of

normalized intensity values at t= 45s (B,E) or 50s (D)).
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Figure 6. Imp PLD is essential for efficient localization of Imp to axons in vivo.

(A,B) Medial lobes of adult brains expressing GFP-Imp (A) or GFP-Imp-APLD (B) under the control of
the 201Y-Galg driver. The signal seen in medial lobes corresponds to the distal part of MB y axon
bundles (see Figure S6A). Genotypes: 201Y-Gal4/UAS-GFP-Imp and 201Y-Galg/UAS-GFP-Imp-
APLD. (C) Distributions of normalized GFP signal intensities in distal axons (Tukey box plots). (D,E)
Medial lobes of adult brains homozygous for the Go80-GFP-Imp (D,D’) or Go80-GFP-Imp-CRISPR-
APLD (E,E’) chromosomes. GFP signals are shown with the “Fire” look-up table of ImageJ in D,E, and
in green in D’,E’. 201Y-Gal4, UAS-mCD8-RFP signals are shown in magenta in D’,E’. (F) Distributions
of normalized GFP signal intensities in distal axons (Tukey box plots). (G,H) Medial lobes of adult
brains expressing GFP-IMP1-drosPLD (G) or GFP-hIMP1 (H) under the control of the 201Y-Galg
driver. Genotypes: 201Y-Galq/UAS-GFP-hIMP1-drosPLD and 201Y-Gal4/UAS-GFP-hIMP1. (I)
Distributions of normalized GFP signal intensities in distal axons (Tukey box plots). (J,K) Medial
lobes of adult brains expressing GFP-Imp (J) or GFP-Imp-Nter-PLD (K) under the control of 201Y-
Galg driver. (L) Distribution of normalized GFP signal intensities in distal axons (Tukey box plots).
Numbers of MB analyzed: UAS-GFP-Imp: 25; UAS-GFP-Imp-APLD: 24; Go80-GFP-Imp protein-
trap: 33; Go80-GFP-Imp- CRISPR-APLD: 32; UAS-GFP-hIMP1: 11; UAS-GFP-hIMP1-drosPLD: 12;
UAS-GFP-Imp: 25; UAS-GFP-Imp-Nter-PLD: 24. *** P< 0.001 (Mann-Whitney test). ns stands for

not significant. Scale bar in A-K: 15um.
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Figure 7. Imp PLD promotes Imp granule motility.

(A,B) Single image (A) and kymograph (B) extracted from a video generated from a Go80-GFP-Imp
hemizygous pupal brain (24h APF; see also Video 1). The bundle of MB y axons is delimited by dotted
black lines. The arrowhead points to a GFP-Imp granule. (C) Average number of motile anterograde,
retrograde and bidirectional GFP-Imp granules per 12min-long movie. Numbers of movies analyzed:
n= 17 for Go80-GFP-Imp and 16 for GFP-Imp-CRISPR-APLD). Total numbers of granules analyzed:
468 for Go80-GFP-Imp and 284 for Go80-GFP-Imp-CRISPR-APLD. (D) Mean anterograde and
retrograde velocities. Numbers of anterograde granules analyzed: 271 (Go80-GFP-Imp) and 178
(G080-GFP-Imp-CRISPR-APLD); numbers of retrograde granules analyzed: 192 (Go80-GFP-Imp)
and 91 (Go80-GFP-Imp-CRISPR-APLD). Error bars in C,D represent sem.*, P<0.05 (Unpaired t-test).

ns stands for not significant.
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Figure 8. Imp PLD has independent functions in axonal remodeling and

granule homeostasis.

(A,B) Representative images of adult MB y neurons with properly “elongated axons” (A), or showing
“defective polarized growth” (B). Single mutant axons were generated and labeled by GFP (green)
using the MARCM technique. The shape of medial lobes is highlighted by Fasciclin II staining
(magenta). Scale bar: 20um. (C) Percentages of adult y

axons that succeeded (elongated axon) or failed (defective axonal growth) to reach the extremity of
the medial lobe. *** p < 0.001 (Fisher’s exact test). n.s. stands for not significant. Numbers
correspond to the total numbers of scored axons. Complete genotypes: FRT19A, tub-Gal8o, hsp-
flp/FRT19A; 201Y-Gal4, UAS-GFP/+ (wt); FRT19A, tub-Gal80, hsp-flp/FRT19A imp7; 201Y-Galg,
UAS-GFP/+ (imp mutant) and FRT19A, tub-Gal80, hsp-flp/FRT19A imp7; 201Y-Galgq, UAS-
GFP/UAS-gfp-imp, UAS-gfp-imp-APLD or UAS-gfp-imp-Nter-PLD (rescue conditions).
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Figure S1. Characterization of Imp granules.

(A) S2R+ cells co-transfected with GFP-Imp (A, green in the overlay), and RFP-Rox8 (A’, red in the
overlay). Rox8 is the fly orthologue of Tia-1. (B) S2R+ cells transfected with GFP-Imp (B, green in the
overlay) and stained with anti-PABP antibodies (B’, red in the overlay). Scale bar: 1oum. (C,D) Cell
bodies of adult MB y neurons hemizygous for the Go80-GFP-Imp protein-trap insertion (C) or the
G080-GFP-Imp-CRISPR-APLD chromosome (D). Brains were stained with anti-GFP antibodies (C,D;
green in the overlay), and hybridized with fluorescently labeled profilin oligonucleotide probes (C’,D’;
magenta signal in the overlay). Scale bar: 1opm. (E) Semi-quantitative RT-PCR amplifications of

mRNAs recovered in fractions immunoprecipitated from 201Y-Gal4/UAS-GFP (GFP), 201Y-



Gal4/UAS-GFP-Imp (GFP-Imp) or 201Y-Galq/UAS-GFP-Imp-APLD (GFP-Imp-APLD) head extracts.

rp49 is used as a negative control.
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Figure S2. Description of the GFP-Imp-CRISPR-APLD line

(A) Map of the imp genomic locus showing the Go80 protein-trap insertion together with the position
of the CRISPR STOP cassette at the bottom (adapted from FlyBase). (B) Western-Blot of protein
fractions recovered from heads homozygous (left) or heterozygous (middle) for the Go80o-GFP-Imp
protein-trap insertion, and heads homozygous for the Go80-GFP-Imp-CRISPR-APLD chromosome
(right). Proteins were stained with both anti-GFP (green) and anti-Tubulin (red) antibodies.

32



° \§
B Cad c oM

e \(“"‘> o

—— Se—
a-GFP N— a-GFP
—
p— a-Tub ‘»- a-Tub
D E F

scr_2
—— scr_4 [ with granules>25 pix

Il without granules>25 pix

Nn.S.

o 100 -
o ° H] & ns. ns.
_ 08 /v ‘ f g 804 100 -
3 \/ 8 2 2 80
3 os { 2 604 S
g o4, 5 40+ &
3 § 4
a 2 e
02 E 204 8 20
c l
0 # L 0 T L} L]
0.0 1 !
) 0 o < b »oa <
: @0 4 (,??’\ «\Q’a ‘(\Q'eo 0?? 9'50 s
Residue ?A ?.\ ?,\‘“ ?,\
of o o of
G o>

Figure S3. Imp PLD is sufficient to modulate granule size, and its function does

not rely on a specific primary sequence.

(A) S2R+ cell transfected with GFP-drosPLD only (A, green A’), and stained with DAPI (red in A’).
Scale bar: 10pum. (B) Western-Blot performed on extracts from S2R+ cells transfected with GFP-Imp
(left) or GFP-Imp-APLD (right) constructs, using anti-GFP and anti-Tubulin antibodies. (C) Western-
Blot performed on extracts from S2R+ cells transfected with GFP-hIMP1 (left) and GFP-hIMP1-
drosPLD (right) constructs, using anti-GFP and anti-Tubulin antibodies. (D) Plot of the degree of
disorder along the Imp C-terminal region of Imp-scr2 and Imp-scr4 as predicted by the DisEMBL
Intrinsic Protein Disorder Prediction 1.5 algorithm. Both variants have a predicted disordered C-
terminal region. (E) Distribution of cells in function of their number of granules (Tukey box plots). (F)

Percentage of cells exhibiting granules larger than 25 pixels. ns stands for not significant. 65, 80 and
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62 cells were analyzed for GFP-Imp, GFP-Imp-scr2 and GFP-Imp-scr4 respectively. ns stands for not
significant. (G) Western-Blot performed on extracts from S2R+ cells transfected with GFP-Imp (left),
and GFP-Imp-Nter-PLD (right) constructs, using anti-GFP and anti-Tubulin antibodies.
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Figure S4. Imp PLD regulates the exchange of Imp in and out granules in HeLa

cells.

(A) HelLa cell transfected with Dendra2-Imp (in green). The red circle delimits the photobleached
region. (B) Average FRAP curves obtained after photobleaching of Dendra2-positive particles. The
following numbers of particles were analyzed: Dendra2-Imp: 22; Dendra2-Imp-APLD: 20. Error bars
in B indicate s.e.m. **, P< 0.01 (Mann-Whitney test on the distributions of normalized intensity

values at t= 220s).
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Figure S5. Characteristics of GFP-Imp granule motility.

(A) Percentage of anterograde, retrograde and bidirectional granules. Total numbers of granules
analyzed: 468 for Go80-GFP-Imp and 284 for Go80-GFP-Imp-CRISPR-APLD. (B,C) Average
velocities (B) and length (C) of anterograde and retrograde runs. Numbers of anterograde runs
analyzed: 286 (G080-GFP-Imp) and 189 (Go80-GFP-Imp-CRISPR-APLD); numbers of retrograde
runs analyzed: 208 (Go80-GFP-Imp) and 93 (Go80-GFP-Imp-CRISPR-APLD). Error bars represent

sem. *, P<0.01 (Unpaired t-test). ns stands for not significant.
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Figure S6. In vivo analysis of Imp PLD and PLD alignment.

(A) Schematic representation of Mushroom Body (MB) structure. The boxed region highlights the so-
called medial lobe, which corresponds to the distal part of the y axon population. This region is labeled
upon staining with anti-Fasciclin IT antibodies (in magenta). The morphology of a single y neuron is
represented in green. Scale bar: 2oum. (B) Distributions of normalized GFP signal intensities in MB y
neuron cell bodies. n.s. stands for not significant. (C) Alignment of Imp PLD from different

Drosophila species.
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5.3 Summary of my thesis work I1

Experiments described above indicate that the PLD of Imp is not required for the
assembly of the granules. Rather, cell culture and in vivo data indicates that the Imp PLD
promotes the turnover of the Imp constituents within the RNP granules. Moreover, the PLD
of Imp is important for the sub-cellular localization of Imp to MB y axons, thereby

supporting axon growth and branching.

In the following sections, I describe how I further probed the assembly and
disassembly properties of Imp granules. First, as a preliminary experiment, I questioned the
possibility of phosphorylation within the PLD domain (section 5.3.1). Specifically, I assessed
the ability of a phospho-deficient Imp variant to modulate granule homeostasis and axon
transport. Additionally, I assessed the ability of KH12 or KH34 di-domain point mutant
constructs to assemble into granules. In the second part (section 5.3.2), I described the work
I performed in the lab of Simon Alberti (MPI-CBG, Dresden) to establish in vitro phase-
transition assays. There, I produced and purified both wild-type and mutant Imp proteins,
and used them in phase-separation assays to understand the physico-chemical properties of

the Imp RNP granules.

5.3.1 Imp PLD is not modulated through serine phosphorylation

Several studies have now shown that PLDs can be post-translationally modified, a
process that affects the properties of RNP granules (Han et al. 2012; Monahan et al. 2017;
Boeynaems et al. 2018; Carpenter et al. 2018). To test for a role of phosphorylation(s) in the
PLD of Imp, I constructed a variant of Imp where all 17 serines were converted to non-
phosphorylatable glycines. This variant of Imp, GFP-Imp-mut-ser, showed normal granule
homeostasis i.e., granule size, number and turnover were similar to those of wildtype Imp
granules (Table 1). Furthermore, GFP-Imp-mut-ser proteins localized normally to the axons

of adult MB y neurons, and rescued the imp axon growth defect phenotype (Table 1). Thus,



these experiments suggest that phosphorylation of PLD serines does not play a role in the

regulation functins of Imp PLD.

Studies with the mammalian Imp indicated that the KH34 domain were essential for
the interaction with RNA and assembly into granules. Initial experiment with the point
mutation in the four KH domain indicated that interaction with RNA was essential for
granule assembly. To better understand if the four KH domains were essential for granule
assembly, KH12 or KH34 didomain mutants were constructed and transfected into S2R+
cells. I quantified the granules using the SPADE algorithm and observed that both the
didomain mutant constructs had significantly less granules (Table. 1). Intriguingly, the KH
12 didomain mutant construct had significantly less granules than the KH34 construct
suggesting that the interaction of the KH12 domains with transcripts was pivotal for granule

assembly.

Table 1: Summary of Imp variants and their respective phenotypes in S2R+ cells

and brain.

Granule Dynamics of the Transport to Rescue of axon
Appearance granules Y axon remodeling
defect

Imp wt Normal Normal Transported Rescued

Imp APLD Large and more Less dynamic than Transported Does not rescue
granules Imp wt less efficiently

Imp SerPLD Normal Normal Transported Does not rescue

Nter Imp Large and more Less dynamic than Transported Rescued
granules Imp wt

Imp mut ser Normal Normal Transported Rescued

Imp Normal but less Not tested Not tested Not tested

KH12DD granules
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Imp Normal but less Not tested Not tested Not tested

KH34DD granules

5.3.2 Imp PLD restricts the transition into aggregate state

Liquid-liquid phase separation has now been understood as the organizing principle
for the assembly of RNP granules. As explained in the introduction, controlled in vitro assays
can be used to assess the ability of in vitro purified proteins to self-assemble into semi-liquid
droplets recapitulating the properties of RNP granules in conditions mimicking the cytosolic
environment (Patel et al. 2015). In these assays, the influence of protein and salt
concentrations, pH or RNA can be tested. To minimize protein aggregation, recombinant
proteins were produced from SF9 insect cells infected with GFP-Imp or GFP Imp APLD
baculoviruses. Proteins were then purified in high salt buffer (1M KCl) and pH 8 using size
exclusion chromatography to obtain pure, active and monomeric protein fractions (Fig. 17 A,

B).

For phase separation assays, proteins were diluted into a buffer mimicking
physiological salt concentrations and the solution spotted onto a plate. At 0.5 uM, both wild-
type and mutant proteins appeared diffuse in a non-crowded environment. However,
addition of 10% dextran, a molecular crowding agent, to a protein concentration of 0.5uM
resulted in the assembly of small (about 500 nm) macromolecular assemblies that separated
from solution with both purified proteins (Fig. 17 C,C’,D). These results are consistent with
in vivo data indicating that the PLD domain is not required for assembly. Interestingly, this
assay indicated that the GFP-Imp APLD formed irregular assemblies that matured into large
aggregates at a faster rate in comparison to GFP-Imp proteins (Fig. 17 D,D’). However,
testing the in vitro macromolecular assemblies with a wide range of salt conditions did not

modulate the phase diagram or the ageing of the granules (Fig. 17 E,F,G).
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Nevertheless, these experiments performed in a simplified system suggested that the
PLD of Imp might restrict the propensity of Imp proteins to self-assemble into high-order

aggregates, possibly by interacting with Imp KH domains in cis or in trans.
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Figure 17. In Vitro Phase separation assay with GFP Imp and GFP Imp APLD

proteins.

A) Coomassie stained SDS PAGE gel of GFP Imp wt and GFP Imp APLD proteins purified from SF9
insect cells. B) The cleaved and eluted proteins were passed through size exclusion chamber,
Superdex 200 Increase 10/300 GL column, and the elution profile were recorded by following
absorbance at 280 nm (protein: red peak) and 488 nm (GFP: pink peak). At 0 hour, both GFP Imp (C)
and GFP Imp APLD (D) formed condensates in the crowded environment. 4 hours later, GFP Imp (C’)
still remained as small condensates in the solution while GFP Imp APLD (D’) transitioned into
aggregates, suggesting that the PLD behaves as a solubilizer and restricts the transition into
aggregates. At 0.5um protein concentration GFP Imp (E) remained diffuse, addition of 10% dextran
led to the assembly of condensates at 300mM KCI which remained unaltered even at 500mM KCL (F)
or 900 mM KCL (G) (Scar bar: 1um).
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6 Discussion and Perspectives

Together, my PhD work has unraveled a novel role for PLDs. First, in contrast to
predominant model in the field, I observed that Imp PLD restricts the clustering of Imp
molecules into cytoplasmic granules and promotes their dynamic exchange in and out
granules (Fig. 18 A). Second, I have shown that Imp PLD promotes axonal localization, and
is involved in the active transport of Imp RNP granules to MB y axon, thus supporting the
growth of adult axonal branches (Fig. 18 B). Notably, this study also unveiled that these two

functions of Imp PLD are uncoupled.
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Figure 18: Model Illustrating the role of Imp PLD in granule homeostasis and
Imp RNP granule transport.

(A) The PLD domain of Imp regulate granule homeostasis by restricting granule size and promoting
the turnover of the Imp components with the RNP granules. (B) During y neuron development, the
PLD could undergo a stage-specific modification that results in interaction with motor proteins. This
interaction leads to the transport of the Imp RNP granules along axonal MTs. The PLD-mediated
transport of the RNP granules supports axon growth and branching, probably through the targeted

release and local translation of the target transcript.
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6.1 Modulators of Granule Assembly

With the advent of RNA CLIP and RNA capture analyses, it became evident that RNAs
are often bound by a multitude RBPs regulating different aspects of their lifecycle.
Furthermore, RBP/RNA interactions were shown to lead to the assembly of multimolecular
complexes, and in some instances high-order assemblages called RNP granules. Eukaryotic
cells contain a diverse range of membraneless RNP granules that behave as subcellular
microcompartments concentrating macromolecules, controlling interactions with other
components and exerting specific biological activity. Until recently, the factors driving
assembly of RNP granules in space and time and the further recruitment of components to
the granules had remained largely obscure. However, recent studies have unraveled the
process of LLPS as an organizing principle promoting the assembly of RNP granules (Li et al.
2012; Lin et al. 2015; Molliex et al. 2015; Patel et al. 2015; Zhang et al. 2015; Smith et al.
2016; Zeng et al. 2016; Riback et al. 2017; Dao et al. 2018; Kroschwald et al. 2018; Protter et
al. 2018). These studies indicated that multivalent interactions between proteins and nucleic
acids either through multiple copies of interacting domains or PLDs in RBPs are a
fundamental mechanism underlying the assembly of higher order structures. Consistent with
this, studies have also reported that granules are enriched with proteins containing multiple

modular domains or disordered PLD domain (Kato et al. 2012).

My work, using cell culture and in vivo MB y neurons, revealed that the PLD of Imp is
not essential for assembly into granules. On the other hand, introducing point mutations
that abolish RNA binding in Imp four KH domains interfered with the assembly of Imp RNP
granules. This suggests that the multivalent interaction between the modular KH domains of
Imp and target mRNAs is a prerequisite for RNP granule assembly. Consistent with this
hypothesis, I observed that the valency of interaction of the Imp KH domains with the
transcript is essential for assembly, since the number of RNP granules formed by variants
with point mutations in KH12 or KH34 didomains was significantly lower than in the wild-
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type condition (see 5.3.1). Interestingly, I also noticed that KHi2 didomain has a
predominant role in granule assembly, as point mutations in both KH1 and KH2 reduced the
number of granules observed more dramatically than point mutations in KH3 and KH4. This
is in stark contrast to the human orthologue of Imp, where the KH34 didomain has been
documented to be essential for RNA binding and granule assembly (Farina et al. 2003; Chao

et al. 2010)

My work also showed that the removal of Imp PLD did not abolish granule assembly, but
rather lead to the assembly of granules of increased size and number. This suggests that the
PLD is not obligatory for assembly, but acts as modifiers of the RNP granule properties.
Interestingly, this modulatory role was also observed in context where the PLD was
ectopically grafted onto the human orthologue of Imp, indicating that the property of the
PLD can be transferred to a functionally related protein. These results are consistent with the
emerging view that PLDs act as solubilizers, and have a regulatory role in inhibiting the
transition into aberrant aggregates (Franzmann and Alberti 2018; Franzmann et al. 2018;

Kroschwald et al. 2018).

The FRAP data from cell culture as well as ex vivo brain explants revealed that Imp
proteins have a short residence time within the granules, probably arising from transient
interactions with other granule components. This demonstrates that Imp granules are
dynamic structures constantly exchanging components with the cytoplasmic environment.
Furthermore, my data indicated that, upon deletion of the PLD of Imp, the Imp protein had
a low turnover rate. Surprisingly, the Imp-Nter PLD showed less dynamic granule property,
suggesting that the position of the PLD could regulate the specificity of interactions either to
the other domains of the Imp protein or with the components of the granules. Thus, this
suggests that PLD promotes the turnover of the Imp proteins, and that the position of the

PLD has an important role in this process.

How could the PLD act as solubilizer, and regulate the assembly and turnover of the

complexes? One possible explanation would be that removal of the PLD affects the range of
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specificity and affinity of interactions with the other components of the granules, resulting in
a shift in the equilibrium from small to large and more static RNP granules. It is conceivable
that the structured domains (e.g., the KH domains) are involved in specific interactions that
promote assembly of the granules, while the PLD mediates promiscuous and transient
interactions with other structured domains or PLDs present within the granule.
Alternatively, the PLD could act in cis by binding to RBDs within the protein, as shown in
other contexts (Wang et al. 2018). Removal of the PLD would unmask binding sites that may
perturb interactions essential for regulating the property of the granule. Finally, the dynamic
interaction of PLD with RBDs or other components of the granules can also be envisioned as

a way to regulate the size of the granules.

Whether the activity of Imp PLD is regulated in vivo remains to be demonstrated, but
studies have shown in neurons that RNP granules with diverse material properties exist
(Cougot et al. 2008; Gopal et al. 2017). For example, the material properties of RNP granules
have been shown to change in response to activity, and as the granules get transported along
the axon. Such changes likely reflect changes in the interaction, subcellular contents, and/or
maturation of the RNP granules (Cougot et al. 2008; Gopal et al. 2017), and may
differentially control the transport, storage, local translation and degradation of the
transcripts. While dynamic granules could be seen as compartments which recruit specific
cellular components and perform biochemical reactions, solid-like static granules are likely

involved in the storage of mRNA (Alberti and Hyman 2016).

Taken together, this work showed that Imp RNP granules are nanometer sized RNP
granules that assemble through the interaction of Imp with target transcripts, and provides
substantial evidence for the role of PLDs in modulating the physico-chemical properties of
Imp granules. Both in vitro reconstitution experiments and in vivo assays uncovered that
Imp PLD has solubilizing properties and restricts the condensation of Imp molecules into
large higher order assemblies. Further experiments need to be performed to understand in

depth the organizing principles, and the regulatory role of PLDs for the assembly and
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transition of dynamic granules into aggregates. It is conceivable that Imp requires a specific
type of posttranslational modification or other macromolecules like RNA or other RBPs,

kinases that could modulate the granule properties.
6.2 Sequence features of the PLD

The unusual sequence of yeast and mammalian prion proteins, in particular their
enrichment in Q/N amino acids allowed for broader search of similar domains in different
species. Targeted in silico searches unveiled a large group of proteins showing prion-like
domains characterized by an underrepresentation of charged and highly hydrophobic
residues (March et al. 2016). Comparative proteomic studies led to the identification of short
linear interaction motifs (SLiMs) of 3-10 residues observed within disordered regions. SliMs
are structured regions within the predominantly disordered IDRs and could be involved in
stereospecific transient interactions with components of the granules (Babu 2016; Miskei et
al. 2017). Recent computational analysis attributed the ability of higher order assembly to
such specific sequence motifs found within the PLD (Sabate et al. 2015). However,
considering the low primary sequence conservation of PLDs, it remains unclear whether the
function of PLDs depends on their overall amino acid composition or specific sequence
motifs. To test this in the context of Imp PLD, I generated scrambled variants whose overall
amino acid composition, but not primary sequence, were preserved. The scrambled variants
behaved similar to the wildtype Imp granules, restricting granule size and number and also
regulating Imp granule dynamics. Thus, my data indicate that the overall amino acid
composition and disorder in the PLD, not the primary sequence, is essential for granule
homeostasis. This work is in agreement with previous work with yeast prion proteins that
showed scrambled sequences were able to support prion formation (Ross et al. 2004; Ross et
al. 2005a). However, in order to understand if disorder in the PLD or the composition of
glutamine and serine are necessary for granule homeostasis, it would be important to assess
these parameters in a chimeric protein with PLD from a different prion-like proteins and

neutral sequences that don’t have disorder propensity. Here, it would be essential to assess
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PLDs with compositional enrichment for glutamines and serines, similar to Imp, but also
different types of PLDs containing amino acids bias to arginine, glycine such as RGG repeats,

[G/SIY[G/S] etc.

6.3 A specific function of Imp PLD in the axonal transport of

Imp granules to axons

RNP granules are very finely tuned microcompartments that control their composition
to perform specific biochemical reaction, or adapt to the specific demands of the cell. Based
on the observed difference in granule properties between wildtype and mutant Imp granules,
we sought to characterize and compare the composition of complexes formed by wild-type
and Imp-APLD proteins. Surprisingly, = immunoprecipitation-mass-spectrometry
experiments performed from adult brains expressing GFP-tagged proteins in MB y neurons
revealed that the composition of complexes formed by Imp and Imp APLD proteins is largely

similar (Marjorie Heim and Florence Besse, unpublished).

Nevertheless, I questioned if the changes in Imp granule size and kinetics induced by
Imp PLD deletion could have a functional impact. Previous work from the lab had
demonstrated that the localization of Imp granules to MB y axons is developmentally-
regulated and driven by active, microtubule-dependent transport (Medioni et al. 2014).
Thus, I examined the subcellular localization of wild-type and APLD proteins and found that
only the full-length protein efficiently translocated to MB y axons during pupal and adult
stages. Furthermore, real-time in vivo imaging shows that the Imp PLD appears to promote
the motility of both anterograde and retrograde axonal RNP granules, and to modulate the
velocity of retrograde directed granules. Thus, it suggests that Imp PLD is an essential
regulator of the axonal transport of Imp granules induced during metamorphosis.
Furthermore, I could show using the MARCM single neuron labelling technique that these

defects in axonal transport are linked to defects in axon growth and branching,
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demonstrating that the correct assembly and transport of Imp granules have important

functional consequence for axon morphology.

Why Imp granules start being transported to axons specifically during early
metamorphosis is unclear, but it is possible that the Imp PLD undergoes functional
modifications during that stage, in response to developmental cues. Such changes may lead
to the specific recruitment of motor proteins facilitating the transport of the Imp granules.
The orthologues of Imp have been shown to differentially interact with actin and
microtubule networks for docking and transport respectively (Nalavadi et al. 2012; Urbanska
et al. 2017). Furthermore, vertebrate Imp have been demonstrated to be a part of motile RNP
granules that interact with myosin and kinesin motor proteins, and have important function
for cell motility and/or neurite growth and branching (Oleynikov and Singer 2003;
Tiruchinapalli et al. 2003; Perycz et al. 2011; Welshhans and Bassell 2011; Kalous et al. 2014;
Gaynes et al. 2015). However, not much is known about the interaction of Drosophila Imp
with motor proteins. Our mass spectrometry data did not reveal any motor proteins among
Imp interactors. One possible reason for this could be that the analysis was performed at the
adult stage, a stage where interaction with motor proteins may not be as robust as during
earlier developmental stage. Thus, it would be interesting to elucidate the interaction of Imp
with motor proteins during late larval and pupal stages. This could be done by genetically
manipulating the function of motor proteins and live imaging to assess the differences in the
length and velocity of transport of the Imp RNP granules. Furthermore, co-
immunoprecipitation experiments from wild-type and Imp APLD head extracts from the
three distinct stages of the Drosophila life cycle would help elucidate the differential
recruitment and direct interaction of motor proteins to Imp granules.

As Imp proteins with scrambled domains localized to axons in vivo, SLiMs do not
mediate interaction with motor molecules. Furthermore, the Imp-Nter PLD was transported
to the y axons, indicating that although during assembly the position of the PLD modifies the

intermolecular contacts and affects granule dynamics, it does not affect the axonal transport
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of Imp granules. Thus, the position of the PLD did not perturb its interaction with motor
proteins. Remarkably, although Imp proteins with scrambled domains localized normally to
axons in vivo, both variants were unable to rescue the imp dependent growth and branching
defects (Table 1). A possible explanation could be that granule assembly, transport and
disassembly are regulated by discrete sets of events with different molecular requirements.
In this scenario, information contained in PLD primary sequence (SliMs potentially) could
be necessary to regulate the release and subsequent translation of transcripts supporting
axon growth and branching. This might involve PTMs that could either result in the local
remodeling of RNP granules in axons, or in a charge-dependent disassembly of the complex

(Kim and Richter 2006; Monahan et al. 2017; Boeynaems et al. 2018; Carpenter et al. 2018).

The activity of the human Imp has been shown to be regulated through posttranslational
modifications, which can modulate the release of transcripts from Imp in designated
locations (Huttelmaier et al. 2005; Git et al. 2009; Huang et al. 2018). In particular, the
affinity of binding and controlled release of the transcripts at specific destination have been
shown to be regulated through a Src kinase-dependent phosphorylation of the linker
between ZBP1 KH2 and KH3 (Huttelmaier et al. 2005; Git et al. 2009; Sasaki et al. 2010; Dai
et al. 2015; Urbanska et al. 2017). However, this sequence is not conserved in the Drosophila
Imp. Recent reports have indicated that sites that could undergo PTMs, particularly
phosphorylation, are located within SLiMs found in PLDs (van der Lee et al. 2014; Latysheva
et al. 2015; Boeynaems et al. 2018; Itakura et al. 2018). Therefore, it is possible that
phosphorylation of a specific sequence within the Drosophila Imp PLD could modulate
granule assembly and disassembly in space and time. In a preliminary experiment, I
observed that mutating all 17 serines of the Imp PLD to non-phosphorylable glycines neither
modified the granule properties nor MB y axon remodeling in developing brains, suggesting
that the function of Imp PLD is not modulated by serine phosphorylation. However, more
experiments need to be performed to find out whether Imp granules might be regulated
through different PTMs. Mass spectrometry has been utilized predominantly to study PTMs.

However, the biased amino acid sequence of the Imp PLD limits the use of classical site-
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specific proteases to analyse the relative degree of PTMs within the PLD.
Immunoprecipitation based techniques can be employed to detect PTMs. Antibodies that
bind to target PTMs are bound to a column and lysates are passed through this column.
Following elution, the eluted sample could be separated by SDS-PAGE and analysed using
the specific Imp antibody via Western Blot. Recently, proximity ligation assay been gaining
interest (Elfineh et al. 2014). This technique allows for the detection of PTM for a given
protein by employing two antibodies: one against a specific PTM and another against the
protein of interest. Fluorescence emission that occurs only as a result of the close proximity
of the two antibodies thus could be employed to detect for PTM in Imp. Alternatively,
biochemical and molecular approaches can be used to mutate single or multiple amino acids
within the PLD to generate PTM mimics or deficient mutants of phosphorylation, s-
nitrosylation, ubiquitination, acetylation etc. These variants could then be employed to

assess the granule homeostasis and transport ability.

Altogether, this study has successfully unravelled that the localization of the mRNA
transport machinery assembled by the conserved Imp protein occurs specifically through the
unstructured PLD found in Drosophila Imp protein. Despite the conserved role in mRNA
localisation, the vertebrate orthologues of Imp lack a PLD. Why this domain with a beneficial
role in granule transport has not been conserved during evolution remains to be understood.
The structural plasticity of PLDs enables them to interact with a wide range of proteins. It is
possible that in some species this abundance of interactions could be undesirable and
disrupt the balance of components that are bound specifically by other domains.
Additionally, RNP granules have been shown to be enriched with several RBPs containing
PLD. It is possible that the PLD of Imp was lost due to the abundance of different RBPs
containing PLD with a redundant role in transport. Furthermore, growing lines of evidence
indicate that PLD-containing proteins are prone to pathological aggregation, which can be
exacerbated by random mutations or environmental factors (Alberti and Hyman, 2016). In
this scenario, such high-risk mutations could require specific costly efforts from the cell to
maintain homeostasis and prevent the transition to aggregate and disease-causing state.
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Therefore, intolerance to undesirable interactions and the propensity for hyper-aggregation
can be envisioned as a possible reason why Imp lost the PLD during evolution. It would thus
be interesting to study if the Imp PLD are prone to such pathological aggregation and what

leads to such aggregation that are seen as deleterious to the cell’s physiological function.
6.4 Conclusion

In conclusion, my work has successfully unraveled a physiological function for a PLD
in the maturing nervous system, and showed that these domains may play an important
function in the spatio-temporal regulation mRNA transport machineries. This discovery is of
interest in a context where such domains have been shown to be prevalent within RBPs,
while prone to generate pathological aggregates upon aging or in neurodegenerative

diseases.

It will now be interesting to get a broader view on the role of such domains beyond
liquid-liquid phase separation, in the regulation of the physiological properties of RBPs.
RBPs are involved in the orchestrating the life cycle of RNA right from splicing, efficient and
rapid transport of RNA in a translationally repressed state to subcellular domains and finally
up until degradation. However, several questions need to be addressed. How do RBPs
recognize mRNAs and sort mRNAs into specific RNP granules? How do they control the
components that are recruited to the granules? How do they restrict gene expression and
prevent mRNA from recognition by translational machinery during transport? Is the loss of
the dynamic state and aggregate formation intricately connected to neurodegenerative
diseases? It is likely that PLDs will impact on these different processes, so understanding
their role will help address these important questions as well as the functions that are
regulated through the assembly of RNP granules, and how they transition into pathological

aggregate state.
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