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Remodelage des condensats RNP neuronaux au cours du

vieillissement chez la drosophile

Dans la cellule, les molécules d’ARN s’assemblent avec des protéines de liaison aux ARNs pour
former des assemblages macromoléculaires trés dynamiques apelés granules ribonucléoprotéiques
(RNP). Ces assemblages régulent I’expression génique en contrélant le transport, la stabilité et/ou la
traduction des ARNSs associés. Des travaux réalisés in vitro ont montré que la formation et la
composition des granules RNP reposent sur 1’établissement de réseaux denses d’interactions établis
entre protéines et ARN, ainsi que sur leur stoechiométrie. Comment les propriétés des granules RNP
sont régulées en contexte physiologique, et en particulier lors du vieillissement, est cependant
actuellement peu connu. Mon projet de thése visait a répondre a cette question par une étude in vivo

des granules RNP présents dans les cellules neuronales du cerveau de drosophile.

A cette fin, j’ai analysé dans des cerveaux d’age croissant des granules RNP caractérisés par la
présence de la protéine de liaison aux ARNs Imp/ZBP1 et de la DEAD-box hélicase Me31B/DDX6.
Mes travaux ont révélé une augmentation progressive de la condensation de Imp et Me31B en larges
granules au cours du vieillissement. Ces granules sont dynamiques et ne co-localisent pas avec des
marqueurs d’agrégation, suggérant qu’ils ne correspondent pas a des agrégats protéiques statiques.
Remarquablement, la condensation de Imp et Me31B est associée a la perte des granules Me31B+
Imp- observées dans les cerveaux jeunes, et a la coalescence de Me31B et Imp pour former des
granules uniques Me3 1B+ Imp+. De plus, ce processus est accompagné d’une inhibition spécifique
de la traduction des ARNmMs associés aux granules, parmi lesquels profilin. Par une analyse
fonctionnelle, j’ai mis en évidence qu’une modification de la concentration en Me31B est
responsable de la condensation de Me31B dans les cerveaux agés. Alors qu’une augmentation de la
guantité de Me31B est observée au cours du vieillissement, enlever une copie de me31B supprime la
condensation age-dépendante de ce composant. Etant donné que la condensation de Imp n’est que
partiellement affectée dans ce contexte, j’ai réalisé un crible génétique afin d’identifier des
régulateurs de ce processus. Ceci m’a permis de montrer que I’activité de la kinase PKA est
essenticlle d’une part a la condensation de Imp chez les drosophiles dgées, et d’autre part a la

répression traductionnelle des ARNms associés aux granules.

En conclusion, mon travail a montré pour la premiére fois que les propriétés des granules RNP
neuronaux sont modifiées au cours du vieillissement, un phénomeéne qui ne refléte pas une altération
générale de I’homéostasie des ARNs, mais plutdt une modulation spécifique de la concentration en
composants RNP combinée a I’activité de kinase conservée. Ces résultats démontrent comment les
systemes biologiques peuvent moduler des parametres clés initialement identifiés dans des contextes
in vitro, et ouvrent de nouvelles perspectives dans le domaine de la régulation de I’expression génique

au cours du vieillissement.

Mots clés : granules RNP, vieillissement, neurones, drosophile, ARN, traduction
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Age-dependent remodelling of RNP condensates in

Drosophila neurons.

Nascent mRNAs complex with RNA binding proteins (RBPs) to form highly dynamic, phase-
separated organelles termed ribonucleoprotein (RNP) granules. These macromolecular assemblies
can regulate gene expression by controlling the transport, decay and/or translation of associated RNA
molecules. As mostly shown in vitro, RNP granule assembly and function rely on the interaction
networks established by individual components and on their stoichiometry. To date, how the
properties of constitutive RNP granules are regulated in different physiological context is unclear. In
particular, the impact of physiological aging is unclear. My PhD project aimed at addressing this
guestion by analyzing in vivo in long-lived neuronal cells the properties of RNP granules.

To this end, | have analysed in flies of increasing age RNP granules characterized by the presence of
the conserved RBP Imp/ZBP1 and DEAD-box RNA helicase Me31B/DDX6. Strikingly, a
progressive increase in the condensation of Imp and Me31B into granules was observed upon aging.
The large granules observed in aged flies were dynamic, contained profilin mRNA, and did not
colocalize with Ubiquitin or aggregation markers, suggesting that they do not correspond to static
protein aggregates. Increased condensation also associated with the loss of Me31B+ Imp- granules
observed in young brains and the collapse of RNP component into a unique class of Me31B+ Imp+
granule. Furthermore, it was accompanied by a specific inhibition of the translation of granule-
associated mRNAs, among which the Imp RNA target profilin. Through functional analysis, I
uncovered that changes in Me31B stoichiometry trigger Me31B condensation in aged flies. While
an increase in Me31B protein levels was observed upon aging, decreasing the dosage of Me31B
suppressed its age-dependent condensation. As Imp condensation was only partially suppressed in
this context, | performed a selective screen to identify regulators of this process. This revealed that
downregulating PKA activity by different genetic means both drastically reduced Imp recruitment
and prevented the age-dependent translational repression of granule-associated mMRNAS.

Taken together, my work thus showed for the first time in vivo that the properties of neuronal RNP
granules change upon aging, a phenomenon that does not reflect general alterations in RNA
homeostasis but rather specific modulation of RNP component stoichiometry and kinase activity.
These results demonstrate how biological systems can modulate key parameters initially defined
based on in vitro framework, and also open new perspectives in the field of age-dependent regulation

of gene expression.

Key words: RNP granule, aging, neurons, Drosophila, RNA, translation
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Introduction



Introduction

Cells are the basic structural and functional units of living beings and as such constitute the
“building blocks of multicellular organisms”. They must sustain vital functions including
structural maintenance, nutrient uptake, or energy production, and carry out more specific
functions such as secretion, signal transmission, storage etc. These functions are performed by
biochemical reactions that are turned on or off depending on cellular needs and regulated by
multiple pathways. These reactions involve biological macromolecules including proteins,
nucleic acids and complex sugars that are present in tremendous amounts in cell semifluid
cytoplasm, reaching average concentration of 100-450 g/L and physically taking up to 5-40% of
the cell volume (Ellis & Minton, 2003) (Figure 1). Such a cellular crowding would be expected
to promote unwanted molecular interactions, leading to aberrant cellular processes. Yet, cells
constantly perform and orchestrate sub-cellular reactions with high efficiency and exquisite
spatio-temporal fidelity, in fraction of seconds. How can they organize functionalities at such a

scale of molecular crowdedness?

This is achieved by subcellular compartmentalization and definition of distinct
microenvironments enriched in biomolecules specialized in particular functions.
Compartmentalization has several advantages for the cell: on one hand, it favours the
concentration of components in microenvironment with specific biochemical properties, thus
increasing reaction kinetics (Stroberg & Schnell, 2018). On the other hand, it plays an insulating
role by segregating molecules and protecting them from calamitous activities like proteolysis,
improper covalent modifications, or acidic environment. Compartmentalization has historically
been described through the definition of distinct membrane-delimited organelles (e.g., nucleus,
mitochondria, golgi bodies, endoplasmic reticulum etc) that appeared in eukaryotic cells in the
course of evolution. The lipid membranes ensheathing these organelles act as physical barriers
delimiting intra-organelle compartments, the composition of which can be regulated through
specific transmembrane transport machineries. More recently, it became clear that not all cellular
organelles are delimited by a lipid membrane, and that cellular compartmentalization is also
achieved by the condensation of functionally related molecules into membraneless organelles (or
biological condensates) (Alberti & Hyman, 2021; Banani et al., 2017). Characteristic features of
these macromolecular condensates are their reversible assembly, as well as the dynamic exchange
of their components with the surrounding environment. Among those, hundred nanometer- to
micron-sized membraneless compartments enriched in proteins and RNAs have been identified
in both the cytoplasm and the nucleus and termed ribonucleoprotein (RNP) condendates or
granules (Figure 2). Nucleolus was the first membraneless RNP compartment identified

(Pederson, 2011). With advances in fluorescent microscopy and super resolution techniques, a



plethora of cytoplasmic RNP granules, including the cytoplasmic P-bodies, stress granules and
the cell-specific neuronal or germ cell RNP granules, have later been identified and implicated in
the regulation of various post-transcriptional regulatory processes (Anderson & Kedersha, 2006;

Buchan, 2014). The nature of these macromolecular assemblies, their cellular functions, and their

mode of assembly will be discussed in the following sections.

Figure 1. Cell cytosol is highly crowded

A molecular model of the inside of a eukaryotic cell, with a cell cytoplasm tightly packed with
proteins and other macromolecules. Image adapted from (McGuffee & Elcock, 2010).

= RNA

@ = Protein

RNP Granule

Figure 2: Schematic representation of an RNP granule

RNP granules are membraneless compartments composed of multivalent protein—protein, RNA-
RNA, and protein—-RNA interactions. Image adapted from (Tauber et al., 2020).



1. Ribonucleoprotein (RNP) granules

1.1. A collection of RNP granules

Extensive research in the field of biological condensates has uncovered distinct types of RNP
granules (Figure 3). RNP granules are classified based on their composition, function, subcellular
localization, cell of origin, response to stimuli, and dynamicity. A primary distinction based on

the subcellular localization classifies RNP granules into two major groups: nuclear and

cytoplasmic.
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Figure 3: A collection of RNP granule

A. Schematic representation of RNP condensates in the nucleus, cytoplasm and membranes in a
hypothetical eukaryotic cell. Nuclear condensates include nucleolus, histone locus body, PML body,
Cajal body etc. Cytoplasmic condensates include P body, stress granule, transport granule, germ
granule etc. Image adapted from (Banani et al., 2017).
B. RNPs in vivo/ ex vivo (i) nucleoli in Xenopus oocyte (Brangwynne et al., 2011), (ii) paraspeckles
in MEF cells (Spector, 2006), (iii) P granules in C.elegans (Brangwynne et al., 2009), (iv) Neuronal
RNP granules in rat primary neuronal culture (Gopal et al., 2017), (v) stress granules in HeLa cells
(Wheeler et al., 2016).

1.1.1. Nuclear RNP granules

Studies have shown that the nucleoplasm is not homogenous, and that the nucleus is rather
organized into various membraneless RNP granules termed nuclear bodies (Handwerger & Gall,
2006; Nunes & Moretti, 2017). Nuclear bodies exhibit a wide spectrum of sizes ranging from
hundreds of nanometers for speckles and paraspeckles to several micrometers for nucleoli. The
nucleolus is the most prominent nuclear condensate marked by the presence of the marker protein
Fibrillarin; it is the site of rRNA biogenesis and ribosome assembly (Boisvert et al., 2007,
Lafontaine et al., 2020). Another nuclear body accidentally discovered by Ramon y Cajal in 1903
is the Cajal body (CB). SMN and Coilin protein are prominent markers for CBs. CBs play a
pivotal role in assembling and modifying small nuclear ribonucleoprotein particles (ShRNPs)
which are essential for gene splicing (Sawyer et al., 2016). Nuclear speckles defined by the
localization of SRSF1 & 2, and paraspeckles defined by the localization of PSP1, are nuclear
bodies found throughout the nucleoplasm, residing in the interchromatin space. They are highly
dynamic, regularly recruited to transcription sites. Nuclear speckles work as reservoir of splicing
factors (Fox et al., 2018; Galganski et al., 2017). Nuclear bodies thus control various steps of gene
expression including transcription and RNA processing. Although left unexplored for a long time
after their discovery, intensive research is carried out in the field to understand how these distinct
condensates are assembled in the nuclear milieu, how specific proteins are localizing into peculiar
membraneless compartments, and what role these dynamic structures play (Strom &

Brangwynne, 2019).



1.1.2. Cytoplasmic RNP granules

A variety of either constitutive or stress induced RNP granules have been identified in the
cytoplasm of immortalized or differentiated cells. These granules have been implicated in the
regulation of various aspects of RNA expression, ranging from RNA translation, localization to
degradation, as well as in cellular responses including stress response, or signalling. Drawing a
strict boundary to group RNP granules to different classes is not straightforward; many RNP
granules share components, they come in contact, and can undergo maturation from one-type to
another by recruiting or expelling components (Moser & Fritzler, 2010). Multiple types of
cytoplasmic RNP condensates have been described in cells. Some of them are context-, cell-, or
organism-specific, while some of those share conserved functions across different phyla. Below,
I will be describing only the mainly studied cytoplasmic RNP granules. Neuronal RNP granules

will be presented in a dedicated section (section A.3).
P-bodies

P bodies (PBs) have initially been described as assemblies composed primarily of mRNAs in
conjunction with proteins involved in translational repression (e.g., Dhh1/RCK/p54), decapping
(e.g., Dcpl/Dcp2) and 5°-to-3° mRNA decay (e.g., Xrnl). Beyond these highly common PB-
resident molecules, components that are specific to a particular organism or known to be involved
in regulating subclasses of MRNAS, have also been identified as PB-components. For example,
mammalian PBs include proteins involved in miRNA function and RNA silencing pathway,
which are not found in yeast PBs (Liu, Rivas, et al., 2005; Liu, Valencia-Sanchez, et al., 2005).
Notably, not all components localized to PBs are essential for their assembly. While Me31B
(DDX®6), Patl, and Lsm1 depletion inhibited the formation of PBs in Drosophila S2 cells (Eulalio
et al., 2007), DDX®6 depletion in mammalian cells strongly blocked PB formation, Patl depletion
had minimal effects (Ayache et al., 2015). These observations indicate that DDX6 could be a key
PB assembly factor and that essential components could vary according to the cell-types. RNA,
however, appears to be an essential component as PBs are susceptible to RNaseA treatment
(Teixeira et al., 2005).

In eukaryotes, mMRNA decay is initiated by the removal of 3’-polyA tail by the deadenylase
enzyme complex (for example CCR4/NOT complex). Once polyA is truncated, mMRNAs are
degraded by the 3’-t0-5’ exonucleases. Alternatively, the 5’-methyl cap is removed on the
dedenylated transcripts by decapping proteins like Dcp2, and 5°-t0-3” exonucleases like Xrnl
initiate degradation of mMRNAs (Houseley & Tollervey, 2009). Strikingly, decapping proteins

such as Dcpl/Dcp2, Edc3 and the Lsm1-7 complex, activators of decapping and translational



repressors like Dhh1/RCK/p54, Patl and Scd6/RAPSS, enzymes like 5’ to 3’ exonuclease, Xrnl,
and the Ccr4/Pop2/Not deadenylase complex were all found to be localized to P-bodies (Parker
& Sheth, 2007). Because of their enrichment in components involved in mRNA decapping and
degradation, and because P-body size increased when mRNA decapping or degradation was
blocked (Andrei et al., 2005; Cougot et al., 2004), P bodies were thus Initially hypothesized to be
the sites of MRNA decay (Parker & Sheth, 2007; Sheth & Parker, 2003). More recent studies have
however challenged this view and shown that P bodies are dispensable for mRNA degradation.
E. Izauralde and colleagues, for example, have shown in Drosophila S2 cells, that a reporter RNA
with the PB-protein GW182 tethered to its 3’UTR got degraded even in cells depleted for Lsml1,
Lsm3, or HPat, which had no detectable PBs (Eulalio et al., 2007). Similarly, in yeast defective
for P body formation (edc3A Ism4AC mutants), there was no difference in mRNA decay compared
to wildtype (Huch & Nissan, 2017). More direct evidence came from a study using the TREAT
(3’-RNA end accumulation during turnover) fluorescent reporter to assess MRNA turnover in live
with high spatio-temporal resolution (Horvathova et al., 2017). Using the differential signal
produced by non-degraded and partially-degraded TREAT reporters, Horvathova et al. showed
that mMRNA molecules found in PBs were protected against Xrnl-dependent 3’end decay
(Horvathova et al., 2017). Transcriptome analysis of mammalian PBs performed by D. Weil and
colleagues also reinforced this idea, as truncated RNA products, indicative of decay, were not
significantly found in PBs. This study rather indicated that PB targeted mRNAs are translationally
repressed (Hubstenberger et al., 2017), suggesting the alternative hypothesis that P bodies are

warehouses of translationally repressed mMRNAs and inactive mRNA decay enzymes.
Stress Granules

Stress granules (SGs) are cytoplasmic condensates assembled in the cytoplasm of cells exposed
to endogenous (hypoxia, pH, redox state) or exogenous (UV irradiation, heat, chemical insult)
stressors. Thus, in contrary to other RNP granules, SGs are not constitutive under favourable
environments: they are rather assembled within fraction of seconds upon cellular stress and
disassembled upon stress release (Guzikowski et al., 2019; Panas et al., 2016) (De Graeve,
Formicola, Pushpalatha et al., submitted). SGs comprise translationally stalled mMRNAs, RBPs,
non-RBPs and components of the 40s ribosomal subunit (Buchan & Parker, 2009; Ivanov et al.,
2019). Not all components are “essential” for SG assembly; depleting a subset of RBPs including
G3BP1/2 (Kedersha et al., 2016), TIA1 (Gilks et al., 2004), UBAP2 (Cirillo et al., 2020;
Markmiller et al., 2018), HDAC6 (Kwon et al., 2007), PRRC, and CSDE1 (Youn et al., 2018)
abrogated SG assembly. RNA is also an essential component of SGs as trapping mRNAs in
polysome by adding cycloheximide (Buchan et al., 2008) or emetine (Kedersha et al., 2000)
blocks SG assembly whereas inducing mRNA release from polysomes by adding puromycin

triggers SG assembly (Kedersha et al., 2000). SG assembly follows translational arrest during
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stress, which is associated with polysome disassembly and increase in cytoplasmic free mRNA
(Panas et al., 2016), suggesting that polysome-free mMRNAs could be the rate-limiting factors for

SG assembly in cells.

SGs may also have functions independent of storage of translationally repressed RNAs. SGs were
proposed to serve as a “bounce back” mechanism for cells to recover quickly after the stress
subsides, without needing to produce new protein and RNA molecules. Such a mechanism could
be seen during quick re-entry of cell cycle regulator Cdc19 protein into cell cycle after cessation
of stress; Cdc19 protein is recruited to SGs in yeast during stress, preventing its degradation (Saad
et al., 2017). Surprisingly, indeed, Chao and colleagues have recently shown through single
molecule live-imaging that not all the transcripts localized to SGs are translationally silent. ATF4
transcripts, for example, were translated in the SGs formed during arsenite-stress in HeLa cells
(Mateju et al., 2020). Furthermore, formation of SGs was also proposed to modulate signalling
pathways, as illustrated by the sequestration of the kinase TORC1 in SGs during heat stress and
the subsequent block of TORCL signaling and eventually cell death (Takahara & Maeda, 2012).

Germ granules

Metschnikoff (1865) had an interesting observation of dark stained granules at one pole of
Miastor metraloas (fly) larvae (Metschnikoff, 1865). Subsequently, these “polar granules" were
shown to be the sites of primordial germ cell differentiation in a wide variety of insects. These
early observations led to the identification of a broad class of RNP granules called germ granules
in both invertebrate and vertebrate models including D. melanogaster (polar granules), C. elegans
(P granules), Xenopus (germinal granules), and mammals (nuages) (Sengupta & Boag, 2012).
Germ granules are loaded with maternal mMRNAs and proteins implicated in translational control;
they time the translation of maternal mMRNAs to specify germ cell fate in early embryos
(Leatherman & Jongens, 2003; Lehmann, 2016). How does germ granules regulate translation?
About 95% of protein expression in eukaryotes depend on cap-dependent translation and in this
mode of translation, binding of 40S ribosomal subunit to 5’-end depends on the formation of
initiation complex (elF4A/E/G) (Parsyan et al., 2011; Sonenberg & Hinnebusch, 2009). First step
during translation initiation is the binding of eIF4E to 5’-cap of mRNA, which is then bound by
elF4G. Many elF4E-binding proteins (4E-BPs) compete with elF4G and block its binding to
elF4E. 4E-BPs block the formation of translation initiation complex and hence association of 40S
ribosomal subunit (Peter et al., 2015). 4E-BPs are known to be regulators of germ granule
formation, for example, Cup, a 4E-BP, is a component of Drosophila germ granules and is
essential for the localization and translational repression of nanos and oskar mMRNAs (Mahowald,
2001). Mutations in cup result in premature translation of repressed mRNAs in oocytes
(Nakamura et al., 2004).



Together, it has emerged that cytoplasmic RNP granules are enriched in translationally repressed
MRNAs. To which extend they contribute to translational repression is still under debate, as most
studies performed so far relied on mutants or cells depleted for RNP components, thus potentially

affecting functions inside and outside granules.
1.2. Cartography of RNP granule content

A main feature of RNP granules is their enrichment in proteins and RNA (Anderson & Kedersha,
2006). Protein components of RNP granules have been identified principally using three methods.
The first relies on a candidate- or serendipity-based approach by following the localization of
fluorescently labelled proteins using confocal microscopy. The other two rely on a more
systematic analysis of RNP granule proteome. In the second approach, RNP granules are purified
from cell lysates, through differential centrifugation followed by immunoprecipitation (Fritzsche
etal., 2013; Jain et al., 2016) or fluorescence-activated particle sorting (FAPS), a method in which
cell lysates enriched in fluorescently labelled RNP condensates are sorted using fluorescence
activated cell sorting (Hubstenberger et al., 2017). The proteome of granule-enriched fractions is
then assessed using mass spectrometry (MS), a technique that identifies and quantifies molecules
based on their mass-to-charge ratio. The third approach consists in proximity labeling (BiolD or
APEX labeling), in which a RNP component (bait) is fused to an enzymatic domain (Biotin ligase
or ascorbate peroxidase), leading to the tagging of proteins in close contact with the bait (in the
range of tens of nanometers) with biotin (Rhee et al., 2013; Youn et al., 2018). After proximity
labelling, biotin-labelled proteins are isolated using streptavidin beads and identified using MS.
Although the exact stoichiometry of individual granules is still unclear, these studies have
revealed that up to hundreds of proteins can associate with a given class of RNP granules. For
example, yeast and mammalian P bodies (PBs) were shown to contain more than 50 and 100
proteins, respectively (Hubstenberger et al., 2017; Youn et al., 2018). In another example,
interactome of two distinct neuronal RNP granules identified by Kiebler and colleagues, had less
than 100 protein components (Fritzsche et al., 2013). RNP granule protein composition depends
on the type and context and a common line cannot be drawn for protein composition of RNP
granules. For example, RNA binding proteins, translational repressors, RNA helicases are found
as common interactors in the proteome analyses of SGs and PBs. Certain protein families show
granule-type specific interaction as in case of ribosomal proteins and translation initiation factors
that localize to stress granules and are depleted from P bodies, conversely, mRNA decapping and

decay factors are enriched in PBs and are absent in SGs (lvanov et al., 2019).

Not only proteins but also RNA molecules are enriched in RNP granules (Corbet & Parker, 2019).
Here also, different approaches have been used to identify the transcriptome of RNP granules.

These include candidate-based approaches using single molecule fluorescence in situ



hybridization (smFISH) (Raj et al., 2008) or quantitative PCR (qRT PCR) on purified granules
(Namkoong et al., 2018). Systematic approaches such as RNA-seq after RNP granule isolation
have also provided an account of the RNA species enriched in RNP granules (Hubstenberger et
al., 2017; Khong et al., 2017). These studies have indicated that mMRNA molecules are major
components of different RNP granules, for example, RNA fractions in mammalian SGs and in
mammalian PBs are 80% and 89% mRNAs respectively (Hubstenberger et al., 2017; Khong et
al., 2017). Like protein components, RNA repertoire of distinct RNP granules also exhibit certain
level of specificity. For example, both 18s and 28s rRNA were depleted from mammalian PBs
whereas 18s rRNA was identified in the transcriptome of arsenite-induced mammalian SGs
(Hubstenberger et al., 2017). Some RNP granules localize specific RNA molecules, for example,
multiple copies of long non-coding NEAT1 RNA is shown to localize in nuclear paraspeckles
(Clemson et al., 2009). These approaches also uncovered RNAs as major stakeholders in RNP
granules as, for example, one-fifth of the total cytoplasmic transcripts and one-third of total
coding transcripts were selectively enriched in mammalian PBs (Hubstenberger et al., 2017).
Such a large repertoire of RNA localization to RNP granules led to search for general sequence
elements that could be involved in RNP targeting. Recent studies from the Parker lab suggested
that RNAs enrich in SGs with poor specificity, mainly based on their length and poor translation
(Khong et al., 2017; Matheny et al., 2021). RNA-seq performed on FAPS-purified PBs, in
contrast, showed that most of the RNA molecules enriched in PBs are targets of granule-
associated RBPs, suggesting that they may be recruited as RNP complexes (Hubstenberger et al.,
2017). Furthermore, work from Wang and colleagues, aimed at identifying the RNA interactome
of yeast PBs, has shown that the 3’UTRs in PB-target transcripts are necessary, but not sufficient
for PB-targeting. Indeed, endogenous PB mRNAs whose 3°’UTR was replaced with that of a non-
related RNA failed to localize to PBs but fusing 3’UTR from PB-target mRNA to a non-PB
associated RNA did not localize it to yeast PBs (C. Wang et al., 2018). Interestingly, PB-enriched
MRNASs were shown to also have a bias in composition and be AU-rich, a feature associated with
limited translation yield (Courel et al., 2019). This, however, was not true for the SG-rich RNA
fraction. Together, these studies could not find a common zipcode for RNA targeting to RNP
granules and rather suggested that granule-enrichment depends on context-specific RNA-protein

interactions, sequence elements on RNAs and/or translation activity.
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1.3. Neuronal RNP or transport granules

Neuronal RNP granules, also known as neuronal transport granules, represent another cell type-
specific class of RNP granules. These macromolecular assemblies can be of various sizes but are
generally of the order of hundreds of nanometers (De Graeve & Besse, 2018). They are found in
neuronal progenitors as well as developing and mature neuronal cells and have been involved in
the transport and translational control of RNA molecules along axons, and dendrites (Formicola
et al., 2019; Kiebler & Bassell, 2006). Their characteristics will be discussed in more details

below.
1.3.1. RNA transport and local translation in neurons - an overview

Neurons are highly polarized cells; they have long projections, posing a unique challenge to
regulate processes happening at long distances from the cell body and nucleus. Targeting of
MRNAs to specific neuron subcellular domains, coupled to the onsite translation of localized
MRNASs, has emerged as a mechanism employed by neurons to rapidly generate local protein
concentrations in response to stimuli. Historical pioneer in situ hybridization experiments have
revealed the specific targeting of transcripts to axons and/or dendrites. Matus and colleagues, for
example, have shown in rat cerebral cortex that mMRNAs encoding MAP2 (a dendrite-specific
microtubule binding protein) preferentially localize to dendrites, while tubulin mMRNAs were
found exclusively in cell bodies (Garner et al., 1988) (Figure 4A). Furthermore, s-actin mRNA
was shown to be preferentially sorted into processes and growth cones in cultured neurons
(Bassell et al., 1998) (Figure 4B). More recent transcriptomic studies performed on hippocampal
sections (Ainsley et al., 2014; Cajigas et al., 2012; Nakayama et al., 2017) and in vitro
differentiated neurons (Taliaferro et al., 2016; Zappulo et al., 2017) extended this view,
demonstrating the existence of pools of up to thousands of mRNAs enriched in neurites.
Consistent with a functional role of RNA subcellular targeting, mRNAs identified in these studies
as neurite-enriched encoded proteins involved in synaptic functions including neurotransmitter
secretion, synaptic vesicle transport, synaptic plasticity, and ion channel clustering etc.
Furthermore, as revealed by a recent proteomic analysis combined with ribosome profiling (ribo-
seq), a highly significant correlation between ribosome-bound RNA fraction and protein
localization was observed, indicating that the majority of the neurite proteome is locally translated
(Zappulo et al., 2017). What roles do targeted RNA localization and local protein synthesis play

in neuronal function and development?
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Figure 4: Differential localization of RNA in rat hippocampal sections

A. MAP2 mRNA is localized to dendrites and tubulin mRNA is found in cell bodies in developing
rat cortex. (i) MAP2 mRNA (ii) tubulin mRNA (iii) scheme of location of dendrites (iv) Location of
cell bodies using nuclear dye.B. (i) g-actin mRNA is present in axonal growth cone of cultured
cortical neurons, (ii) DIC image of axon growth cone. Images are adapted from (Bassell et al., 1998;
Garner et al., 1988).

Local translation of transported mRNAs has been shown to be important for various aspects of
axonal functions ranging from axon pathfinding and branching during development to axon
maintenance, repair or synaptic activity in adult (Campbell & Holt, 2001; Hafner et al., 2019;
Jung et al., 2012; Shigeoka et al., 2013). Interestingly, Shigeoka et al. showed that higher number
of axonally translated mMRNAs are found in developing retinal ganglion cell (RGC) compared to
mature neurons (Shigeoka et al., 2016). Furthermore, they uncovered that ribosome-bound
mRNAs in embryonic stages code for proteins involved in neurite guidance, morphogenesis and
extension, whereas in adult neurons they code for proteins involved in regulation of synaptic
transmission or synaptic plasticity. These observations thus suggested first that the axonal RNA
content is subjected to developmental regulation and second that modulation of the axonal

transcriptome may shape the axonal proteome and adapt it to particular functions.

Local translation in dendrites has been shown to control various aspects of synaptic plasticity, and
in particular to be required for establishment of long-term plasticity, the correlate of long-term
memory (LTM) (Kang & Schuman, 1996; Martin et al., 1997; Stanton & Sarvey, 1984; Sutton &
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Schuman, 2006). Consistent with this idea, RNA binding proteins involved in the translational
repression of synaptically-localized mRNAs have been involved in learning and memory
functions (Sudhakaran & Ramaswami, 2017). A recent evidence in this line has come from the
mouse model; RNG105/Caprinl is a major component of the neuronal RNP granules found in
hippocampal neurons. 1122 mRNAs like Camk2a, Shank2, Homer, Dlg4, etc. showed
dendritically-enriched localization in case of wildtype hippocampal neurons, whereas in
conditional mutants for RNG105, these mRNAs were similarly localized between soma and
dendrites (Nakayama et al., 2017).

Neuronal RNP granules, because they have the capacity to package specific RNA molecules
together with translational regulators, to be transported to target sites, and to release RNAs
through stimuli-specific disassembly (De Graeve & Besse, 2018; Formicola et al., 2019; Holt &
Schuman, 2013; Kiebler & Bassell, 2006), appear particularly adapted to spatio-temporally

coordinate RNA transport and translation in neuronal cells (Figure 5).
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Figure 5: Neuronal RNP granule

RNAs, together with their interactome, form RNP granules in the cell soma, and are transported to
dendrites or axons in a translationally dormant state. At their destination, localized RNAs start being
translated upon stimuli reception, following RNP granule disassembly. Image adapted from
(Formicola et al., 2019).
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1.3.2. Identification and molecular composition of neuronal RNP granules

The first evidence for the existence of transport granules in neurons came from the study by
Knowles and colleagues, in which endogenous RNA-rich granules visualized using the RNA dye
SYTO14 were shown to be transported into neurites of cultured cortical neurons (Knowles et al.,
1996). The first demonstration for an RBP to assemble into granules dynamically transported in
living neurons came from Kohrmann and colleagues, who expressed a GFP-tagged version of
Staufen in rat hippocampal neurons and demonstrated their accumulation in granules exhibiting
bidirectional dendritic motion (Kohrmann et al., 1999). Soon after these initial observations, EM
analyses on neuronal granules isolated by differential centrifugation from entire brains revealed
the membraneless electron-dense nature of these structures (Elvira et al., 2006; Krichevsky &
Kosik, 2001). More recently, mass spectrometry analysis on purified granules from both
embryonic and adult brain samples revealed a lack of membrane proteins in the isolated fractions,
reinforcing the idea that neuronal RNP granules are distinct from membrane-bound organelles (El
Fatimy et al., 2016; Fritzsche et al., 2013). These studies also uncovered the protein composition
of these assemblages, revealing that they contain ribosomal subunits, translation initiation factors
like eIF4E and elF20, and RBPs such as DEAD-box helicases, HuD, G3BP, Sam68, Syncrip,
hnRNPA2, ZBP1, FMRP, Staufen, TDP43 etc. (El Fatimy et al., 2016; Kiebler & Bassell, 2006;
Singh et al., 2015).

Proteomic analyses of neuronal RNP granules have also shown that not all neuronal RNP granules
have the same composition (Fritzsche et al., 2013; Heraud-Farlow et al., 2013). Using density-
gradient centrifugation coupled with immunoprecipitation and mass-spectrometry, the Kiebler’s
lab analysed the content of two distinct populations of RNP granules of rodent brains; one
characterized by the presence of Staufen2 (Stau2) and the other by Barentsz (Btz). Remarkably,
only a third of the proteins identified were shared between the two granule types. mRNA also
showed differential localization; for example, Arc mRNA was found in Btz-granules while
CaMKIla was preferentially enriched in Stau2-granules (Fritzsche et al., 2013). This study thus
demonstrated that diverse neuronal RNP granules co-exist within the same neuron, suggesting
they may have specific properties and perform distinct functions. Strikingly, neuronal RNP
granule composition also appears to vary according to neuronal state. In cultured hippocampal
neurons, for example, above 90% of Pur-a-containing granules co-stained for Staufenl in
immature neurons, while only 50% do in mature neurons (Mitsumori et al., 2017). Taken together,
it appears that diverse sets of neuronal RNP granules are found in neurons, providing means to

respond specifically to ever changing environments.
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1.3.3. RNP granule dynamic transport

Live imaging experiments have shown that neuronal RNP granules exhibit bidirectional
movements along neurites (Dictenberg et al., 2008; Gopal et al., 2017). These studies have further
revealed that neuronal RNP granules are transported along microtubule (MT) tracks, with
velocities in the order of um/s (Dictenberg et al., 2008; Kanai et al., 2004; Knowles et al., 1996;
Medioni et al., 2014). Further supporting that they undergo active transport, MT-associated motor
proteins such as kinesin and dynein were isolated as components of neuronal RNP granules and
functionally shown to regulate transport properties (Kanai et al., 2004). For example, kinesin
motors were found to bind the RNP component FMRP and to mediate the transport of dendritic
FMRP granules in cultured primary neurons (Davidovic et al., 2007; Dictenberg et al., 2008).
Jeong et al. have shown that Stau2-containing RNP granules are transported in a MT-dependent
manner, supported by the blockade of their transport upon Kinesin inhibition (Jeong et al., 2007).
ZBP1-containing granules were shown to be transported in hippocampal neurons in a KIF5A-
dependent manner (Urbanska et al.,, 2017). Remarkably, recent studies also point to a
complementary function for the F-actin cytoskeleton in the transport of RNP granules. For
instance, MyosinVa was identified as a co-immunoprecipitated partner of neuronal RNP granules
(Calliari et al., 2014; El Fatimy et al., 2016) and shown to be functionally important for the
translocation of RNP granules to dendritic spines (Mitsumori et al., 2017; Nalavadi et al., 2012).
These lines of evidence suggest that the transport of neuronal RNP granules is tightly coordinated

by the activity of motors transporting their cargoes on both microtubule and F-actin tracks.

Interestingly, recent work uncovered that axonally translocating mRNAs are co-trafficked with
membrane-bound organelles. In vertebral retinal ganglion neurons, for example, axonal RNAs
dynamically co-localize with Rab5-positive early endosomes, or Rab7-positive late endosomes
(Cioni et al., 2019; Konopacki et al., 2016). In cultured rat cortical neurons, TDP43-containing
granules are co-transported with LAMP1 positive lysosomes through a hooking process involving
ANXA11, an adaptor molecule linking RNP granules and lysosomes (Liao et al., 2019). The
increasing link between mRNA localization and membrane-bound organelles has led to an
emerging school of thought in which neuronal RNP granules may hitch a ride on various
membrane delimited organelles including mitochondria, lysosomes, vesicles etc. (Pushpalatha &
Besse, 2019).

Neuronal RNP granules are not constantly under motion, but also display pauses and docking
behaviour. Recent studies have shown that RNP granule docking behaviour may have functional
significance; RNP granules containing S-actin mRNA were found to be docked at the sites of new
branch points in Xenopus retinal ganglion cell (RGC) axon terminals (Wong et al., 2017).

Interestingly, acute inhibition of translation disrupted axon branching, pointing to a link between
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docking of RNA granules at branch points, local translation, and branch formation. In other
studies, Arc mRNA or FMRP-containing granules were found to be docked preferentially at the
base of dendritic spines (Dynes & Steward, 2012; El Fatimy et al., 2016). These observations
suggest that neuronal cells could exploit docking of transported RNP granules to elicit

translational response to locally changing environments.
1.3.4. RNP granule and translational control

Different lines of evidence have suggested that the translation of MRNAs found in neuronal RNP
granules is largely repressed. These include the specific absence of tRNAs, failure to incorporate
radioactive amino acids (Krichevsky & Kosik, 2001), and enrichment in translational repressors
(Barbee et al., 2006; Fritzsche et al., 2013).

Recent advances in imaging techniques have enabled the spatio-temporal visualization of single
RNA molecule translation in living cells (Bauer et al., 2017). Among those, the SunTag technique,
in which arrays of SunTag sequences are fused N-terminally to the coding sequence of an mRNA
of interest and recognized by a co-expressed single chain antibody (scFV nanobody) fused to
super folder GFP (scFV-sfGFP), thus producing bright fluorescent foci at sites of translation (YYan
et al.,, 2016). Using the SunTag tool, Wu et al. showed that translation of RNA is spatially
modulated in neurons, with ~40% of RNAs translated at proximal dendrites, while only ~10% at
distal dendrites, indicating that mMRNAs are translationally repressed in dendritic terminals (Wu
et al., 2016). More research should now be carried out to investigate translational repression and
local translation in living neurons in order to investigate to which extend mRNAs transported in

neuronal RNP granules are translationally silent.

How are mRNA molecules translationally repressed in neuronal RNP granules and how do they
get de-repressed? RBPs found in neuronal RNP granule proteome include RNA helicases such as
DEAD box proteins, and translational repressors such as FMRP, hnRNPs or miRNA pathway
components (El Fatimy et al., 2016; Elvira et al., 2006; Fritzsche et al., 2013). These conserved
proteins have been shown to repress translation of their target mRNAs through different
mechanisms (Pimentel & Boccaccio, 2014). Mechanism of translation repression of target
mRNAs by neuronal RNP granules is still under debate. One line of evidence suggests that
translational silencing occur at the level of elongation. This is supported by the presence of
repressor proteins like FMRP (Darnell et al., 2011; EI Fatimy et al., 2016), leading to the
accumulation of stalled ribosomes. Around 66% of binding sites for FMRP on target transcripts
was on coding sequence and FMRP was found in heavy fraction after in vitro ribosome run off
experiment, indicating that FMRP blocks translation at elongation step (Darnell et al., 2011).
Furthermore, ribopuromycylation, an immunofluorescent technique to visualize polysomes,

coupled with ribosome runoff experiment in cultured neurons showed that most neurite-localized
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polysomes were resistant to runoff, suggesting that they are stalled at elongation step (Graber et
al., 2013). This is in contrary to the alternative proposal that neuronal RNP granules supress
translation by blocking initiation (Besse & Ephrussi, 2008; Klann & Dever, 2004). This is
supported by the observation that nuclearly-loaded factors bound on nascent transcripts that are
usually released upon first round of translation were found in immunoprecipitated neuronal RNP
granules (Fritzsche et al., 2013). Another evidence in this line is the presence of factors like ZBP1,
that block translation initiation by preventing 60S joining through binding to target RNA 3’UTR,
as components of neuronal RNP granules (Huttelmaier et al., 2005). While such disparities still
remain to be resolved, these conflicting results might further illustrate the diversity of neuronal
RNP granules (De Graeve & Besse, 2018; Pimentel & Boccaccio, 2014).

How is translation of localized neuronal mRNAs de-repressed in response to specific stimuli?
Release of mRNAs from dense granules or “unmasking” has been suggested to represent a
mechanism by which translation repression would be relieved through recruitment of active
translation machineries (Buxbaum et al., 2014; De Graeve & Besse, 2018). Consistent with this
model, Zipcode binding protein 1 (ZBP1), which binds to g-actin mRNA to promote its
translocation along neurites and its translational repression, gets phosphorylated by the Src kinase
upon reaching cell periphery. This phosphorylation decreases the affinity of ZBP1 binding to -
actin, thus inducing its release from translation repression (Huttelmaier et al., 2005). This model
has also been validated in vivo in commissural neurons where g-actin is locally translated in
response to Sonic hedgehog (Shh) signaling. It was found that Shh signaling induces ZBP1
phosphorylation and that expressing a non-phosphorylable allele of ZBP1 impedes both local -
actin translation and axon turning in response to Shh (Lepelletier et al., 2017). These studies,
however, did not show a direct link between granule disassembly and translation regulation. A
more direct evidence for translational derepression upon granule disassembly came from the study
of Smaugl-foci (S-foci) in cultured hippocampal neurons. Mammalian Smaugl acts as a
translational repressor, forms S-foci at postsynapses of hippocampal neurons. Neuronal activation
by NMDA receptor induced reversible disassembly of S-foci, release of localized mMRNASs such

as camklla and translation activation of these mMRNAs (Baez et al., 2011).

Neuronal RNP granules are micron-sized membraneless organelles which are dynamically
responding to environmental cues. To understand how they are regulated, it is thus absolutely
essential to understand how these organelles are assembled and disassembled, and how they
perform their functions in cellulo. Recently, interdisciplinary approaches have been used to tackle
these questions, showing that liquid-liquid phase separation (LLPS) may be a unifying
mechanism driving RNP assembly. An overview of the mechanisms underlying RNP granule

assembly will be discussed in the next section (Section 2).
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2. Mechanisms of RNP granule assembly and dynamicity

RNP granules exist as separate entities in the cramped cytoplasm, though they are not delimited
by a definite lipid membrane. How do these assemblies concentrate relevant components, and
maintain their integrity and functions, while dynamically exchanging components with the
cytoplasm?

Different model systems have been developed to probe the biophysical properties of RNP
condensates, ranging from in vitro reconstituted condensates assembled using purified proteins
and/or synthetic or purified endogenous RNA and, ex vivo granules formed in cultured cell lines
and neurons, to endogenous granules formed in vivo in organisms such as C. elegans, Drosophila,
Xenopus etc (Figure 3B, Figure 6). In vitro studies give the opportunity to have strict control over
the concentration, composition, pH, salt, molecular crowding and stoichiometry of components,
thus enabling quantitative analyses and reducing the number of variables to be considered. In
vitro studies, however, lack the potential to phenocopy physiological conditions and to
recapitulate the complexity of endogenous granule composition, which can only be achieved in
ex vivo or in vivo cellular systems. Brangwynne and colleagues have recently developed an
optogenetic tool to address this drawback; they used domains that interact upon light induction to
initiate condensation of proteins of interest inside cells (optodroplets) (Shin et al., 2017).
Optodroplets enable a precise control of granule nucleation in a cellular environment; even if
nucleation of condensation is artificial, recruitment of partner molecules is not. Thus, integrated
approaches combining disciplines of biology, chemistry, physics and computation have provided
a conceptual framework defining liquid-liquid phase separation (LLPS) as the molecular principle
driving the formation and coexistence of RNP granule as distinct phases within the cytoplasm
(see 2.2 and Figure 7).

A G i B

Figure 6: Artificial and in vitro condensates

A. Artificial condensates in cells (i) ArtiG-chimeric FFM (Garcia-Jove Navarro et al., 2019), (ii)
photo-activated FUS Corelet-expressing HEK293 cells (Bracha et al., 2018). B. In vitro droplets of
(i) purified human FUS-GFP (Patel et al., 2015), (ii) purified RNA from yeast (Van Treeck et al.,
2018).
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Figure 7: RNP granules behave as liquid-like droplets

A. RNP granules are generally spherical in shape, thus reducing surface tension. RNP granules can
dock, fuse and relax back to spheres to reduce surface tension. Molecules inside RNP granules
exchange neighbours rapidly. B. Due to viscoelastic properties, RNP granules deform upon applied
shear stress. Image adapted from (Adekunle & Hubstenberger, 2020).

2.1. RNP granules have liquid-like properties

Recent in vitro and vivo studies have converged to demonstrate that RNP granules exhibit
properties of liquid-like droplets. First, in contrast to solid entities where molecules maintain their
neighborhood for long periods of time, they tend to have a higher degree of freedom and exchange
their neighbors rapidly (see 2.1.1). Second, they tend to minimize their surface (and number of
molecules) in contact with their surroundings, indicating that surface tension dictates their shape.
(see 2.1.2). Third, they deform upon mechanical shear stress, owing to their viscoelastic properties
(see 2.1.3).

Handwerger et al. in 2005 showed that the nuclear membraneless structure, Cajal bodies, are
semifluid objects suspended in semifluid nucleoplasm (Handwerger et al., 2005). Since then, the
stable existence of such dynamic structures, with diffusion rates ranging from seconds to minutes,
baffled scientists. A seminal discovery was made in the Hyman lab, where P granules in the germ
cells of C.elegans embryos were found to be liquid-like and have the characteristics of structured
formed through liquid-liquid phase separation (LLPS) (Brangwynne et al., 2009). Since then,
other membraneless compartments like nucleoli (Brangwynne et al., 2011), DNA damage repair
foci (Altmeyer et al., 2015; Patel et al., 2015), stress granules (Kedersha et al., 2005; Molliex et
al., 2015) and neuronal transport granules (Andrusiak et al., 2019; Gopal et al., 2017) have been

shown to also exhibit liquid-like properties.
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2.1.1. Molecules in RNP granules exchange their neighbours rapidly

Constituent molecules of RNP granules are highly dynamic and undergo turnover on timescales
ranging from seconds to minutes. Fluorescence recovery after photobleaching (FRAP) analysis
has been used for decades as gold-standard for probing turnover of biomolecules (Axelrod et al.,
1976) and has been used to measure the dynamicity of molecules in RNP condensates (Figure 8).
Whole granule-FRAP analyses have shown that many of these condensates, including SGs,
nuclear bodies, and neuronal RNP granules, dynamically exchange materials with their
surrounding cytoplasm (Gopal et al., 2017; Kedersha et al., 2005; Weidtkamp-Peters et al., 2008).
Not just proteins, in vitro purified protein-free RNA molecules alone were shown to self-assemble
into RNA droplets and to display dynamic molecular turnover (Jain & Vale, 2017; Van Treeck &
Parker, 2018; Van Treeck et al., 2018; Zhang et al., 2015). Remarkably, distinct populations of
molecules with varying dynamicity have been identified in the same granule. G3BP, for example,
showed very fast and complete recovery (100% within 30s) in Arsenite (As)-induced stress
granules in COS cells, while PABP showed partial (45% within 30s) and FAST poor recovery
(12.5 % within 30s) (Kedersha et al., 2005). Similarly, Putnam et al. assessed the dynamics of
different components of P granules in C.elegans embryo; PGL-1, PGL-3, GLH-1 and LAF-1
showed higher exchange rates, while MEG-3 showed slow dynamics (Putnam et al., 2019).
Dynamicity of RNP components can also vary depending on the cell type. Cougot et al. had
shown that the same protein component exhibits different turnover rates depending on cell type;
Dcpla had a 90% immobile fraction in granules found in cultured hypothalamic neurons while
only 20% in HeLa cells (Cougot et al., 2008). Differential interaction strengths between molecules
and cell-type specific interactome could account for the divergent dynamicity observed for RNP

granule components.

Molecules are also dynamically exchanging within RNP granules. A method to monitor
dynamicity of components within a granule is intra-granule FRAP, where a small region of the
granule is bleached, and fluorescence recovery is monitored (Figure 8B). Since the bleached
region does not contact the cytosol directly, most of the molecular diffusion will be happening
within the granule (Bakthavachalu et al., 2018; Hubstenberger et al., 2013). Intra-granule FRAP
has been used to assess the diffusion of components within in vitro assembled granules (Burke et
al., 2015). A disadvantage of intra-granule FRAP is that it can be done only on large RNP
granules. Another tool to assess the molecular dynamicity within granules was half-bleach. As
first demonstrated in C.elegans embryo, bleaching half of a single P granule with a targeted laser
resulted in a significant recovery of signal intensity in the bleached region together with a
concomitant decrease of the signal in the unbleached region, indicating that molecules rearrange
in these granules with a diffusion coefficient of 1um?/s (Brangwynne et al., 2009). Half-bleach of
TDP43 RNP granules was used by Gopal et al. to identify two distinct populations of TDP43
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granules in cultured rat neurons; granules found in mid-axons had higher recovery rate compared
to the ones found in proximal axons (Gopal et al., 2017). Above examples show that RNP granule
components exchange within and with the surrounding dilute phase of granules; each component

having characteristic rates of diffusion.

A Whole-bleach

GFP:CAR-1 intensity

Figure 8: RNP granules are dynamic structures

A. Whole granule bleach of neuronal RNP granule TDP-43 showed rapid recovery suggesting that
there is active exchange of TDP-43 molecules between granule and cytoplasm (Gopal et al., 2017).
B. Fluorescence recovery upon intra-granule bleach of P bodies in C.elegans shows inside granule
also, molecules rearrange and they are dynamic. Image adapted from (Hubstenberger et al., 2013).

2.1.2. Surface tension dictates the shape of RNP condensates

RNP granules are generally spherical in shape, which is a typical characteristic of liquid droplets.
This has been demonstrated in in vitro systems, where assembled protein condensates of purified
FUS (Patel et al., 2015), LAF1 (Elbaum-Garfinkle et al., 2015) or hnRNPAL (Molliex et al., 2015)
assume spherical shape during condensation. Purified RNA molecules alone can also self-
assemble into spherical droplets (Tauber et al., 2020; Van Treeck et al., 2018). In cells, stress
granules (Lin et al., 2015; Tourriere et al., 2003), P bodies (Kedersha et al., 2005), germ granules
(Brangwynne et al., 2009; Mahowald, 1962; Updike & Strome, 2009), nucleoli (Brangwynne et
al., 2011), or neuronal granules (Baez et al., 2011; Gopal et al., 2017) were also described to

exhibit circularity indices close to 1.
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Another implication of surface tension is that smaller RNP granules of similar type, when in
contact, should fuse with characteristic relaxation times to form larger granules, similar to rain
drops on windshield. Indeed, coalescence of smaller drops to a large one minimizes surface area,
and is thus energetically favourable (Jens Eggers, 1999). In vitro assembled condensates
containing purified FUS low complexity domain (Burke et al., 2015) or DDX3 RNA helicase
LAF-1 (Elbaum-Garfinkle et al., 2015) underwent fusion events. In vivo, one of the first
observations was that of P granules undergoing fusion in C.elegans embryos (Brangwynne et al.,
2009). Later, Brangwynne et al. also showed that compression of dissected Xenopus oocyte
nucleus under a coverslip induces nucleoli to fuse one another, relaxing back to spherical shape
at the end of fusion (Brangwynne et al., 2011). TIRF microscopy of neuronal TDP43 RNP
granules showed that these granules also fuse and relax to form spherical droplets. Fusion occurs
at rates in the range of milliseconds to seconds (Gopal et al., 2017), thus faster than yeast P bodies
that fuse and relax in a timeframe of seconds (Kroschwald et al., 2015). This disparity may be
accounted for by differences in initial surface tensions, as higher surface tension increases fusion

kinetics.
2.1.3. RNP granules have definite viscosities

RNP granules deform in response to shear forces, that are unbalanced forces generated when part
of a material (which could be liquid) is pushed in one direction while the other part is pushed in
opposite direction. As first shown in C.elegans germline, applying shear stress on P granules
resulted in their significant deformation (Brangwynne et al., 2009). As another example, ex vivo
isolated TIAR-2 granules from C.elegans mechanosensory neurons also showed dripping-like
deformation under shear flows (Andrusiak et al., 2019). Furthermore, near-TIRF live imaging of
TDP43 RNP granules in cultured rat neuronal axons showed that TDP43 granules undergoing fast
transport, in contrast to motile membrane-bound organelles like mitochondria, underwent
significant shape deformation, exhibiting elongated morphology (aspect ratio ~1.79) compared to

static granules with an aspect ratio ~1 (Gopal et al., 2017).

Although RNP granules undergo deformation in response to shear stress, they tend to resist
deformation in function of their viscosity. Viscosity of fluids can be conceptualized as the
frictional resistance between two adjacent layers of fluids, when they flow. As measured in Swiss
3T3 fibroblasts, cytoplasmic viscosity is comparable to that of water (1.2-1.4 times higher),
consistent with the fact that water constitutes 80% of cytosol (Fushimi & Verkman, 1991).
Viscosity of C.elegans P granules has been estimated from component diffusion coefficient and
it is approximately 1 Pa.s (Brangwynne et al., 2009), which is 1000-fold more than water, similar
to that of glycerol or colloids. Viscosity of Xenopus oocyte nucleoli, measured from the

characteristic fusion times, is approximately 1000 Pa.s, which is comparable to that of thick honey

22



(Brangwynne et al., 2011). TDP43-containing axonally transported RNP granules found in
cultured rat neurons have an estimated viscosity of ~0.1 Pa.s, which is only 100-fold than that of
water (Gopal et al., 2017). Above data suggests that each type of RNP granules can have distinct
viscosities; for example, granules that function for storage like P granules or nucleoli are more
viscous than motile neuronal granules. Surface tension and viscosity dictated by the molecular

interactions thus plays a key role in defining the material properties of RNP granules.

2.1.4. Material properties of RNP condensates can be modulated in

physiological and pathological contexts

In living cells, the physical properties of RNP granules have been shown to be modulated in
response to the cellular environment. For example, TDP43 granules found in the proximal axon
of rat neurons are more solid-like with less recovery after FRAP, while granules found in the mid
axon are more liquid-like, deforming upon fast transport (Gopal et al., 2017). Similarly, Dcpla
localized to P-body like structures found in cultured rat hippocampal neurons exhibited a strong

increase in their mobile fraction after synaptic activation (Cougot et al., 2008).

Transitioning into solid-like structures has been observed in different instances and characterized
by a loss of granule typical spherical shape. Stable solid aggregates of purified FUS protein were
shown to acquire stellar shapes in vitro (Patel et al., 2015). In vivo, inactivation of the cgh-1 RBP
in C.elegans gonad induced the transition of normally dynamic and round grP-bodies (grPBs) to
solid entities with a square sheet morphology (Hubstenberger et al., 2013). Furthermore, less
dynamic TDP43-granules found in the proximal region of rat primary cortical neuron axons have
irregular shapes compared to the dynamic and spherical mid-axon localized TDP43-granules
(Gopal et al., 2017). Together, the above examples suggest that granule properties can be
modulated on-the-fly in response to environmental changes, raising the question of how these
dynamic condensates are assembled and regulated. Both theoretical and experimental lines of
evidence have established that liquid-liquid phase separation (LLPS) may be a key process driving

formation of RNP condensates.

2.2. RNP condensates form through liquid-liquid phase separation

(LLPS)

Cytoplasm or nucleoplasm are semi-fluid in nature. If a cell is pricked, cytoplasm oozes out. How
could then two liquid phases coexist, when they can rapidly diffuse and mix? Co-existence of
liquids as separate phases is not rare, for example colloids, oil-in-water emulsion etc. In case of
oil-in-water emulsion, oil molecules are hydrophobic; they tend to bind to other oil molecules
than to water molecules. Spontaneous phase separation of liquids is driven by these differential

interactions of constituent molecules which counteract the natural entropy driven tendency to mix.
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The first mention of phase separation in a biological system dates to 1946 in a fundamental study
by Ehrenberg, in which he described the nucleolus as a coacervate, i.e. “a separated phase out of
a concentrated solution” (Ehrenberg, 1946). The first experimental insight into the mechanisms
driving formation of such coacervates was given by the Hyman lab, which suggested that P
granules form through liquid-liquid phase separation (LLPS) (Brangwynne et al., 2009). In this
physicochemical process, solutions of saturated biological macromolecules undergo spontaneous
separation to form a dense phase enriched in granule components and a coexisting dilute phase
consisting in the cytoplasm (or nucleoplasm).

Studying LLPS requires a knowledge of which parameters control the demixing of components
from solution. Phase diagrams are used to demonstrate the effects of selected state variables
(concentration, temperature, salt, pH etc.) on the existence of different phases (Figure 9). They
are generated by systematically altering two conditions (e.g., pH and concentration), and checking
if two phases co-exist or not. A new phase emerges when the preferential interaction networks
dominate the entropy-driven diffusion of molecules. In vitro phase separation assays using
purified proteins or RNAs have been performed to study the effects of specific variables on the
LLPS reaction underlying RNP condensate formation, keeping all other variables constant
(Boeynaems, S. et al., 2018, Trends in Cell Biology). These studies have highlighted the
importance on one hand of intrinsic factors such as concentration of protein/f/RNA components,
self-organizing domains or motifs, post-translational modifications, valences etc. and on the other
hand of extrinsic environmental parameters such as pH, ionic strength, temperature etc. (see

below).
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Figure 9: Phase diagram of RNP granule

The proteins that are usually diffused in cells/in vitro can demix and form droplets when their
concentration is above a critical concentration. They can exist as dense liquid droplets in dilute
diffused state. Purified GFP-tagged FUS (a prion-like domain-containing RNA-binding protein)
phase separates and forms droplets in vitro (inset). Image adapted from (Alberti, 2017).
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2.2.1. LLPS and concentration

LLPS is a function of component concentration. Phase separation occurs only when the
concentration of phase-separating moiety is above a critical threshold concentration (Cy) (Li et al.,
2012; Molliex et al., 2015; Nott et al., 2015). For example, in vitro purified LAF1 (a component
of P granules in C.elegans) stayed diffuse at a concentration below 800nM at physiological
salinity, but readily formed condensates when the protein concentration was increased beyond
800nM (Elbaum-Garfinkle et al., 2015). Notably, addition of molecular crowding agents like
polyethylene glycol (PEG) can artificially increase the local concentration of RNP components,
inducing their phase separation. For example, purified FUS protein was diffuse at a concentration
of 10uM (slightly above measured physiological concentration) but formed spherical granules in
presence of molecular crowding agents like 10% PEG (Patel et al., 2015). Purified RNA itself can
phase separate into liquid-like condensates when reaching a critical concentration (Jain & Vale,
2017; Langdon et al., 2018). Addition of positively charged polyamines like spermine and
spermidine to initially diffused total yeast RNA was shown to produce RNA condensates (Van
Treeck et al., 2018).

Concentration-dependent condensation was also observed in cellulo in U20S cells. Using
fluorescent correlation spectroscopy, Sanders et al. showed that low concentrations of G3BP1 (0-
0.6 pM) failed to support SG formation while concentrations exceeding ~0.6 uM, permitted the
assembly of micron-sized SGs upon stress (Sanders et al., 2020). Another strong evidence for the
dependency of LLPS on concentration came from the study from Weber and Brangwynne in
which they have shown that nucleolar size directly scales during embryonic development with
cell size. Nucleolar size however has an inverse relation to the cell volume when cell size is
increased using RNAI in embryos of the same stage because nucleolar material supplied by
mother is diluted upon increasing cell size. This shows that nucleolar size depends on the
concentration of maternally loaded nucleolar components (Weber & Brangwynne, 2015).
Notably, the concentration-dependency of RNP granule assembly shows how crucial it is to
express RNP components at endogenous levels in a physiological context to probe for RNP

granule assembly and function.
2.2.2. Nucleation and growth

Dependency of phase separation on concentration is not linear, rather is a step-function; until the
system reaches a C; the components stay mixed. When the system surpasses Ci it can
spontaneously demix to form coexisting distinct phases (Figure 9). Formation of RNP granules
can itself be thought of as a two-step process: the first being the spontaneous “birth” of new
granules (also known as nucleation), and the second being the growth of these nucleation centres.

How cellular RNP condensates are nucleated remains largely elusive. A recent study has shown
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that UBAP2L nucleates stress granules in cells under any kind of stress and acts upstream of
another core protein G3BP1/2 (Cirillo et al., 2020). Nevertheless, in vitro experiments showed
that not all protein components belonging to the same RNP granule have equivalent critical
concentration at which they initiate condensation. For instance, PGL3, MEG3, and LAF1 are
components of P-granules found in C.elegans with different Cis for in vitro condensation: PGL3
and MEG3 was measured to be 0.5uM (Saha et al., 2016; Smith et al., 2016), while LAF1 was as
low as 800nM (Elbaum-Garfinkle et al., 2015). These differences in threshold concentrations for
components of RNP granules hint that the protein with lowest C; could initiate the nucleation
event, recruiting components that have higher C.. This could also mean that the rate limiting step
for a cell to regulate condensation is by keeping a checkpoint on the RNP granule component
with lowest C;. Apart from protein molecules acting as nucleators, there is mounting evidence
that RNA can also nucleate RNP condensation. For example, mRNAs freed upon translational
arrest during cellular stress were shown to act as seed for the assembly of SGs (Bounedjah et al.,
2014). Another case of RNA acting as a nucleator is during nucleolar assembly. Nucleoli form
near rRNA transcription sites (Karpen et al., 1988) and when rRNA was transcribed from an
ectopic locus on the chromosome, a nucleolus-like condensate was found at that location (Oakes
et al., 2006). Positional information of nucleolar assembly is lost when rRNA transcription is
inhibited or ribosomal DNA is deleted (Berry et al., 2015; Falahati et al., 2016), having nucleoli
at arbitrary positions. Once the process of condensation is nucleated, RNP granules can then grow
in size by coalescence. During this step, small condensates can come in contact and fuse to form
larger granules, a process driven either by simple diffusion or by molecular motors. Thus,

nucleation and growth thus determine when and where a cell assembles a particular condensate.
2.2.3. Influence of environmental factors

Concentration-dependent LLPS of proteins can also be regulated, either positively or negatively,
by environmental factors such as pH, salinity, or temperature. Increasing salt concentration, for
example, can help masking charge-based repulsive interactions, such as those induced by the
negative charges on RNA phosphate backbones. As illustrated, by Van Treeck et al., isolated total
yeast RNA can readily undergo LLPS and further form stable ‘RNA tangles’ with increasing salt
concentration (Van Treeck et al., 2018). Similarly, any molecule that can reduce charge repulsion,
like polyamines or spermidine, also can cause RNA condensation (Aumiller et al., 2016; Van
Treeck et al., 2018). Stabilization of charge-based interactions by salt also holds true for proteins.
Boeynaems et al. found that under high salt conditions, poly GR and PR peptides formed fractal-
like structures that were resistant to thermal denaturation (Boeynaems et al., 2019). An opposite
effect is predicted for protein-protein interactions and has been observed with in vitro assembled
granules formed from IDRs of RBPs. These IDRs tend to phase separate in low salt conditions
while high salt disassembles them (Lin et al., 2015).
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From a thermodynamic viewpoint, increasing temperature can dissolve RNP granules. This was
tested using in vitro assembled DDX4 granules and showed that there is a negative correlation

between temperature and phase separation for DDX4 (Nott et al., 2015).

pH can have a broader effect on LLPS of proteins and RNA as it affects the nature of protein
interactions by changing the protonation of charged residues. Both the strength and geometry of
electrostatic interactions are modified by changing pH, thus creating new interaction spaces.
Changes in pH can also confer conformational changes to proteins and RNAs, providing new
interacting domains or masking already existing ones. Extreme pH changes even can result in
denaturation of the components, which is of less interest in LLPS of RNP granule formation. pH-
dependence of LLPS was well-demonstrated for the formation of in vitro assembled TDP43-IDR
droplets; at physiological neutral pH, LLPS was observed even in the absence of salt but as the
pH decreased, higher salt concentration was required for the TDP43-IDR to phase separate
(Babinchak et al., 2019). Similar study was made on the LLPS of in vitro purified low complexity
(LC) domains, LC1 and LC2 of the RNA-associated protein U1-70K. Both U1-70K LC1 and LC2
required higher concentrations at alkaline pH to phase separate, to the extent they underwent
LLPS at acidic pH, suggesting that low pH promoted their phase separation probably due to the
increased availability of protons (Xue et al., 2019). Above examples therefore reinforce the fact
that pH can indeed restructure the electrostatic interaction space of components undergoing LLPS.
They also highlight that phase diagrams provide insight on factors affecting phase separation in

vitro and on physiological conditions that may induce phase separation in living systems.
2.3. Factors affecting RNP component phase separation

LLPS of protein and RNA molecules does not rely solely on environmental factors, but also
heavily depends on composition and component properties. As revealed over the past years, RNP
granule assembly results from the self-assembly of components as a culmination of protein-
protein, RNA-protein and RNA-RNA interactions that constitute dynamic network of interactions

and determine the properties and function of each RNP granule.
2.3.1. Multivalency

Multivalency is key for the scaffold proteins to readily undergo LLPS. Valency is the term used
to define the number of independent interaction sites a molecule exhibit. A ground-breaking and
pioneer discovery on the essentiality of multivalency was made using Polypyrimidine-tract
binding protein (PTB). PTB has four RNA binding motifs (RRM1-4) (Sawicka et al., 2008) and
mixing PTB together with RNA oligonucleotide caused demixing of PTB to form condensates
(Li et al., 2012). This observation indicates that multivalent interactions in intracellular systems

may drive LLPS. An analogy driven from the patchy-colloid theory (Bianchi et al., 2011) suggests
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that a system of interacting particles (particles can be protein, RNA, or a complex in case of RNP
condensates) can undergo phase separation only if each particle has enough number of binding
sites for other particles. A particle with no interacting sites is termed as a bystander (valency,
v=0), a particle with one interaction site (v=1) is named as a cap, with two interaction sites (v=2)

as a bridge and a particle with more than two interacting sites (v>3) is known as a node (Figure

“bystander” “cap” “bridge” “node” vz23

i, °

Figure 10: Multivalency is key for RNP LLPS

Valency (v) refers to number of possible interactions of a protein/RNA/complex. v = 0 can be
considered as a bystander which does not interact with any particles, v = 1 (referred to as a cap),
interacts with just one component and can restrict further interaction of the complex, v = 2 acts like
bridge, v>2 (referred to as a node) can interact with multiple components. According to the theory
of patchy colloids, increased valency favours LLPS by extending interaction networks. Image
adapted from (Sanders et al., 2020).

The role played by each type of component has been tested by Sanders et al. using SGs in U20S
cells as a paradigm (Sanders et al., 2020). The importance of G3BP valency was tested by
replacing the dimerization domain (NTF2) of this scaffold protein with a synthetic
oligomerization domain (FKBP), which failed to support SG formation. This led the authors to
reason that the NTF2 domain contains more than a dimerization sequence, thus providing node
properties to G3BP. Indeed, NFT2 was shown to recruit UBAP2L, which is also required for SG
formation. Another interesting hypothesis that was tested in this study is that the presence of caps
can interfere with granule condensation by disrupting the underlying interaction network. Indeed,
over-expression of USP10, the only G3BP-interacting partner without an RNA binding domain,
led to inhibition of SG formation, suggesting that USP10 acts as cap interfering with the capacity

of G3BP to establish multivalent interactions required for condensate nucleation.
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Within RNP condensates, multivalency can be conferred mainly by four types of interactions:
protein-protein interaction through structured domains, protein-protein interaction through
intrinsically disordered regions (IDRs), RNA-protein interaction and RNA-RNA interaction.
Many RBPs have structured domains that can bind to RNA, including KH, RRM, zinc-finger etc.
Individual interactions between these structured domains are strong and are of covalent or and/or
ionic in nature. Another module for protein-protein interaction is intrinsically disordered regions
(IDRs), also known as low complexity domains (LCDs). IDRs are peptide sequences without a
stable tertiary structure and often exhibit flexible conformations (Oldfield & Dunker, 2014). Some
IDRs show highly biased amino acid compositions characterized by an enrichment of particular
residues like polyglycine, polyserine etc. Proteins with IDRs are not rare in eukaryotic proteome
as 30% of proteins contain regions without any specific 3D structure (Malinovska et al., 2013)
and interestingly, RBPs are enriched with IDRs (Castello et al., 2012; Kato et al., 2012). In
solution, IDRs do not have stereospecific interactions as they stay unfolded, but a number of them
were shown to act as “molecular stickers” mediating weak, promiscuous IDR-IDR interactions.
Purified IDRs of FUS, Lsm4, hnRNPA1, and Publ have been shown to undergo LLPS in a
concentration-dependent fashion (Lin et al., 2015). These weak and promiscuous interactions
between IDRs are indeed essential for the liquidity of RNP granules (J. Wang et al., 2018). But
recent evidence suggests that projecting IDRs alone as drivers of RNP granule assembly could be
misleading. Even though in vitro purified IDRs can undergo LLPS on their own, most of them do
so in a protein and salt concentration regime far from in cellulo concentrations, suggesting that
IDRs alone cannot account for the LLPS of proteins (Franzmann & Alberti, 2019). A recent
extensive mutagenic approach on the FUS family of proteins showed that heterotypic interaction
between IDRs and RNA binding domains (RBDs) in the same or partner proteins drives their
condensation (J. Wang et al., 2018).

RBPs can have multiple binding sites for RNA and RNA molecules indeed can have multiple
binding sites for corresponding RBP, adding up to the total valency. For example, in vitro purified
Whi3 protein found in Ashbya forms RNP granule upon addition of associated CLN3 mRNA even
at high salt and low protein concentrations while Whi3 alone fails to form granules; Whi3 has an
RRM domain that is essential for granule formation and CLN3 mRNA has five Whi3 binding sites
(Lee et al., 2015; Zhang et al., 2015), suggesting that multivalency conferred by RNA binding
drives the condensation of Whi3 even at high salt concentration. Taken together, multivalent
interactions between proteins and RNA molecules play a crucial role in establishing a well-linked

network, driving LLPS of protein and RNA in solution.
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2.3.2. Chemical modifications on biomolecules

By modulating the charge, hydrophobicity, steric properties, flexibility etc. of polypeptide chains,
post-translational modifications (PTMs) can dramatically alter the physical and chemical
characteristics of proteins. Thus, an emerging theme in LLPS of RBPs is, that PTMs can directly
regulate RNP granule assembly by enhancing or weakening the interactions between proteins
and/or RNAs, thereby directly affecting the multivalency of RNP granule components (Figure
11). Proteins can be modified in a few different ways, by the addition of functional groups
including methyl (-CH3), acetyl (-COOH), phospho groups (Hofweber & Dormann, 2019;
Rhoads, Monahan, Yee, & Shewmaker, 2018) or by addition of peptide moieties like
SUMOylation (Khayachi et al., 2018) etc.
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Figure 11: Schematic representation of RNP granule regulation by chemical modifications

PTMs can either enhance or reduce the interaction between RNP components and modulate RNP
granule assembly and properties. Image adapted from (Hofweber & Dormann, 2019).

Phosphorylation is the most frequent PTM of proteins (St-Denis & Gingras, 2012), that occurs by
the addition of a phosphate moiety to Serine, Threonine or Tyrosine residues. Phosphorylation
acts as a rapid and reversible switch mechanism bi-directionally controlled by kinases, that add
phosphate group, and phosphatases, that remove them. Phosphorylation introduces two negative
charges to the modified amino acid sidechain, thereby providing possibilities for both intra- and
inter-molecular charge-based electrostatic interactions. Phosphorylation generally tends to inhibit
LLPS of proteins. For example, in vitro purified FUS low complexity domain (LCD) undergoes
phase separation, a process inhibited through phosphorylation by DNA-dependent protein kinase
(DNA-PK) (Monahan et al., 2017; Rhoads, Monahan, Yee, Leung, et al., 2018). There is
mounting evidence for regulation of RNP granules via phosphorylation in vivo. Dual specificity
tyrosine phosphorylation-regulated kinase 3 (DYRK3) was shown to get recruited to SGs in HelLa
cells and to promote SG dissolution (Wippich et al., 2013). In addition to its role as a “switch-
mechanism”, phosphorylation can be a determinant of subcompartment formation. When mixed
with the phosphorylated C-terminal IDR of FMRP (pFMRP\pr) and sc1 RNA in vitro, CAPRIN1
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IDR was shown to form a distinct subcompartment containing RNA inside a shell of pFMRP. In
contrast, Tyrosine phosphorylated CAPRIN1 IDR (pYCAPRIN) formed a uniform miscible
phase after addition of sc1 RNA, showing that phosphorylation of RNP components can generate
distinct subcompartments (Kim et al., 2019). Phosphorylation is thus an essential switch

mechanism that regulates RNP granule assembly, disassembly, and/or compartmentalization.

Another common modification on RNP granule components is Arginine (Arg) methylation.
Members of protein arginine methyl transferase (PRMT) family were shown to methylate Arg
residues located in RGG/RG motifs (Bedford & Clarke, 2009), that are essential for phase
separation of FUS (Qamar et al., 2018) and Ddx4 (Nott et al., 2015). Nott et al. have shown that
the N-terminal RGG-rich domain of Ddx4 (Ddx\!) undergoes phase separation in vitro and that
dimethylation on Arg by co-expression of PRMT1 and Ddx"in E. coli destabilizes droplets (Nott
etal., 2015). In 2018, Hofweber et al. showed that in vitro methylated FUS exhibits significantly
reduced LLPS and shows enhanced dynamics upon half-bleach FRAP compared to unmethylated
FUS (Hofweber et al., 2018). In another study, hypomethylated FUS (hypoFUS) purified from
insect cells treated with AdOx (a global inhibitor of methylation) formed larger number of
droplets and had reduced sphericity, compared to normal FUS (Qamar et al., 2018). In HeLa cells,
suppression of SGs upon Arg-dimethylation of G3BP1 was observed, while inhibition of PRMT1
or PRMTS5 reduced the levels of methylated G3BP1 and elevated the number of SGs (Tsai et al.,
2016). Furthermore, UBAP2L methylation inhibited SG formation (Huang et al., 2020). Above
examples show that Arg-methylation acts to solubilize the RNP granules. Conversely,
methylation could also positively affect LLPS of RNP components, for example, RAP55A, a
member of Scd6/Lsm14 family, is a dimethylated protein whose localization to P bodies is
dependent on methylation (Matsumoto et al., 2012). Another example in this line is the finding
that symmetrically dimethylated RGG domain of Lsm4 is shown to be essential for P body
formation and PRMT5 depletion reduced Lsm4 methylation and P body formation (Arribas-
Layton et al., 2016). Arg-methylation is thought to be a more stable PTM than phosphorylation,

hence it less likely act as a rapid switch to operate spontaneously upon environmental changes.

LLPS of proteins in vivo is a culmination of interaction between different PTMs. Such
combinatorial effects are seen, for instance, for G3BP1, it has been proposed that demethylation
together with dephosphorylation promotes SG assembly (Reineke et al., 2018; Tsai et al., 2017).
Interestingly, acetylation on Lys-321 of Tau has an inhibitory effect on Ser-324 phosphorylation,
which promotes Tau aggregation (Carlomagno et al., 2017). Another PTM that is tightly
interlinked to phosphorylation is O-GIcNAcylation, which adds O-linked N-acetylglucosamine
(O-GIcNAc) moieties to Ser/Thr residues. Wang et al. has shown that loss of O-GIcNAcylation
in forebrain neurons causes accumulation of hyperphosphorylated Tau and Tau aggregates and

induces progressive neurodegeneration (Wang et al., 2016).
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Chemical modifications are not just restricted to RNP-resident proteins. Methylation, for
example, is a common modification on nucleic acids and N°-methyl adenosine (m°®A) has been
shown to be a prominent modification found in mMRNAs (Cao et al., 2016). Recently, Ries et al.
showed that polymethylated mMRNA, but no single methylated mRNAs, can enhance the phase
separation of cytoplasmic mfA-binding proteins YTHDF1, YTHDF2 and YTHDF3 in

mammalian cells (Ries et al., 2019).

Together, the above examples showcase the impact of chemical modifications of RNP component
condensation. By regulating the valency of RNP components, PTMs can act as switches to
respond spontaneously to environmental changes. Recent developments in the field of proteomics
will allow researchers to identify more PTMs in RNP components, thus shedding light onto the

regulation of RNP granule assembly and dynamics.
2.3.3. RNA:protein ratio

Though proteins can phase separate in vitro, presence of RNA helps to reduce the concentration
threshold required for LLPS (Drino & Schaefer, 2018). This is consistent with studies identifying
RNA as an essential component of RNP granule assembly in cells. As shown by Teixeira et al.,
for example, P-body assembly in yeast is sensitive to both RNase treatment and cycloheximide
treatment, that traps RNA in ribosomes, abolishes P-body formation (Teixeira et al., 2005). RNA
can also act as a scaffold for RNP assembly. NEAT1 IncRNA, for example, is required in HelLa
cells for the assembly of paraspeckles, a type of nuclear RNP granules (Zhang et al., 2013).
Furthermore, isolated SG cores were shown to be highly resistant to high salt, a condition known
to destabilize protein-protein interactions (Jain et al., 2016), leading to the observation that
purified yeast total RNA can undergo LLPS, forming droplets that recruit known SG
transcriptomes (Van Treeck et al., 2018). RNA has also been shown to regulate the size and
structure of RNP granules. In a seminal study by Zoher and colleagues, engineered artificial
granules (artiGs) were created in HeLa cells using ferritin 24-mer self-assembling nanocage. The
ratio between RNA and protein was shown to affect the physical properties of these artiGs; when
bound to higher amounts of RNA, artiGs were smaller in size and present in large number, while
lesser RNA/protein ratio resulted in small number of large granules (Garcia-Jove Navarro et al.,
2019). This could be due to the net negative charge imparted by RNA molecules that inhibit
coalescence of granules. While the above examples point to a role of RNA in promoting phase
separation, a ground-breaking observation made by Alberti and colleagues suggests that RNA can
buffer the phase behaviour of prion-like RBPs at high concentration. They have shown that a low
RNA/protein ratio can lead to LLPS of proteins like FUS, TDP43, hnRNPAL, while a higher ratio

prevents granule formation in vitro (Maharana et al., 2018). Taken together, the above lines of
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evidence suggest that RNA/protein ratio could be a major determinant in assembly of RNP by

modulating molecular interactions.
2.3.4. RNA chaperones/helicases

Given the propensity of RNA to self-assemble (Van Treeck & Parker, 2018; Van Treeck et al.,
2018), cells must keep a check on RNA cis- and trans-interactions. RNA helicases are a group of
RNA chaperones; they ensure proper folding of RNA molecules into native conformations and
unwind long-lived misfolds to assist in their accurate re-folding. The unwinding activity of RNA
helicases depends on ATP binding and hydrolysis (Jankowsky, 2011). Strikingly, RNA helicases,
especially DEAD-box helicases, are found to be integral part of RNP condensates in vivo (Fu,
2020). For example, SGs recruit RNA helicases such as Ded1/DDX3, elF4A/DDX2, RHAU
(Chalupnikova et al., 2008; Jain et al., 2016; Markmiller et al., 2018), PBs recruit Dhh1/DDX8,
Ded1p (Anderson & Kedersha, 2006; Beckham et al., 2008), germ granules recruit RNA helicase
Vasa (Gustafson & Wessel, 2010) and neuronal transport granules contain DDX1, Ded1/DDX3,
and Dhh1/DDX6 (Kanai et al., 2004; Miller et al., 2009).

RNA helicases have conserved domains/ motifs for RNA-binding (e.g. RecA domain), ATP
binding and hydrolysis, and helicase domains like DEAD-box. Both genetic and pharmacological
studies have shown that helicase activity is necessary for RNP condensate turnover. Using
Hippuristanol (Hipp), a drug that specifically inhibits the helicase activity of elF4A, Tauber and
co-workers showed that elF4A normally limit the recruitment of RNA to SGs and SG formation
in U20S cells upon arsenite-stress (Tauber et al., 2020). In yeast, K. Weis and colleagues have
shown that Dhhl mutants for helicase activity (Dhh1P?4P) had reduced recovery after FRAP
compared to control and triggered the formation of constitutive PBs, indicating that helicase
activity and ATP hydrolysis is necessary for Dhhl dynamicity and disassembly of PBs in vivo
(Mugler et al., 2016). Similar was the case for yeast Dedl and C.elegans GLH-1 helicases.
Helicase mutants for yeast Ded1 RNA helicase also form constitutive SGs even in the absence of
a stressor (Hilliker et al., 2011). DQAD mutation in C.elegans GLH-1 caused persisting P-
granules in germ cells that, unlike wildtype P-granules, did not disassemble during the
pseudocleavage stage of the embryo (Chen et al., 2020). These examples show that RNA helicases
regulate the turnover and disassembly of RNP condensates via their ATPase cycle. grPBs
assembled in arrested oocytes of C.elegans are liquid-like compartments, which become solid and
less dynamic with square-sheet morphology upon RNAi-mediated knockdown of cgh-1 (DDX6)
RNA helicase (Hubstenberger et al., 2013).

RNA helicases also play a crucial role as nucleating factors for RNP condensates. Dhhl is
required for PB formation, as yeast cells mutant for dhhl (dhhii4), or expressing a Dhhl variant
mutants for ATP binding or RNA binding, fail to assemble PB (Mugler et al., 2016). Similarly,
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DDX3 was shown to be necessary for assembly of SGs in HelLa cells after sorbitol treatment, as
shRNA-mediated knockdown of DDX3 impairs SG assembly, whereas overexpression led to

spontaneous assembly of SG in the absence of a stressor (Shih et al., 2012).

DEAD-box helicases, both in vitro and in vivo, exhibit preferential binding to target RNA and /or
unwinding of specific structures (Chen et al., 2018; Ribeiro de Almeida et al., 2018). This means
that RNA helicases could mediate the condensation of particular RNA molecules to a specific
condensate and modulate the multiphase coexistence mediated by RNA interactions. In support
of this, pharmacological inhibition of elF4A helicase activity increased the docking frequency of
PBs on SGs (Kedersha et al., 2005; Tauber et al., 2020). RNA helicases also could mediate the
transfer of RNA molecules between distinct RNP condensates. As an evidence, in vitro purified
yeast Dhhl, together with target RNA, formed distinct condensates that did not mix with droplets
composed of Dedl (a SG component helicase). Addition of Dhhl helicase activator, however,
dissolved the Dhh1 condensates, releasing labelled RNA that was taken up by Ded1 condensates
(Hondele et al., 2019). Taken together, RNA helicases are proteins that can directly regulate the
assembly, dynamics, and disassembly of RNP condensates, principally through altering RNA

interactions.
2.4. Compositional control

Individual RNP condensates though heterogeneous, have a define composition, accommodating
up to tens to hundreds of protein molecules and often RNAs. Composition of RNP condensates
is not static, they are modulated on-the-fly; some components are constitutive, while others are
dynamically added depending on the stimuli and cellular environment. Furthermore, only a small
fraction is essential for the assembly and integrity of these structures. This led to the distinction
of biomolecules into two groups: “scaffolds” and “clients” (Ditlev et al., 2018). Scaffolds are
indispensable for granule integrity as deletion or depletion of these components decreases the size
and/or number of granules. For example, PML is a scaffold for PML nuclear body (NB) as
knocking out PML abolishes NB formation (Ishov et al., 1999; Zhong et al., 2000). Similarly,
G3BP is an essential component of stress granules, as knocking out G3BP abolishes SG formation
upon arsenite-induced stress (Bley et al., 2015; Guillen-Boixet et al., 2020; Matsuki et al., 2013;
Sanders et al., 2020). DDX6 and LSM14A are essential for P-body formation in HEK293 cells,
as P-body formation is abrogated in DDX6 or LSM14A knockout cells (Ayache et al., 2015). In
contrast to scaffolds, client molecules are dispensable for the formation of RNP granules and are
recruited via their interaction with the scaffold(s) (Ditlev et al., 2018; Lin et al., 2006). PML
nuclear body proteins Sp100 and BLM are examples of client proteins; depletion of either of them
does not affect PML nuclear body formation (Weidtkamp-Peters et al., 2008). Using FRAP, it has

been shown that clients tend to exhibit higher turnover rates than scaffolds and that interactions
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among scaffold components are more stable than transient client-scaffold interactions (Dundr et
al., 2004; Weidtkamp-Peters et al., 2008; Xing et al., 2020).

2.4.1. Compositional control based on stoichiometry

The composition of RNP granules has been shown to be regulated by the stoichiometry of scaffold
proteins in the core. Using in vitro assembled polySUMO-polySIM, polySH3-polyPRM and
PTB-polyUCUCU condensates, it was shown that clients partition into RNP condensates, when
their corresponding scaffold is present in stoichiometric excess (Banani et al., 2016). For example,
when polySIM was in excess, GFP-SUMO was preferentially enriched in the polySUMO-
polySIM condensates, whereas when polySUMO was in excess, an opposite trend was observed,
with enrichment of GFP-SIM in the condensed phase. Stoichiometry of core components could
also drive multiphase coexistence. For example, SGs are sometimes seen docked with P bodies
(PBs) upon stress (Kedersha et al., 2005; Stoecklin & Kedersha, 2013). An increase in
concentration of shared components between two distinct RNP granules can result in fusion of
these otherwise coexisting granules. UBAP2L is a SG component that can interact with DDX6, a
helicase present in both SGs and PBs. Overexpression of UBAP2L in G3BP1/2 KO cells resulted
in collapse of several SG- and PB-components into a single miscible phase, whereas
overexpression of SG-specific G3BP1 together with PB-specific DCP1A favored decoupling of
SGs from PBs (Sanders et al., 2020). These studies indicate that RNP granule formation might be
driven by the assembly of stable core/scaffold, over which the transient client molecules interact

to fine tune the scaffold-scaffold bond networks.
2.4.2. Compositional control based on RNA

The role of RNA in the regulation of molecular condensate composition has only recently started
to emerge. The Gladfelter lab recently showed that the secondary structure of RNA molecules
determines their base pairing, and this essentially determines their incorporation into RNP
condensates (Langdon et al., 2018). Whi3 in Ashbya fungi forms RNP condensates that contain
RNA molecules and both Whi3 and associated RNA can undergo phase separation in vitro (Zhang
et al., 2015). Strikingly, Whi3 forms RNP condensates with distinct composition within the same
cell at different locations. While the Whi3 condensates found at growing tips contain BNI1 and
SPA2 mRNAs, the perinuclear Whi3 condensates instead recruit CLN3 mRNA. In vitro, SPA2
RNA readily incorporates into pre-formed BNI1-Whi3 condensates, however CLN3 is largely
excluded from BNI1-Whi3 condensates. When mixed together, CLN3 competed with BNI1 for
Whi3 and formed distinct CLN3-Whi3 condensates. Differential sorting was recapitulated when
using RNA only, as CLN3 formed condensates with itself, whereas BNI1 and SPA2 co-assembled
into distinct condensates. These results indicate that RNA-RNA interactions determine the

composition of resulting RNP condensates (Langdon et al., 2018). They further showed that the
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specificity of RNA recruitment is encoded in the secondary structure of RNA molecules, as CLN3
transcripts with altered secondary structure lost their specific behavior and readily incorporated
into BNI1-Whi3 condensates. It remains to be determined whether this RNA-RNA interaction-

mediated composition control is a universal principle applying to other types of RNP condensates.

These studies have led to an emerging unified model for compositional control of RNP
condensates (Figure 12). Protein and RNA scaffolds interact via their protein:RNA interactions
(mediated by specific modular RBDs and RBD binding elements on RNA) to nucleate RNP
condensation. Protein scaffolds can further interact using modular domains and IDRs. The
resulting condensate can then recruit client proteins and/or RNAs depending on their molecular
features. A client protein with a compatible modular domain for interaction with protein scaffold,
multivalent RBD for interaction with RNA scaffold, and IDR with specific sequence will partition
readily into the condensate whereas clients with monovalent RBDs or incompatible IDRs are
excluded from the condensates. RNA clients can be recruited depending on their interactions to
RNA scaffolds mediated by their secondary structure and base pairing and on their interactions
to protein scaffolds through multivalent RBDs. This unified model thus provides a theoretical
framework for understanding how RNP condensate composition is determined and dynamically

regulated.
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Figure 12: A unified model of compositional control in condensates

A representative condensate formed by a “scaffold” fused to an IDR (black), and an RNA scaffold
with multiple RBD binding elements (yellow). “Client” protein recruitment depends on the number
of RBDs and the sequence of IDR. Clients with incompatible RBDs or IDRs are excluded from the
condensate. Client RNA molecules are recruited based on secondary structure and valency of RBD
binding elements. RNA clients with no interacting secondary structure or without appropriate RBD
binding elements are not recruited. Image adapted from (Ditlev et al., 2018).
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2.5. RNP condensate deregulation and pathologies

RNP granules are highly dynamic, constantly exchanging components with their surrounding
environment. The modalities used to create a dynamic entity, in particular the establishment of
flexible and transient interactions mediated by IDRs or LCDs, however come with a trade-off:
IDRs are susceptible to aberrant interactions and are highly prone to aggregation. The main
features that make RNP condensates breeding grounds for aggregates are: first, their formation
depends on multivalent interactions, that is, dense network of interactions (Clifford et al., 2015),
second, protein components use IDRs that are characterized by the presence of high polar or ionic
amino acids, and low overall hydrophobicity, for maintaining weak interactions (King et al., 2012;
Malinovska et al., 2013), third, they are highly concentrated in condensates, for example, studies
with in vitro RNP condensates have shown that the concentration can be 100-fold higher
compared to the surrounding (Molliex et al., 2015; Patel et al., 2015), fourth, RNP condensates
are highly sensitive to fluctuation in pH, temperature, salinity, concentration etc. Accumulation
of pathological aggregates enriched in RNP components but with altered dynamic properties has
emerged as a common feature of degenerative diseases, particularly neurodegenerative diseases.
Furthermore, research in recent years have causally linked alterations in RNP granule components
with various pathologies (Kapeli et al., 2017; Ramaswami et al., 2013; Taylor et al., 2016),
leading to a model where loss of RNP granule dynamicity and aggregate formation may drive
pathogenesis. Whether RNP aggregates are a cause or a consequence of pathogenesis is however
still debated.

2.5.1. RNP condensates and carcinogenesis

As epigenetic modulators of gene expression (altering gene expression without directly modifying
the genetic code), RNP condensates play a key role in maintaining cellular homeostasis. Loss of
their dynamicity, function, and localization has been implicated in pathogenesis. There is growing
evidence for aberrant phase separation of proteins involved in transcriptional regulation,
oncogenic substrate degradation, genomic stability and signalling pathways during carcinogenesis
(Jiang et al., 2020). For example, p53, a tumour suppressor protein, was shown to be recruited to
nuclear bodies like PML upon stress, a process triggering its transcriptional activation (Guo et al.,
2000). Furthermore, p53 was recently shown to undergo phase separation in vitro (Kamagata et
al., 2020). Remarkably, p53 assembled at pH 7 into liquid-like condensates that were able to bind
dsDNA target whereas p53 formed aggregates at pH 5.5 that showed reduced affinity for dSSDNA

target. These aggregates are reminiscent of the amyloid-like fibrils formed by tumour-associated
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mutants of p53 with perturbed tumour-suppressive role (Higashimoto et al., 2006; Wilcken et al.,
2012).

Accumulation of RNP components into pathological aggregates is also a common feature of
samples from patients suffering from neurodegenerative disorders (Figure 13) (Mori et al., 2008;
Taylor et al., 2002). As explained in more details below, research in recent years has shed light
on the link between mutant RNP components and neurodegenerative diseases (Kapeli etal., 2017,
Ramaswami et al., 2013; Taylor et al., 2016).
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Figure 13: Protein aggregates in motor neurons of ALS patients.

Arrows point to aggregates found in ALS patient-derived samples stained for TDP43 (a) and FUS
(b). Image adapted from (Droppelmann et al., 2014).

2.5.2. RNP granules and neurodegeneration

Neurons have a particular need to control RNP condensate dynamic properties. First, since they
are terminally differentiated, dissipation of aggregates during cell division is not an option; they
must rely on cellular degradation machinery to clear aggregates. Second, due to their elaborate
architecture, they highly depend on long-distance transport of RNA and local RNA translation
(see section 1.3). Lastly, they are excitable and hence consume a lot of ATP, which is involved
in the maintenance of RNP granule properties in different ways. As explained in section 2.3.4,
indeed, ATP-dependent RNA helicase activity maintains dynamicity and disassembly of RNP
condensates. Furthermore, recent studies have suggested that ATP can act as a hydrotope at
intracellular concentrations, i.e., a compound that dissolves hydrophobic molecules in aqueous
solution (Patel et al., 2017). Thus, an increased demand for ATP in neuronal cells could elevate

the propensity of aggregation.

Neurodegenerative diseases are characterized by the progressive loss of motor ability and
cognition; for example, cognitive deficit is a key feature of Alzheimer’s (AD), frontotemporal

dementia (FTD), motor deficits are seen in patients with amyotrophic lateral sclerosis (ALS),
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Huntington’s (HD) and Parkinson’s disease (PD). Although a direct cause-consequence relation
remains elusive, cytosolic, or nuclear aggregates have become a common theme in this field.
Examples include cytosolic aggregates of Tau in AD, of RBPs such as TDP-43 or FUS in ALS
and FTD, and poly-glutamine (polyQ) aggregates in HD. Although rare, mutations in familial
cases often occur in genes coding for proteins with high aggregation propensity. Similar proteins
are identified in aggregates of sporadic cases too, pointing to a common mechanism causing
neurodegenerative diseases (Gan et al., 2018). Interestingly, recent research has shown that SGs,
that are normally transient structures formed during cellular stress, may persist upon chronic
stress, thus acting as crucibles for aggregation of disease-associated biomolecules (Advani &
Ivanov, 2020; Wolozin & lvanov, 2019).

Past five years of research have shown that aberrant phase separation could drive the formation
of pathological aggregates. Several neurodegenerative disease-causing mutations have been
reported in protein components and RNA of RNP granules, that can cause aberrant phase
transitions. Fused in sarcoma (FUS) is an RBP enriched in the nucleus, that plays a vital role in
regulating transcription, splicing and DNA repair (Wang et al., 2013). Mutations in FUS were
found in patients suffering from ALS and rarely frontotemporal lobar degeneration (FTLD) (Deng
et al., 2014; Woulfe et al., 2010). In vitro, purified FUS was shown to produce observable liquid-
like droplets when kept for 8 hours, whereas FUS protein with patient-derived mutations formed
fibrillar aggregates within this 8-hour window. These aggregates showed almost zero recovery in
FRAP assays, indicating an absence of exchange with surrounding molecules (Figure 14) (Patel
et al., 2015). George-Hyslop and colleagues further showed that mutant FUS aggregates can trap
other RNP components such as SMN and STAUL, and when expressed in cultured neurons,
reduced the synthesis of new proteins in axons and terminals (Murakami et al., 2015). hnRNPA1
is an RBP enriched in SGs. Mutations in the IDR of hnRNPA1 are associated with ALS and
multisystem proteinopathy, a dominantly inherited degenerative disorder that results in wastage
of muscles and degeneration of CNS ((Kim et al., 2013). In vitro purified hnRNPA1 and ALS-
mutant hnRNPA1 both undergo LLPS in an IDR-dependent manner. However, formation of
Thioflavin-T-positive fibrils indicative of a more solid-like state was accelerated in mutant
compared to wildtype context (Molliex et al., 2015). TIAL (T cell-restricted intracellular antigen-
1) is another prominent SG component (Kedersha et al., 2000), in the IDR of which mutations
linked to familial cases of ALS and ALS/FTD were found (Mackenzie et al., 2017). In vitro
condensates formed by ALS mutant TIA1 showed reduced internal molecular mobility as shown
by FRAP. Furthermore, expressing ALS-variant of TIAL in cellulo dampened SG disassembly
after stress (Mackenzie et al., 2017). Thus, the above examples show that many proteins
implicated in ALS/FTD are related to SGs, raising the hypothesis that SGs may act as the

precursors to aberrant phase-separated aggregates found in disease conditions. A more direct link
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between degeneration and SGs came from a pivotal study performed by Taylor lab. In this study,
an optically inducible system driving SG assembly (optodroplet) was used in human IPSC-
derived neurons, revealing that chronic optoSGs were cytotoxic and that RBPs like TIAL and
TDP43 were progressively recruited into these condensates, reminiscent of ALS/FTD pathology
evolution (Zhang et al., 2019).
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Figure 14: ALS-causing mutations accelerated the liquid-to-solid transition of FUS.

A. Representative images showing in vitro aging of FUS WT and FUS mutant. B. Plots showing
recovery of fluorescence after photobleaching between WT (green) and mutant (red) FUS at two
time points (Oh and 8h). Image adapted from (Patel et al., 2015).

In the examples given above, mutations were located in the IDRs, RBDs or other crucial domains,
thus altering interactions with RNP components and driving aberrant phase separations.
Mutations were also found on localization signals of RNP components causing mislocalization to
an ectopic location, change in solubility and aberrant LLPS. ALS-associated mutations in the FUS
nuclear localization signal (NLS), for example, lead to its altered localization to the cytoplasm
(Dormann et al., 2010). These changes have been speculated to induce liquid-to-solid transition
of FUS condensates for two main reasons: i- RNA weakens and buffers the interaction strength
of RNP components and is much more concentrated in the nucleus than in the cytoplasm
(Maharana et al., 2018) and ii- an increase in cytoplasmic FUS concentration itself may favour
liquid-to-solid transition (Patel et al., 2015).

Not just mutations, inappropriate chemical modifications of RNP components could also drive

aberrant phase transitions associated with neurodegenerative disorders (Hofweber & Dormann,
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2019). For example, in healthy human samples, RGG/RG-rich IDRs of FUS have arginine
methylation (Rappsilber et al., 2003), whereas they are unmethylated or monomethylated in
patient-derived samples (Dormann et al., 2012; Suarez-Calvet et al., 2016). Both in vitro and in
cellulo studies have shown that loss of methylation reduces the dynamics of FUS condensates,
potentially due to increased cation-m interactions between arginine and aromatic residues
(Hofweber et al., 2018; Qamar et al., 2018).

Albeit the fact that these disease-causing conditions may arise right from childhood, these
degenerative disorders usually show a late onset. Such aberrant phase transitions are rarely
observed in young cells, meaning that aging is associated with a failure to keep a check on
aggregate-formation and loss of dynamicity (Alberti et al., 2017).

3. Aging - be past your prime

Aging is an inevitable and irreversible progressive decline in fitness of cells, organs, or organisms.
Aging is recognised as a primary risk factor for many disorders including, cancers, metabolic
disorders, neurodegeneration, and cardiovascular diseases (Johnson et al., 2015; Niccoli &
Partridge, 2012). The likelihood of diseases does not increase with age simply because of time-
dependent accumulation of somatic mutations. Rather, recent work has shown that aging-
associated physiological and molecular changes could lead to the development of disorders
(Aunan et al., 2017; de Magalhaes, 2013; Ramaswami et al., 2013), even though the relationship
between aging signatures and their relative contributions to the process of aging still remains
elusive. To date, a widely accepted concept is that the progressive accumulation of cellular
damage could be a causative agent for aging (Gems & Partridge, 2013; Kirkwood, 2005). Indeed,
homeostatic mechanisms are progressively deteriorated in aging cells, resulting in impaired repair

and unhealthy state.
3.1. Cellular and molecular hallmarks of aging.

The major recognized hallmarks of aging cells include genomic instability, telomere attrition,
epigenetic alterations, loss of proteostasis, mitochondrial dysfunction, cellular senescence,
disrupted nutrient sensing, exhaustion of stem cell niche, and altered intercellular signalling
(Figure 15) (Lopez-Otin et al., 2013). As describing them all is beyond the scope of this
manuscript, 1 am illustrating below few with conserved underlying mechanisms and potential

relevance to RNP granule homeostasis.
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Figure 15: Hallmarks of aging

Recognized hallmarks of aging include genomic instability, telomere attrition, epigenetic alterations,
loss of proteostasis, altered metabolism, mitochondrial dysfunction, cellular death, stem cell
exhaustion, and altered cell-cell communication. Image adapted from (Lopez-Otin et al., 2013).

Insulin and IGF1 signalling (I1S) is a major pathway involved in cellular nutrient sensing.
Remarkably, 11S has evolutionary conserved functions in controlling aging (Fontana et al., 2010;
Kenyon, 2010). Mutations that repress the activity of receptors of 11S or downstream effectors
such as mTOR, and AKT, have all been shown to be associated with longevity (Barzilai et al.,
2012; Demontis & Perrimon, 2010; Kenyon, 2010). This is conferred by dephosphorylation and
nuclear import of the prosurvival transcription factor FOXO, resulting in transcriptional activation
of genes involved in resistance to stress and stem cell maintenance (Martins et al., 2016).

Reduction in protein quality control is another major hallmark of aging cells. Protein aggregates
are key features of aging cells (David et al., 2010; Reis-Rodrigues et al., 2012; Walther et al.,
2015). A reduction in the activity of autophagy and ubiquitin proteasome machineries is
associated with aging (Lipinski et al., 2010; Rubinsztein et al., 2011; Tomaru et al., 2012). Murine
and mouse mutants for autophagy related gene atg7 have shorter lifespan and display
neurodegenerative disorders (Hara et al., 2006; Juhasz et al., 2007; Komatsu et al., 2006).
Reinforcing autophagic machineries in old cells can rescue aging, for instance, an extra copy of
the autophagy receptor LAMP2a improved the hepatic function with aging in transgenic mice
models (Zhang & Cuervo, 2008). Furthermore, Liu et al. showed that EGF signalling can activate

ubiquitin protease system in C. elegans to improve lifespan (Liu et al., 2011). Last, chaperones,

42



when overexpressed in flies and C. elegans, were shown to increase the lifespan of these
organisms (Morrow et al., 2004; Walker & Lithgow, 2003).

Studies in mammalian models have shown that mitochondrial dysfunction can accelerate aging
(Trifunovic et al., 2004; Vermulst et al., 2008) and may thus be considered as a cause of cellular
aging. Mitochondrial dysfunction translates into a decreased efficiency of the respiratory transport
chain with aging, resulting in leakage of electrons and reduced ATP synthesis (Green et al., 2011).
Furthermore, it is coupled with increased levels of reactive oxygen species (ROS) which cause
oxidative damage on biomolecules and were proposed to be causative agent for aging (Santos et
al., 2018).

3.2 Changes in gene expression

Healthy young cells maintain a balance of both transcription and translation, which is lost in aged
cells. Development of state-of-the-art techniques including RNA seq, ribosome profiling (Ribo-
seq), microfluidics, mass spectrometry etc. have allowed researchers to analyse transcriptomes,

and proteomes from model organisms of different age groups.
Transcriptomic studies

Transcriptomics studies performed in different tissues and different organisms have shown that,
although variability increases with age, gene expression is globally not widely misregulated
during aging (Ori et al., 2015; Stegeman & Weake, 2017). However, as observed in both
Drosophila and human brain samples, specific sets of genes show transcriptional changes upon
aging, as illustrated by the upregulation of immune response gene expression, and the decline in
genes involved in synaptic transmission and plasticity (Ham & Lee, 2020; Pacifico et al., 2018).
Consistent with this, studying transcriptomes using RNA-seq approaches across different species
of Drosophila with varying lifespans pointed to a potential role for regulation of gene expression
in extending their life span (Ma et al., 2018). These studies indicate a general trend that within a
single cell type or tissue, only minimal set of genes show transcriptional changes with age, arguing
against the idea of global, widespread misregulation of gene expression during aging (Ori et al.,
2015; Stegeman & Weake, 2017).

How age-dependent changes in RNA levels are mediated is still largely unclear, although
epigenetic alterations may play a key role. Increased histone H4K20 trimethylation, or H3K4
trimethylation, for example, were identified as epigenetic marker for aging (Han & Brunet, 2012).
Furthermore, deacetylases of the Sirtuin family were recently identified as a class of epigenetic

modulators that control longevity in mouse models (Kanfi et al., 2012; Mostoslavsky et al., 2006).
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Proteomic studies

Proteomic studies based on quantitative mass spectrometry have been performed to assess global
changes in protein levels in aging tissues. These studies revealed that although overall protein
levels tend to be lower in aged samples, most proteins did not exhibit significant changes in their
expression levels (Brown et al., 2018; Ori et al., 2015). In fact, aging was associated with
increased fluctuations in protein amount and changes in the amount of restricted sets of proteins.
Work performed in aging Drosophila heads, for example, showed that proteins involved in
oxidative phosphorylation, and TCA cycle accumulate to higher level in aged flies, while
proteasomal and ribosomal proteins showed age-dependent reduction in level (Brown et al.,
2018). Furthermore, aging rat brain showed reduced expression of proteins involved in Calcium
response, signal transduction, and ion channels, aging rat liver in contrary showed altered

expression of proteins in metabolic pathways (Ori et al., 2015).

As changes in protein levels can result from changes in translation or proteostasis. Ribo-seq
experiments were performed to detect ribosome-protected mRNAs, i.e., mMRNAs undergoing
translation in samples of different age (Ingolia et al., 2009). Remarkably, these experiments have
revealed that regulation of translation extensively contribute to the changes in expression levels
observed upon aging. Part of these changes may be due to a reduction in the level of translation
machinery components, as reduction in concentration of elongation and initiation factors, and
aminoacylated tRNAs were reported in aging organisms (Anisimova et al., 2018; Anisimova et
al., 2020).

Thus, increased variability of protein levels is a common feature of aging tissues, indicating a
deregulated transcriptional and translational program. To date, the contribution of RNP granules

to derailed cellular homeostasis remains elusive.
3.3. RNP granules and aging

Very few studies have addressed age-dependent changes in RNP granules and their functional
significance. In vitro work has shown that assembled condensates transition from a liquid to a
more solid-like state through a phenomenon termed ““in vitro aging”. Indeed, In vitro purified
RNP granule components such as FUS, hnRNPA1, Whi3, and other purified IDR-containing
protein fractions were shown to undergo LLPS to form dynamic liquid droplets that transition
over time into less dynamic entities with poor capacity to fuse (Feric et al., 2016; Ingolia et al.,
2009; Lin et al., 2015; Molliex et al., 2015; Patel et al., 2015; Xiang et al., 2015; Zhang et al.,
2015). Interestingly, addition of RNP components that co-assemble into condensates can either

slow down or accelerate the process. For example, in vitro aging of the ALS-associated FUS
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(P525L) variant was shown to be effectively prevented or reduced by the addition of hnRNPAL,
EWSR1 or TAF15 (Figure 16) (Marrone et al., 2019).

P525L P525L + TAF15
P525L + EWSR1 P525L + hnRNPA1

Figure 16: Interacting partners alter the liquid-to-solid transition of FUS ALS-variants.

The presence of FUS-interacting proteins such as TAF15, EWSR1, and hnRNPAL inhibits the in
vitro aging of FUS mutant. Image adapted from (Marrone et al., 2019).

A key observation made by Rousakis et al. in C. elegans showed how P-bodies respond to aging
in vivo. Age-dependent accumulation of P-bodies was observed in C. elegans and this
accumulation was suggested to have a protective role in aging worms as mutants for the PB
component dcapl had shorter lifespan (Rousakis et al., 2014). Della and colleagues showed that
two SG components, PAB-1 and TIAR-2, form solid-like aggregates as the C.elegans age and
that worms with higher number of aggregates displayed reduced fitness. Remarkably, the solid-
like properties of SGs in old worms could be reversed by blocking insulin signalling as shown in
Insulin receptor (daf2) mutants (Lechler et al., 2017). However, the underlying cellular

mechanisms as well as the consequences on gene expression have not been addressed.

To date, the link between aging and granule homeostasis is thus largely underappreciated and the
following questions remain open: How do the age-dependent change in the composition of the
cellular milieu affect the assembly and composition of RNP granules? What are the molecular
mechanisms and pathway that regulate age-dependent changes in RNP granules, independently
of disease state? What are the consequences of these changes on the translation of granule-

associated mMRNAs?

These questions are particularly relevant for neurons which heavily rely on local translation and
MRNA transport, and in which age-related degeneration is linked to accumulation of abnormal

RNP granules.
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4. RNP granules found in Drosophila mushroom body
neurons as a paradigm to study the impact of aging on
RNP granule properties

To understand the effects of aging on the composition, material properties and functions of
neuronal RNP granules, I sought to use RNP granules found in the mushroom body (MB) y-

neurons of Drosophila CNS as a paradigm.
4.1. Drosophila as a model for aging research

As multicellular organisms, invertebrate models offer the possibility to not only study cell
autonomous effects of aging, but also to understand how intra-tissue and inter-organ
communication impact on aging. A main advantage of these models is their relatively short life
spans compared to their vertebrate counterparts. C.elegans, for instance, live approximately 3
weeks, Drosophila around 2 months, while African killifish lives for 6-8 months, mice and rats
for approximately 3 years. Evolutionary conservation between pathways involved in aging is an
added advantage to work in invertebrate systems. 77% of age-related genes in humans, indeed,
are expressed in equivalent fly tissue (Figure 17) (Piper & Partridge, 2018). Functional
conservation has also been shown, as mutants in conserved components of the Insulin pathways,
for example, were shown to exhibit long life expectancy from worms (Friedman & Johnson,
1988), flies (Clancy et al., 2001; Tatar et al., 2001), mice (Holzenberger et al., 2003) to even
humans (Anselmi et al., 2009).
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Figure 17: Drosophila as a model for aging research

Aging-related molecular pathways are highly conserved between flies and humans. For almost all
organs in humans, flies have analogous counterparts that show age-dependent deterioration. Thus,
flies can shed light onto the age-associated pathways in a multicellular, multiorgan context.

Image adapted from droso4schools.wordpress.com.



Drosophila appears as a model particularly suited for aging research. Collections of genetic tools
including mutants, clone generation, two-component gene expression systems like Gal4/UAS or
LexA/LexAOP, CRISPR reagents for genome editing are available for research (Del Valle
Rodriguez et al., 2012), which has paved the way to a strong understanding of the genetic bases
of aging. Furthermore, physiological parameters such as changes in fat and protein synthesis,
stress resistance, reproductive capacity, physical activity, immunity, neuronal functions and
behaviour can be used to monitor aging-related functional decline.

4.2 Drosophila mushroom body: centre for learning and memory

Mushroom bodies (MBs) or corpora pedunculata in insects are bilateral structures specialised in
learning and memory and have thus been compared to the mammalian hippocampus (Akalal et
al., 2006; Heisenberg, 2003). In Drosophila, each MB is composed of 2,500 neurons (also known
as Kenyon cells, KCs), making them prominent structures of the fly brain neuropil (dense network
of interwoven neurons) (Figure 18) (Heisenberg, 2003; Ito & Hotta, 1992). From dorsal to ventral,
they consist of a shell of Kenyon cell bodies followed first by the cup-shaped calyx (composed
of KC dendrites), then by the peduncle and finally by two orthogonal lobes composed of KC
axons pointing vertically and medially (Figure 18). MBs host three distinct populations of
neurons, whose formation is developmentally timed, namely vy, a’/f’, and o/p (Lee et al., 1999).
y-neurons in Drosophila undergo extensive remodelling during metamorphosis (Yu &
Schuldiner, 2014), characterized by the pruning of larval axons followed the regrowth of adult
axons; a process that depends on the transport of neuronal RNP granules (Medioni et al., 2014;

Vijayakumar et al., 2019).
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Figure 18: Drosophila mushroom body neurons

Mushroom bodies (MBs) are a pair of neuropils (dense network of interwoven neurons) found in the
central brain of flies, each of which composed of 2,500 neurons (also known as Kenryon cells, KCs).
MBs host three distinct types of neuronal populations, namely vy, o’/p’, and o/p. In a dorsal to ventral
view, MBs consist of a shell of KC cell bodies followed by a cup-shaped calyx (group of dendrites),
a peduncle and finally two orthogonally pointing lobes (vertical and medial).
Images are adapted from (Dubnau, 2012; Schmidt & Sheeley, 2015).
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Drosophila MBs were shown to be necessary for eliciting olfactory memory (McGuire et al.,
2001). As demonstrated by pioneer experiments, indeed, flies lacking >90% of KCs were
defective in displaying odour-dependent memory, while evoking normal response to naive
attractive or repulsive odours (Heisenberg et al., 1985). Through extensive studies using mutants
and transgenic flies, a link between intracellular cAMP signalling and olfactory memory has been
established in Drosophila (Figure 19) (DeZazzo & Tully, 1995), and later shown to have
conserved function in learning and memory (Abel & Nguyen, 2008). Several genes of this
pathway including cAMP phosphodiesterase (dunce) (Nighorn et al., 1991), adenylyl cyclase
(rutabaga) (Levin et al., 1992), and cAMP-dependent kinase PKA (Drain et al., 1991) are
preferentially expressed in MBs (Han et al., 1992) and required for olfactory memory (Davis,
2005). Furthermore, amnesiac, a gene homologous to the mammalian pituitary adenylate cyclase-
activating peptide (PACAP), is required for activation of PKA in MBs, as well as for a specific
form of mid-term olfactory memory termed amnesiac-dependent memory (Turrel et al., 2020).
Interestingly, aging was shown to induce a specific decline in amnesiac-dependent memory
(referred to as age-related memory impairment (AMI)) (Tamura et al., 2003), a phenotype
suppressed by reducing the dosage of the PKA catalytic subunit DCO (Yamazaki et al., 2007).
Thus, the cAMP pathway is essential in MB neurons for intact cognition, and tightly regulating

its activity can counteract age-dependent memory deficits.
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Figure 19: cAMP/PKA pathway in Drosophila mushroom body neurons

CAMP is a product of the cyclization reaction of ATP by the adenylyl cyclase, Rutabaga. The
phosopho diesterase Dunce is an enzyme that cleaves the ester bond in CAMP, producing AMP and
maintaining the balance between production and removal of cCAMP. cAMP is a major secondary
messenger in cells. In MB neurons, cCAMP activates PKA. Active PKA in turn can phosphorylate
CREB to initiate transcription or phosphorylate several cytoplasmic target proteins. Amnesiac is
homologous to the mammalian pituitary adenylate cyclase-activating peptide (PACAP) and is

required for activation of PKA in MBs.
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4.3. IMP: a highly conserved RNA binding protein

The VICKZ (acronym for the founding protein members) family of proteins is composed of
highly conserved RBPs including human IGFII mRNA binding proteins (IGF2BP 1-3 or IMP 1-
3), mouse c-myc coding region instability determinant binding protein CRD-BP, Xenopus
Vg1RBP/Vera, chicken ZBP1, and Drosophila IMP (Degrauwe et al., 2016) (Figure 20A).
Human IMP1 is orthologous to chicken ZBP1 with 95% identity (Ross et al., 1997), and the mouse
CRD-BP with 99% identity (Doyle et al., 1998). IMP3 is orthologous to Xenopus Vg1RBP with
83% identity (Deshler et al., 1998; Havin et al., 1998). Invertebrate IMP homologues have also
been identified in Drosophila (Nielsen et al., 2000) and C.elegans (accession #123837). These
proteins have six highly conserved RNA binding domains (two RRMs and four KH domains)
organized into 3 tandems (RRM1-2; KH1-2; KH3-4) (Figure 20B).
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RRM: RNA recognition motif KH: hnRNP-K homology domain

Figure 20: IMP is a highly conserved RNA binding protein

A. Unrooted dendrogram showing the evolutionary conservation of IMP in metazoans (Nielsen et
al., 2000).B. Schematic representation of conserved RNA binding domains in IMP. Vertebrate IMP
proteins have two N-terminal RNA recognition motifs (RRM-1 and RRM-2), followed by four K-
homology domains (KH1-4) at the C-terminus. Image adapted from (Degrauwe et al., 2016).

IMP proteins play key roles in development and disease. IGF2BP1 knock-out mice, for example,
have been shown to exhibit a high perinatal lethality accompanied by defective growth and
impaired intestine development (Hansen et al., 2015). In Drosophila, imp is an essential gene
whose loss of function is associated with larval lethality (Munro et al., 2006). Different
physiological functions have been attributed to Imp proteins, mainly studied ones including

functions in polarized cell migration and growth as well as functions in maintenance of stem cell
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fate. In Xenopus, depletion of Vg1RBP resulted in impaired migration of neural tube roof plate
cells and defective neural crest migration (Yaniv et al., 2003). In the developing nervous system,
commissural axons in mouse mutants for ZBP1 exhibited guidance defects, entering ectopic
locations in the ventral spinal cord (Lepelletier et al., 2017). Imp/ZBP1 function is also important
for axonal regrowth in both developmental and adult context. Imp is required for the
developmentally-controlled axon regrowth occurring during Drosophila CNS remodelling
(Medioni et al., 2014). In adult sensory neurons, ZBP1 dosage modulate regrowth after axon
severing (Donnelly et al., 2011). Imp has also been shown to have conserved functions in the
control of stem cell renewal, in particular in the regulation of temporal changes in stem cell
properties (Degrauwe et al., 2016). In Drosophila, for example, Imp governs the production of
varied neuronal fates (Liu et al., 2015) and the decommissioning of neural stem cells (Yang et al.,
2017). It also controls their growth and proliferation (Samuels et al., 2020). In human, IMP1 was
shown to influence neural stem cell fates (Conway et al., 2016; Degrauwe et al., 2016). IMP1
expression is also upregulated in various types of cancer cells and is associated with poor
prognosis in patients (Gu et al., 2004).

4.3.1. Regulatory functions of IMP on target mRNAs
IMP RNA interactome

IMP proteins show predominantly cytoplasmic localization (Wachter et al., 2013) and are known
to bind target mMRNAs with high affinity. Transcriptome-wide approaches using RIP-seq, UV-
cross-linking and immunoprecipitation (iCLIP), photoactivatable ribonucleoside-iCLIP (PAR-
iCLIP), and enhanced CLIP (eCLIP) have identified thousands IMP target RNAs in different
model systems (Conway et al., 2016; Hansen et al., 2015; Huang et al., 2018; Jonson et al., 2007).
Consistent with this, 1% of the HEK293 cell transcriptomes is represented in the IMP1 RNP
granules (Jonson et al., 2007). As revealed by both transcriptomic analyses and RNA-specific
studies, IMP proteins predominantly bind to cis-acting sequence elements, and 3’UTRs in
particular. Human IMP1, for example, binds H19 RNA via its 3’UTR (Runge et al., 2000), ZBP1
binds p-actin mRNA via its 3’UTR (Ross et al., 1997) so does Vg1RBP bind to Vg1 mRNA
(Doyle et al., 1998). RNA binding is primarily mediated by Imp KH domains whereas vertebrate
RRMs might contribute to the stabilization of RNA-protein complex (Nielsen et al., 2004;
Wachter et al., 2013).

4.3.2. IMP regulates various aspects of RNA expression

Depending on cell types and/or RNA targets, IMP has been shown to regulate different aspects

of RNA fate, ranging from control of RNA localization and translation to control of stability.

IMP binding inhibits translation of target RNAs
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Binding of hIMP1 to IGF-IIl mRNA inhibits its translation (Nielsen et al., 1999). S-actin
transcripts are translationally silent when bound by ZBP1 as shown in cultured neurons
(Huttelmaier et al., 2005). Translational repression could partially be achieved by excluding
translation initiation factors and ribosomal subunits, for example, IMP1 interactome in HEK293

cells indicate the absence of key initiation factors and 60 S ribosomes (Jonson et al., 2007).
IMP binding promotes the transport of RNA molecules

In chicken, ZBP1 was shown to bind a 54-nucleotide zipcode in the 3’°UTR of S-actin mRNA
(Ross et al., 1997), resulting in the transport of transcripts to regions of polarized cell growth in
fibroblasts (Farina et al., 2003) and neurons (Huttelmaier et al., 2005; Tiruchinapalli et al., 2003).
Consistent with their role in mRNA transport, IMP and orthologs were shown to associate with
cytoskeletal motor proteins such as Kinesins, MyoVa etc., thus likely helping in transporting RNP
granules by hooking RNA complexes to intracellular transport machineries (Calliari et al., 2014;
Urbanska et al., 2017).

IMP binding stabilizes bound RNA molecules

Apart from functions in transport and local translation, association of mMRNA with IMP can also
be important for the stabilization of RNAs, as shown for c-myc, f7rCP1, and CD44 mRNAs
binding to murine CRD-BP (Lemm & Ross, 2002; Noubissi et al., 2006; Vikesaa et al., 2006). In
case of c-myc, mRNA stabilization is mediated by CRD-BP through inhibition of mRNA
degradation by polysome-associated endonucleases (Sparanese & Lee, 2007). IMP has also been
proposed to regulate RNA stability by blocking miRNA function. IMP3 RNP complexes, for
example, contain let-7 miRNA targets and IMP3 overexpression showed a general upregulation
of miRNA-regulated transcripts (Jonson et al., 2014). This observation suggested that IMP3 RNP

granules act as safehouses for mRNAs against miRNA silencing.
4.3.3. dIMP: Drosophila homolog of IMP

The Drosophila genome hosts only one gene coding for IMP, dimp (Nielsen et al., 2000). dIMP
lacks the two RRM RBDs found in its vertebrate homologs but shows 47% sequence conservation
in the region coding the four conserved KH domains (KH1-4) (Nielsen et al., 2000). dIMP has an
intrinsically disordered glutamine-rich C-terminal tail (or PLD), which is absent in vertebrate IMP
(Vijayakumar et al., 2019) (Figure 21A). In flies, like in vertebrates, dIMP has a biphasic
expression, with the initial maternally deposited pool of dimp mRNA being degraded at the end
of embryonic stage 4, followed by a re-expression of dimp in developing CNS (Nielsen et al.,
2000). dIMP is cytoplasmic and is recruited into RNP granules found in germ cells, neurons and
S2R cells (Figure 21B-D). One of the first evidence for dIMP forming RNP granules in neurons

came from the study by Medioni and colleagues, in which they showed that dIMP is present in
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RNP granules colocalizing with profilin mRNA (Medioni et al., 2014). Notably, dIMP granules
are found in MB neurons not just during development but are also present throughout adult life.
To date, the regulation of dIMP granules in aging brains and their potential functions are however

still unclear.

To identify dIMP RNA targets, Hansen and colleagues performed iCLIP-seq in S2R cells,
revealing that dIMP binds to a vast repertoire of mMRNAs. dIMP binding sites were enriched in
the 3’UTRs on these mRNAs, and GO analysis showed that several of these mRNAs were coding
for F-actin regulators including profilin (chickadee), cdc42, or moe (Hansen et al., 2015). In
concordance with these data, RNP immunoprecipitation and sequencing (RIP seq) performed on
larval brain lysates led to the identification of more than 300 mRNA targets for dIMP (Samuels
etal., 2020).
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Figure 21: Drosophila IMP (dIMP) is cytoplasmic and forms nanometer sized RNP granules

A. Schematic representation of dIMP and comparison to vertebrate homologs. dIMP contains the
four conserved KH-domains but lacks the N-ter RRM domains found in the vertebrate protein. It
also has an additional Q-rich region (Prion-like domain) in its C-ter (Hansen et al., 2015).

B-D. dIMP distribution is cytoplasmic and forms cytoplasmic foci. Representative examples of dIMP
granules found in S2R cells (B) (Hansen et al., 2015), oocyte (C) (Boylan et al., 2008), and MB
neurons (D) (Vijayakumar et al., 2019).
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4.4 Me31B/DDX6: a highly conserved RNA helicase

4.4.1 DDX RNA helicases

DEAD-box protein 6 (DDX6) belongs to the highly conserved DDX RNA helicase protein family
found in organisms ranging from viruses or bacteria to humans (Ostareck et al., 2014) (Figure
22). Human DDX®6 is 63.9% identical to yeast Dhhlp, 69.2% to C.elegans CGH-1, 67.5% to
Drosophila Me31B, 94.4% to Xenopus Xp54, and 97.7% to mouse mRCK (Ostareck et al., 2014).
Proteins belonging to DDX RNA helicase family share nine highly conserved motifs involved in
ATPase and helicase activities (Linder et al., 1989; Tanner et al., 2003). Among those, motif-11,
composed of Asp-Glu-Ala-Asp (D-E-A-D), gave its name to the protein. Together, these
conserved motifs showed very little variation throughout evolution. DEAD box confers DDX6
with its ATPase activity while other motifs are necessary for ATP binding and hydrolysis, and
for RNA binding (Linder, 2006). Since their discovery, more than 500 proteins were found to
have the signature motifs of DDX family, making them key components of life (Silverman et al.,
2003).
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Figure 22: DDX6/Me31B is a highly conserved RNA helicase

A. Phylogenetic tree for DDX6 showing the extend of evolutionary conservation across different
phyla. Image adapted from (Wang et al., 2021). B. Conserved motifs in the DEAD-box and related
family of RNA helicases. Image adapted from (Cordin et al., 2006).

DDX family members work as RNA helicases or RNPases. Rather than being processive
helicases, DEAD-box proteins may take up the role of RNA “chaperones”, ensuring proper RNA
structure through local RNA unwinding, or of RNPases by tuning RNA—protein interactions
(Fairman et al., 2004; Jankowsky et al., 2001; Schwer, 2001). DDX RNA helicases were shown
to regulate every facet of RNA metabolism including transcription, splicing, transport, translation,
and decay. For example, 15 out of 25 DDXs in yeast are shown to regulate ribosome biogenesis
(Rocak & Linder, 2004); DDX20/DP103 are transcriptional repressors in mammalian cells
(Gillian & Svaren, 2004; Yan et al., 2003); human DDX3 was shown to be necessary for
translation initiation (Lee et al., 2008). DDX®6 proteins, including yeast Dhhlp (Tseng-Rogenski
et al., 2003) have been identified as core PB components (Hubstenberger et al., 2017). In
C.elegans, CGH-1 containing granules termed P-granules and storage bodies were identified as

warehouses of translationally silent mMRNAs (Boag et al., 2008).
4.4.2 Me31B: Drosophila ortholog of DDX6

Drosophila genome has only a single gene homologous to DDX6, expressed from the
chromosomal locus 31B, namely Me31B (de Valoir et al., 1991). Like its vertebrate homologs,
Me31B has a conserved ATP binding site and RNA helicase domain (Figure 23A). Me31B was
shown to be recruited into RNP granules found in germ cells and in neurons (Figure 23B-D)
(Hillebrand et al., 2010; Nakamura et al., 2001). During oogenesis, Me31B localizes in
cytoplasmic RNP granules and silences the translation of transported mMRNAs osk and BicD, as
evidenced by fluorescence in situ hybridization (FISH) and immunostaining (Nakamura et al.,
2001). An in vivo proteome analysis of Drosophila germ granules identified binding partners of
Me31B including the RNA regulatory proteins like Cup, Tral, Edc3, and motor proteins such as
Klc, and Khc (DeHaan et al., 2017). Furthermore, functional studies have shown that the
translation repression of Me31B is mediated through a factor called Cup, to which Me31B
interacts via the adaptor Trailer hitch (Tral) (Nakamura et al., 2004; Tritschler et al., 2008). Cup
competes with elF4G for binding to cap-bound elF4E, thus preventing the recruitment of

translation initiation factors (Kinkelin et al., 2012; Nelson et al., 2004).
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Figure 23: Drosophila Me31B forms cytoplasmic foci.

A. Schematic representation of conserved ATP-binding site and DEAD-box helicase domain in
Drosophila Me31B (rendering using NCBI conserved domain search).

B-D. Me31B is cytoplasmic and assembles into RNP granules. Representative examples of Me31B
granules found in S2R cells (B) (Kato & Nakamura, 2012), oocytes (C) (Kato & Nakamura, 2012),
and MB neurons (D) (Hillebrand et al., 2010).

Me31B in Drosophila has also been involved in RNA decay. Me31B interacts with the decapping
complex via the adaptor proteins CNOT1, EDC3, and HPat (Patl) (Chen et al., 2014; Haas et al.,
2010; Jonas & lzaurralde, 2013). In addition, Tral can directly interact with the decapping
complex protein Dcpl, thus in the absence of Cup, Me31B can initiate decay pathway (Tritschler
et al., 2008). Thus, Me31B can generally be considered as a repressor, whose repressive mode
depends on biological context and partners. For example, it was shown that Me31B forms
complex with elF4E, Cup, Tral, and PABP during oogenesis and early embryonic stage, silencing
translation of target mRNAs. During maternal-to-zygotic transition (MZT), the abundance of
elF4E, Cup, and Tral fall, triggering the degradation of Me31B- bound mRNAs (Wang et al.,
2017).
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4.5. Imp and Me31B/DDX6 in neuronal granules

Both dIMP/ZBP1 and Me31B/DDX6 accumulate in neuronal RNP granules in vertebrates and
invertebrates. In vertebrates, ZBP1 has long been identified as a major component of neuronal
RNP granules containing g-actin and transported to axons (Donnelly et al., 2011; Leung et al.,
2006; Zhang et al., 2001) and dendrites (Huttelmaier et al., 2005; Tiruchinapalli et al., 2003;
Urbanska et al., 2017). In Drosophila, dIMP localizes in granules that are transported to the axons
of MB y-neurons along MT tracks in a developmentally regulated manner, from metamorphosis
onwards (Medioni et al., 2014). This process requires the function of dIMP PLD (Vijayakumar et
al., 2019).

Vetebrate DDX6 was found to localize in punctated structures in the dendrites of cultured
hippocampal neurons (Miller et al., 2009; Zeitelhofer et al., 2008). These granules were not
homogenous as only a subset contained the Dcpl protein (Miller et al., 2009). In Drosophila,
Me31B was found to co-localize with Staufen- and FMRP-containing granules found in cultured
motor neurons (Barbee et al., 2006) and to localize in postsynaptic foci in MB and projection
neurons (Hillebrand et al., 2010).

Remarkably, the regulation and function of dIMP and Me31B- containing RNP granules has been
mainly studied in developmental contexts. Although these granules are found in neurons
throughout adult life, little is known about the changes they may undergo upon aging or their

physiological role in a healthy aging organism.
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5. Aim of thesis

Previous studies have shown that the material properties of RNP granules are highly sensitive to
biomolecular composition. Physico-chemical properties of cells vary with time and how RNP
granules respond in a physiological cellular aging context remains largely unexplored. The main

objectives of my thesis were:
i) to understand how neuronal RNP granules are affected by aging in vivo

To address the effects of aging on neuronal RNP granules, | sorted to analyse the properties of
Drosophila RNP granules characterized by the presence of IMP and Me31B in two age groups of
flies, young (2-days) and old (35-39 days, past mid-age). | chose the RBP IMP, and the DEAD-
box helicase Me31B as markers of neuronal RNP granules because they are highly conserved
RBPs abundant in neurons, known to form RNP granules in the soma of Drosophila MB neurons.
To monitor the changes in material properties of these RNP granules, | imaged them combining

high-resolution imaging with quantitative analysis.

ii) to assess whether age-associated changes in neuronal RNP granules alter the expression of
target mMRNAS,

To this end, | monitored the translation of reporter RNASs associating (or not) with neuronal RNP
granules. | particularly studied the translation of profilin, a direct RNA target of Imp bound
through its 3°’UTR (Medioni et al., 2014)

iii) to identify the aging-related molecular pathways that are responsible for neuronal RNP

granule remodelling.

To identify the molecular pathways involved in aging-dependent RNP granule remodelling, |
performed a candidate-based RNAI screen testing for the function pathways known from the

literature to regulate aging or be deregulated upon aging.
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Chapter II

Results
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6. Summary of results

Neuronal RNP granules progressively remodel upon aging and their associated mRNAs get
translationally silenced.

To understand how neuronal RNP component composition is regulated in a physiological context,
I sought to monitor the impact of aging on neuronal RNP granules. 1 first analysed the subcellular
distribution of two conserved components of neuronal RNP granules, IMP and Me31B, in
Drosophila flies of different ages: 2 days post eclosion (young) and 35-39 days post eclosion
(old). A progressive increase in the condensation of IMP and Me31B into granules was observed
upon aging. Whereas IMP was preferentially cytoplasmic in young neurons, it relocalizes into
granules in old cells. Me31B localized in numerous small granules in young cells and in larger
less numerous ones as age increased. Notably, the large condensates observed in old neurons do
not correspond to static protein aggregates; first these granules did not colocalize with aggregation
markers such as p62 or Ubiquitin, second, the granule components exhibited similar recovery
rates in both young and old cells when assessed using FRAP. Furthermore, age-dependent
condensation of RNP components in neurons is not a general trend as RNA binding proteins such

as PABP or Rin did not show any difference in distribution.

To assess the functional impact of age-dependent RNP granule remodelling on mRNA
expression, | analysed the translation profiles of profilin, which is a target mMRNA of IMP, in
young and old neurons. Using inducible reporters in which the coding sequence of EGFP was
fused to the 3’UTR of profilin, or to a non related 3’UTR (sv40), | could demonstrate that profilin
translation decreases upon aging. This result is in accordance with the observed reduction in
endogenous Profilin protein, but not RNA, expression. Notably, the translation of reporters
depleted from granules (EGFP-camkll 3’UTR and EGFP-elF4E 3°’UTR) did not decrease upon
aging, whereas the translation of another granule-enriched mRNA, cofilin, did. Thus, these results
revealed that age-dependent remodelling of neuronal RNP granules is associated with an

increased translational repression of associated MRNAS.
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Age-dependent remodeling of neuronal RNP granules associates with reduced sorting

specificity and depends on Me31B stoichiometry.

High resolution imaging of neuronal RNP granules revealed that age-dependent condensation of
Imp and Me31B was also associated with a loss of granule population heterogeneity. While two
populations of Me31B+ granules were observed in young neurons (Me31B+IMP- and
Me31B+IMP+), the majority of Me31B+ granules found in old neurons contained IMP. To
understand the contributions of IMP and Me31B in age-dependent remodelling of neuronal RNP
granules, I inactivated both genes after eclosion via dsSRNA-mediated knockdown. Interestingly,
me31b knockdown blocked the assembly of IMP into RNP granules, without altering overall IMP
protein levels. The converse was not true, as imp inactivation did not affect Me31B recruitment
to RNP granules. These data suggested that Me31B behaves as a nucleator whose concentration
may regulate the assembly and composition of RNP granules. Consistent with this model, | found
that Me31B protein concentration increases upon aging. By genetically reducing the dosage of
me31B using deletion mutants, | further showed that age-dependent remodelling of Me31B

granules is suppressed in this context.

Remarkably, IMP recruitment into granules was only partially affected upon reducing the dosage
of Me31B and translational repression of reporters was not affected, indicating the existence of
an additional regulatory pathway regulating these processes.

PKA signalling acts as an additional regulatory pathway regulating IMP recruitment and

translational repression.

Through a candidate RNA. screen, | identified the PKA pathway as a regulator of age-dependent
neuronal RNP granule condensation. Blocking this pathway by expressing a kinase dead variant
of the PKA catalytic subunit, or dsSRNA targeting the PKA catalytic subunit, strongly suppressed
age-dependent condensation of IMP. This however only mildly affected Me31B condensation,
indicating that PKA differentially regulates the behaviour of distinct RNP granule components.
Still, inhibiting PKA induced the translational derepression of IMP target mRNAs in aged brains,

indicating that the recruitment of IMP into condensates may mediate translational repression.

Taken together, my results uncovered that IMP/Me31B neuronal RNP granules undergo extensive
remodelling upon aging. Such an age-dependent RNP granule remodelling is associated with the
translational repression of target mMRNAs. The compositional changes observed during aging
depends on the stoichiometry of the core protein Me31B. Furthermore, PKA pathway acts an
additional regulatory layer that promotes the recruitment of IMP and its target RNAs to neuronal

RNP granules and translational repression (Figure 24).
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Figure 24: Model illustrating age-dependent changes in neuronal RNP granule properties

IMP/Me31B RNP components RNP granules extensively remodel to form large granules in aged
Drosophila brains. Age-associated condensation of Me31B and Imp is accompanied by a reduced
specificity of sorting: while two populations of Me31B+ granules are observed in young neurons
(Me31B+IMP- and Me31B+IMP+), the majority of Me31B+ granules found in old neurons
contain IMP. Increased condensation is also associated with the specific translational silencing of
granule-associated mMRNAs (e.g. profilin). Functionally, two main factors regulate the observed
age-dependent changes: increased stoichiometry of the DEAD-box helicase Me31B promotes the
coalescence of smaller granules and loss of heterogeneity, and PKA kinase activity regulates IMP

recruitment and translational repression.

These results are presented in more detailed in the following research article.
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7.0. Abstract (125 words max)

Cytoplasmic RNP condensates enriched in mRNAs and proteins are found in various cell types
and associated with both buffering and regulatory functions. While a clear link has been
established between accumulation of aberrant RNP aggregates and progression of aging-related
neurodegenerative diseases, the impact of physiological aging on neuronal RNP condensates has
never been explored. Here, we uncovered that RNP components progressively coalesce into large
and less diverse condensates in the aging Drosophila brain. Increased coalescence reflects
specific changes in the levels of the conserved RNP scaffold Me31B/DDX6 and requires PKA
kinase activity. Furthermore, increased recruitment of specific mRNAs to RNP condensates is
associated with their translation repression, identifying cytoplasmic RNA-protein condensation

as a novel post-transcriptional mechanism underlying age-dependent changes in gene expression.
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7.1. Introduction

Formation of membrane-less condensates enriched in functionally related biological molecules
has recently emerged as a major principle enabling dynamic cell compartmentalization (Alberti
2017b). Because they can rapidly, selectively and reversibly concentrate molecules, biological
condensates are very effective in both buffering intracellular fluctuations and flexibly regulating
molecular reactions in response to physiological or environmental changes (Alberti 2017b;
Banani et al. 2017; Shin and Brangwynne 2017). Ribonucleoprotein (RNP) condensates (or
granules) are defined by their enrichment in RNA molecules and regulatory proteins such as RNA
binding proteins or RNA helicases. They have been observed in the cytoplasm of a variety of
species and cell types (Voronina et al. 2011; Buchan 2014; De Graeve and Besse 2018; Formicola
et al. 2019; Trcek and Lehmann 2019; Cohan and Pappu 2020; Riggs et al. 2020), and linked to
functions ranging from RNA storage and decay to spatiotemporal control of RNA translation and
localization (Decker and Parker 2012; Buchan 2014; Wang et al. 2018; Formicola et al. 2019;
Riback and Brangwynne 2020).

Extensive recent work has been performed to unravel the molecular principles underlying
RNP condensate assembly and dynamic regulation. Studies performed in in vitro reconstituted
systems, on one hand, have revealed that purified RNAs and/or proteins condensate into droplets
through liquid-liquid phase separation, a process critically dependent on both component
concentration and the establishment of dense networks of protein-protein and protein-RNA
interactions (Alberti 2017a; Mittag and Parker 2018; Protter et al. 2018; Van Treeck and Parker
2018). Studies performed in living cells, on the other hand, have shown that cytoplasmic RNP
condensates exhibit in normal conditions properties expected from liquid-like entities, including
high component turnover as well as inter-condensate fusion and mixing of components
(Brangwynne et al. 2009; Hyman et al. 2014; Kroschwald et al. 2015 ; Patel et al. 2015; Gopal et
al. 2017; Shin and Brangwynne 2017).

As further revealed by proteomic and transcriptomic analyses, endogenous RNP

condensates have a complex composition characterized by the presence of up to dozens of



proteins and RNA molecules (Fritzsche et al. 2013; Jain et al. 2016; Hubstenberger et al. 2017;
Khong et al. 2017; Markmiller et al. 2018; Youn et al. 2019). These molecules are not all
functionally equivalent: while a limited number of resident molecules, referred to as scaffolds,
are required for the nucleation of RNP condensates, others, termed clients, are dispensable and
recruited in a context-dependent manner (Banani et al. 2016; Ditlev et al. 2018). Interestingly,
systematic comparison of RNP granule content has also revealed that distinct RNP entities contain
both unique and shared components. In neuronal cells, collections of RNP granules with both
distinct and overlapping composition have been identified through high-resolution imaging
(Cougot et al. 2008; Mikl et al. 2011; De Graeve and Besse 2018; Formicola et al. 2019) (De
Graeve, Formicola, Pushpalatha et al., method chapter submitted) or biochemical purification
(Fritzsche et al. 2013). Together, these studies thus raise the following questions: how is the
molecular specificity of each condensate encoded? how is the differential recruitment of RNP
components regulated in different physiological contexts? Frameworks have recently been
proposed to explain both the nucleation of multicomponent condensates and the differential
sorting of their constituents (Langdon et al. 2018; Kim et al. 2019; Sanders et al. 2020). In these
frameworks, competition between RNA and protein interaction networks is a key driver of
differential sorting, such that increasing the dosage of highly interconnected components can
trigger the miscibility of initially distinct entities. Post-translational modifications of RNP
components also play a key role, by either promoting or inhibiting the differential recruitment of
client molecules through changes in affinity and/or valency of interactions (Hofweber and
Dormann 2018; Kim et al. 2019; Snead and Gladfelter 2019; Gerbich et al. 2020 ). Whether and
how these principles are integrated in vivo for the regulation of constitutive RNP condensates,
and whether they are used in biological systems to modulate RNP granule assembly and
composition in response to physiological stimuli has however remained largely unclear.

We addressed this question by analyzing the properties of neuronal RNP granules during
the aging process. Although various studies have correlated the progression of age-related
neurodegenerative diseases with the accumulation of RNP aggregates with aberrant stability

and/or composition (Li et al. 2013; Ramaswami et al. 2013; Bowden and Dormann 2016), these



studies mostly used mutant variants and/or analyzed advanced disease stages and thus did not
address the impact of physiological aging on RNP condensates. Here, we show in Drosophila
brains that cytoplasmic RNP components progressively condensate into large granules distinct
from pathological aggregates upon aging. Increased condensation is accompanied by a decreased
specificity of RNP granule component sorting. Combining quantitative imaging and genetics, we
further uncovered that age-dependent coalescence of RNP components is regulated by two main
factors: an increase in the stoichiometry of the conserved DEAD-box helicase Me31B/DDX-
6/Rckl1 and activity of the conserved kinase PKA. These two regulatory processes differentially
act on RNP components as Me31B dosage mainly influences Me31B condensation while PKA
mainly impacts of Imp condensation. Finally, we demonstrate using translational reporters that
age-dependent remodeling of RNP granules associates with increased repression of granule-
associated mRNA translation. Together, this work clearly illustrates how biological systems can
physiologically regulate the main parameters underlying condensate assembly and composition
to regulate the fate of associated mRNAs. This study also provides the first functional
demonstration that aging, independently of associated diseases, impacts on the in vivo properties
and function of constitutive RNP condensates, opening new perspectives on the regulation of

gene expression in the context of aging brains.

7.2. Results

Increased condensation of neuronal RNP components upon aging

To monitor the impact of physiological aging on neuronal RNP granule properties, we first
analyzed the subcellular distribution of granule markers in Drosophila brains of two different
ages that we subsequently refer to as “young” and “aged” respectively: 2-days post-eclosion (i.e.
right after the extensive neuronal maturation occurring upon eclosion) and 35-39 days post-
eclosion (i.e. at about mid-life, before significant drop in viability). The DEAD-box helicase
Me31B/DDX-6/Rck-1 and the RBP Imp/ZBP-1/IGF2BP were chosen as markers, as both are
conserved RNA-associated proteins known to localize to RNA-containing granules in vertebrate

and invertebrate neurons (Tiruchinapalli et al. 2003; Leung et al. 2006; Miller et al. 2009;



Hillebrand et al. 2010; Vijayakumar et al. 2019; Tang et al. 2020). In Drosophila, Me3 1B-positive
and Imp-positive cytoplasmic RNP granules have previously been described in the soma of
Mushroom Body y neurons, a population of neurons essential for learning and memory functions
(Keene and Waddell 2007; Keleman et al. 2007; Akalal et al. 2010; Hillebrand et al. 2010;
Vijayakumar et al. 2019). In young brains, indeed, we observed that endogenous Me31B and Imp
accumulate into numerous small cytoplasmic punctate structures (Figure 1A,C), a distribution
recapitulated in Me3 1B-GFP and GFP-Imp knock-in lines (Figure 1E,G). Remarkably, these two
proteins displayed very different partitioning properties at this stage. Me31B was mostly found
in granules (Figure 1A,E), exhibiting a high partition coefficient calculated as the intensity ratio
between the granule-associated and the soluble cytoplasmic pools (Figure 1K). In contrast, a
significant fraction of Imp also localized diffusively throughout the cytoplasm (Figure 1C,G), as
illustrated by the lower partition coefficient (Figure 1K). In aged brains, a dramatic re-localization
of Me31B and Imp was observed, manifested by an increased clustering of these proteins into
large granules (Figure 1B,D,F,H.L). Condensation of RNP components was characterized by a
significant increase in the partition coefficient of both Me31B and Imp (Figure 1N), and was
particularly visible for Imp whose diffuse cytoplasmic signal strongly decreased (Figure 1D,H).
It also translated into a decreased number of Me31B-containing granules (Figure 1M), and a
concomitant increase in the number of Imp-containing granules detectable over the cytoplasm
(Supplementary Figure S1A and Figure 4E). To determine if the observed re-localization reflected
an abrupt, or rather a more gradual change in RNP component distribution, we next analyzed
brains at three additional time points after eclosion: 10 days, 20-23 days and 50-52 days. As
shown in Figure 10 and Supplementary Figure S1A, a gradual and continuous clustering of Imp
was observed from 2 days to 50 days post-eclosion, arguing against a sudden switch in behavior.

To then test if the re-distribution of Me31B and Imp observed upon aging reflects a
general trend, we analyzed the localization of other conserved neuronal granule components
including Trailer-hitch/Lsm-14 (Tral), HPatl and Staufen (Stau) (Kohrmann et al. 1999 ; Cougot
et al. 2008; Zeitelhofer et al. 2008). As observed for Me31B and Imp, these proteins clustered

into larger cytoplasmic granules upon aging (Supplementary Figure S1B-G). Clustering,



however, was not observed for stress granule components such as Rin (Figure 11,J) or PABP
(Supplementary Figure S1H,I), indicating first that not all RNA binding proteins tend to cluster
upon aging, and second that large granules do not correspond to entities forming in response to

increasing stress.

The large neuronal RNP granules observed in aged brains do not correspond to static
protein aggregates.
Protein aggregates have been observed in brains of aged animals and human patients in response
to altered proteostasis (Lord et al. 2020). To determine if the large granules observed in aged
brains correspond to misfunctional protein aggregates, we first performed co-localization
experiments using antibodies recognizing p62/Ref(2)P and Ubiquitin, both known to accumulate
in protein aggregates forming in aged flies (Nezis et al. 2008). As shown in Figure 2A and B,
p62+ and Ubiquitin+ aggregates were visible in aged brains, but did not co-localize with the large
Imp-positive granules found at this age. To further ensure that these granules contain RNA, we
performed smFISH experiments with probes recognizing profilin mRNA, that we previously
identified as a direct target of Imp (Medioni et al. 2014). As shown in Figure 2C-C’’ (arrowheads),
profilin transcripts could be found in large Imp-positive granules in aged brains, further indicating
that these entities correspond to bona fide neuronal RNP granules.

In in vitro reconstituted systems, RNP droplets mature over time into less dynamic entities
(Patel et al. 2015; Alberti and Hyman 2016; Conicella et al. 2016). To test if in vivo physiological
aging is associated with changes in the turnover of RNP granule components, we performed
FRAP experiments on intact young and aged brains and compared fluorescent signal recovery
upon bleaching Me31B-GFP+ or GFP-Imp+ granules. Remarkably, the two RNP components
exhibited very different recovery rates, with Me31B-GFP signal exhibiting a near complete
recovery within few seconds and GFP-Imp signal exhibiting only partial (~40%) recovery after
dozens of seconds (Figure 2D) (Vijayakumar et al. 2019). Similar recovery was however observed
for each protein in young and aged brains, indicating that the dynamic turnover of granule-

associated proteins is not impacted by aging.



Age-dependent condensation of RNP components is linked to decreased sorting specificity.
Previous biochemical and imaging studies have shown that collections of RNP granules with
partially overlapping, but distinct composition are typically observed in neuronal cells (De Graeve
and Besse 2018; Formicola et al. 2019). In young MB y neurons, indeed, Me31B is found in two
types of granules: Me3 1B+ Imp+ (white arrowheads in Figure 3A-A’") and Me3 1B+ Imp- (blue
arrowheads in Figure 3A-A”) granules. To determine if the formation of large granules observed
in aged flies results from the coalescence of components initially sorted into distinct entities, we
analyzed the proportion of both types of granules in young and aged brains. As shown in Figure
3C, a more than 2-fold increase in the proportion of Me31B+ Imp+ granules was observed upon
aging, such that most Me31B-positive granules contained Imp in aged brains (Figure 3B-B’’).
Remarkably, high-resolution imaging of Imp+ Me3 1B+ granules in fixed (Figure 3D) as well as
living (Movie 1) brains revealed that Imp and Me31B do not homogenously mix, but rather
segregate into distinct subdomains within neuronal RNP condensates. Together, these results thus
indicate that Me31B concentrates upon aging into larger neuronal RNP granules that recruit Imp
to form multiphase entities. This process is accompanied by the loss of Me3 1B+ Imp- granules

and thus reflects alterations in RNP component sorting specificity.

Age-dependent increase in Me31B levels induces the condensation of Me31B

To understand the relative contribution of Me31B and Imp in RNP component
condensation and coalescence, we inactivated each gene through adult-specific RNAi.
Remarkably, inactivating me31B prevented the assembly of Imp-containing granules without
affecting Imp overall protein levels (Supplementary Figure S2A,B,D,E). Conversely, inactivating
imp did not impact on Me3 1B+ granule assembly (Supplementary Figure S2C), consistent with a
model in which Imp protein behaves as a client molecule recruited to granules by the scaffold
protein Me31B. As the formation and composition of condensates is known to critically depend
on the concentration of scaffolds (Banani et al. 2016 ; Ditlev et al. 2018), we then investigated

whether age-dependent RNP granule remodeling may be linked to changes in Me31B dosage. We



first measured Me31B protein levels in MB y neurons of young and aged brains. As shown in
Figure 4A, a 1.5-fold increase in Me3 1B levels, but not in Imp levels, was observed upon aging.
To further test if reducing the dosage of Me31B would suppress the age-dependent condensation
of neuronal RNP components, we genetically removed a copy of me31B using two previously
described deletions (me3/BA1 and me31BA2; (Nakamura et al. 2001)). Remarkably, this
suppressed the age-dependent condensation of Me31B, as both the number (Figure 4D) and the
size (Supplementary Figure S3A) of Me31B-positive granules found in aged me3/BAl/+ and
me31BA2/+ brains were similar to that of young control brains. Reducing the dosage of me3 /B,
however, only partially decreased the age-dependent condensation of Imp, as illustrated by the
still elevated number of Imp+ granules detected in aged me31BAl/+ and me31BA2/+ brains
(Figure 4E) and the moderate decrease in Imp partition coefficient (Supplementary Figure S3B).
Such a differential behavior of Imp and Me31B translated into partial, but not complete,
suppression of their coalescence into common condensates (Figure 4F). Together, these results
demonstrate that the concentration of the limiting nucleator protein Me31B increases upon
physiological aging, which triggers the condensation of Me31B and partially contributes to the

condensation of Imp and its recruitment to Me31B-containing granules.

PKA is required for the condensation of Imp in aged-flies.

Having shown that Me31B dosage only partially impacts on Imp condensation and coalescence,
we sought to identify pathways that may regulate this process. To this end, we performed a
selective screen in which we modulated the activity of conserved pathways known to either be
impacted by aging, or contribute to aging. RNAi or dominant negative constructs were expressed
specifically in adult MB neurons to avoid developmental contributions, and the subcellular
distribution of Imp analyzed in aged flies. Strikingly, altering most of the pathways tested did not
have a significant impact on Imp condensation (Table S1). However, inhibiting the activity of the
cAMP-dependent kinase PKA via expression of a catalytic-dead variant prevented the

condensation of Imp into large granules (Figure 5B,D). Similar results were observed when



expressing either dsSRNA targeting PKA catalytic domain or when RNAi-inactivating amnesiac,
a gene known to produce a peptide positively activating PKA in MB neurons (Figure 5C,D)
(Turrel et al. 2020). As shown in Figure SE and Supplementary Figure S4A, however, PKA
inactivation only mildly impacted on the condensation of Me31B, suggesting that PKA
differentially modulates the behavior of RNP components. By blocking the condensation of Imp,
PKA inactivation also inhibited the coalescence of Imp and Me31B into common granules, as
illustrated by the decrease in the proportion of Me31B+ Imp+ granules (Figure 5F). Together,
these results demonstrate that the activity of PKA is required for the condensation of Imp into

detectable granules in aged brains.

Age-dependent condensation of RNP components associates with increased translational
repression of granule-associated mRNAs.

Neuronal RNP granules are enriched in translational repressors and thought to contain
translationally-repressed mRNAs (Krichevsky and Kosik 2001; Fritzsche et al. 2013; El Fatimy
et al. 2016; De Graeve and Besse 2018). Thus, to determine if the increased condensation of Imp
and Me31B and their coalescence into large granules may impact on the expression of associated
mRNAs, we expressed inducible translational reporters generated by fusing the coding sequence
of EGFP to the 3’UTR of Imp RNA target profilin. SV40 3’UTR was used as a negative control,
and GFP protein levels were quantified in both young and aged brains. Remarkably, a significant
decrease in GFP expression was observed for profilin reporter, but not for the SV40 control, in
aged brains (Figure SA-E). As measured by quantification of gfp smFISH signals (Supplementary
Figure S5A), decreased GFP expression did not correlate with decreased gfp RNA levels,
confirming that it reflects variations in the translation of profilin reporter. Notably, a similar
decrease in the levels of endogenous Profilin protein, but not of profilin mRNA, was observed
(Supplementary Figures S5B,C). Thus, these results suggest that age-dependent partitioning of
Imp into large granules is associated with an increased translational repression of its target

mRNAsSs.



To extend our study to other neuronal RNAs shown to undergo 3’UTR-dependent regulation
(Mayford et al. 1996; Piper et al. 2006; Moon et al. 2009; Topisirovic et al. 2009 ; Bellon et al.
2017), we analyzed the translation of three other reporters: GFP-camk2 3’UTR, GFP-eiF4e
3’UTR and GFP-cofilin 3’UTR. While the translation of GFP-camk2 3’UTR and GFP-eiF4e
3’UTR did not decrease upon aging, increased repression was observed for the GFP-cofilin
3’UTR transcripts (Figure 6F). To test whether age-dependent decrease in translation levels
correlated with recruitment to RNP granules, we performed for each reporter line smFISH
experiments using gfp probes. These experiments were performed in mTomato-Me31B-
expressing flies, enabling quantitative assessment of the fraction of Me3 1B+ granules containing
gfp reporter RNAs. Remarkably, a significant association with Me31B+ granules was observed
only for GFP-profilin 3’UTR and GFP-cofilin 3’UTR transcripts (Figure 6G), further suggesting
that partitioning of RNAs into dense condensates enriched in Imp and Me31B inhibits their

translation.

PKA, but not Me31B dosage, are essential for age-dependent translational repression

To determine the relative contribution of Me31B and Imp condensation in the
translational repression of granule-associated mRNAs, we first sought to analyze the translation
of GFP-profilin 3’UTR upon removal of one copy of me3IB. Strikingly, the age-dependent
decrease in GFP-profilin 3°UTR translation was not altered in me31BAl/+ and me31BA2/+ brains
(Supplementary Figure S3C), indicating that Me31B condensation itself is not sufficient to
repress GFP-profilin 3°UTR translation. To then test the impact of Imp condensation, we
monitored GFP levels in flies co-expressing GFP-profilin 3’UTR reporter RNAs and the
catalytic-dead PKA dominant negative. As shown in Figure 5G, this led to a strong de-repression
of profilin translation in aged flies, suggesting that PKA-dependent Imp condensation might be a

key determinant underlying granule-associated mRNA translation.
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7.3. Discussion

Increased scaffold concentration and PKA-dependent phosphorylation are required for
condensation and coalescence of RNP components in aging brains.

Our functional analysis has revealed that Me3 1B, in contrast to Imp, is required for the assembly
of neuronal RNP granules and thus qualifies as a “core” or “scaffold” component. Furthermore,
we have shown on one hand that Me31B levels increase upon aging, and on the other hand that
genetically reducing the dosage of Me31B largely inhibits both age-dependent condensation of
Me31B and increased coalescence of Me31B and Imp. Such an Me31B level-dependent collapse
of initially distinct Me3 1B+ Imp+ and Me3 1B+ Imp- granules is consistent with a model in which
components common to distinct neuronal RNP granules may establish overlapping networks of
interactions that compete for the recruitment of granule-specific clients. Together, these results
not only validate frameworks proposed based on artificial manipulations of component
concentrations in vitro or in cells (Sanders et al. 2020), but also illustrates how biological systems
can efficiently modulate RNP condensate properties and composition through subtle
physiological changes in RNP component stoichiometry. Remarkably, increasing the dosage of
Me31B through addition of an extra copy of me3/B in young flies is not sufficient to trigger
“aging-like” condensation (K.P and F.B., data not shown), suggesting that additional factors
contribute to the age-dependent remodeling of neuronal RNP granules. These may include
increased levels of other yet to be discovered nucleating factors with limiting concentration in
young flies, or age-dependent changes in the valency or binding affinities of critical RNP
components. Consistent with this idea, our work as revealed that PK A-dependent phosphorylation
events are key for the condensation of Imp in aged flies. Whether PKA activity itself is modulated
upon aging is an open question. Although previous work has suggested that both expression levels
and activity of PKA do not vary in the aging Drosophila brain (Yamazaki et al. 2007), this
analysis was performed on entire brain lysates and thus did not address potential population-

specific differences. In light of recent work showing that neuronal activity modulates Rck1/DDX6

11



RNP granules in maturing neurons (K. Bauer and M. Kiebler, personal communication), and
given that PKA is activated by neuronal activity (Dunn et al. 2006), an interesting possibility is
that establishment of specific activation pattern in response to accumulating experience may

participate to the observed long-term changes in neuronal RNP granule properties.

PKA activity is required for condensation of Imp in aged flies

Our genetic analysis has uncovered that blocking the catalytic activity of PKA prevents the
condensation of the RNP component Imp in aged flies. A role for PKA in RNP condensate
regulation has previously been described for yeast P-body. In this system, however, ectopic
activation of PKA prevented the assembly of P-bodies upon glucose starvation while
pharmacological inhibition of PKA triggered the condensation of P-body components in glucose-
replete conditions (Ramachandran et al. 2011). Such a regulatory role was shown to be mediated
by phosphorylation of the scaffold protein Patl, a critical phospho-target of PKA whose capacity
to recruit components such as the helicase Dhh1 and to nucleate P-body assembly is inhibited by
phosphorylation (Ramachandran et al. 2011 ; Sachdev et al. 2019). Although Drosophila Patl
localizes to neuronal RNP granules (Supplementary Figure S1D), it is unlikely to represent a
target of PKA in Drosophila brain, as no PKA consensus site ((R/K)(R/K)XS/T) are found in the
fly protein. Furthermore, our functional analysis rather predicts that phosphorylation of PKA
targets promotes condensation of RNP components in neurons. Interestingly, Imp contains
putative PKA phosphorylation sites and that is phosphorylated on Ser in Drosophila brains
(Supplementary Figure S6A). Mutating three putative PKA phosphorylation sites into Ala to
generate a GFP-Imp-S58A-S98A-T349A phosphomutant form expressed from the endogenous
locus, however, did not impact on the condensation of Imp in aged flies (Supplementary S6B),
indicating that PKA acts through phosphorylation of other sites or other targets. Given the
differential effect of PKA inactivation on Imp and Me3 1B, this target is likely not a core regulator
of RNP assembly but rather another RNP component involved in the recruitment of client
molecules such as Imp. Whether PKA is recruited to neuronal RNP granules to modulate the

phosphorylation of their components in response to physiological stimuli remains to be
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investigated, but this might represent a relevant possibility as PKA catalytic subunits were found
to accumulate in P-bodies in yeast (Tudisca et al. 2010).

Regulation of the neuronal translatome upon aging

Aging has long been associated with alterations in gene expression and proteostasis (Anisimova
et al. 2018). However, the relative contribution of transcriptional, post-transcriptional and post-
translational changes to age-dependent modifications in protein content has only recently started
to be explored through the systematic integration of RNA-seq, Ribo-seq and advanced mass-
spectrometry analyses. Unexpectedly, analyses performed in the rat brain have revealed that the
fraction of transcripts and proteins that are significantly up- or down-regulated upon aging is in
fact relatively small (<10%) (Walther and Mann 2011 ; Wood et al. 2013; Ori et al. 2015;
Stegeman and Weake 2017). Changes in the translational ouput of specific sets of genes, however,
could be observed independently of changes in original RNA levels (Ori et al. 2015). This work
thus indicated that the translation efficiency of specific transcripts is modulated upon aging,
though mechanisms yet to be discovered. Consistent with this, our analysis of translation reporters
did not reveal a general decrease in translation efficiency over time, but rather transcript-specific
responses. Remarkably, RNAs enriched in RNP granules exhibited a specific regulatory profile
characterized by an age-dependent decrease in translation. Furthermore, increased translational
repression of the Imp RNA target profilin could be reverted upon inactivation of PKA and
concomitant loss of Imp condensation, suggesting that recruitment of RNAs to RNP condensates
enriched in the translational repressor Imp (Huttelmaier et al. 2005) might play a key role in this
process. As revealed by recent in vitro assays, assembly of condensates enriched in neuronal RBP
with repressor functions may inhibit translation in different ways: by segregating away the
translational machinery and generating a micro-environment enriched in translational repressors
(Tsang et al. 2019), and/or by favoring deadenylation through enhancement of the catalytic
activity of the CCR4/NOT complex (Kim et al. 2019). Although new tools would be required to
address this question in vivo in neurons, our previous immunostaining experiments using
antibodies recognizing RpL32, a component of the ribosomal 60S unit, suggested that ribosomes

are not present in, and thus likely excluded from, Imp-containing neuronal RNP granules
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(Vijayakumar et al. 2019). Together, our results thus raise the hypothesis that targeting of RNA
species to RNP granules hosting translational repressors may represent a mechanism employed

by neurons to regulate the translation of specific sets of transcripts upon aging.

7.4. Materials and Methods

Drosophila stocks and genetics

Fly crosses were performed on standard media and raised at 25°C unless specified. For aging
experiments, flies were transferred to fresh media every 3 days until reaching the age of 35-39
days. For screening of pathways involved in Imp clustering and PKA inactivation, adult-specific
inactivation was carried out using a tubulin-Gal80*; OK107-Gal4 line. Specifically, flies were
raised at 18°C until eclosion, transferred to 29°C to allow transgene expression, and aged to 30
days.

The following fly stocks were used in this study: GFP-Imp protein-trap line #G080 (Medioni et
al. 2014); Me31B::EGFP and Me31B::mTomato knock-in lines (Formicola et al., under revision);
w; me31BA1 FRT40A/CyO and w;me31BA2 FRT40A/CyO (Nakamura et al. 2001) ; UAS-
me31B RNAi (BDSC #33675); UAS-imp RNAi (BDSC #34977); UAS-PKA C1 K75A(PKA
catalytic dead subunit; BDSC #35557); UAS-PKA C1 RNAi (BDSC#31277); UAS-amn RNAi
(BDSC #25797); UAS-amn RNAi (VDRC #5606).

UAS-EGFP 3°UTR reporter lines (sv40 3 'UTR, profilin 3°UTR, cofilin 3’UTR, eiF'4 3’UTR and
camkll 3’ UTR ) were described in (Formicola et al., under revision) and expressed in MB neurons
using OK107 Gal4.

The mcherry-Rin knock-in lines were generated using the CRISPR/Cas9 technology, as described

in (Kina et al. 2019).
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Preparation of Drosophila brains for imaging

Immunostaining

Brains were dissected in cold PBS1X for 1 hour and fixed in 4% formaldehyde for 30 minutes.
After fixation, brains were washed thrice in 0.1% PBS/Triton-X (PBT). Brains were then blocked
overnight in PBT supplemented with 1% BSA and incubated with the following primary
antibodies: rabbit a-Imp (1:1000, Medioni et al., 2014); rat a-Imp (1:1,000, Medioni et al., 2014);
rabbit a-Me31B (1:3000, gift from C. Lim); mouse a-Me31B (1:3000, gift from Nakamura);
rabbit a-HPat1 (1:1000, gift from A.Nakamura), rabbit a-Tral (1:1000, gift from A. Nakamura),
rat o-Staufen (1:1000, gift from A. Ephrussi); rabbit a-GFP (rabbit, 1:1,000; Molecular Probes,
A-11122), mouse a-Profilin (1:100, DSHB); rabbit a-p62 (1:1,000, gift from Gabor Juhasz):
mouse o-Ubiquitin (1:500, gift from Gabor Juhasz), rabbit a-PABP (1:1500, gift from C. Lim).
After incubation in primary antibodies, brains were washed thrice in PBT 0.1% and incubated
with a-rabbit or a-mouse or a-rat secondary antibodies (1:1000 dilution) conjugated with Alexa
Fluor 568/488/647 for 2 hours at room temperature or overnight at 4°C. Fixed and stained brain

samples were mounted in vectashield (Vector Laboratories) medium.

Detection of endogenous fluorescent signals
For the detection of endogenous GFP signals, flies were dissected in cold PBS1X, and fixed in
4%formaldehyde for 30 minutes. Fixed samples were then washed thrice with 0.1% PBT and

directly mounted in vectashield (Vector Laboratories) medium.

Single molecule fluorescent in situ hybridization (smFISH)

Drosophila brains were dissected in cold RNase-free PBS for 1 hour. Dissected brains were then
fixed in 4% formaldehyde in PBS for 1 hour at 4°C and rinsed twice with PBS. Brains were
dehydrated overnight in 70% ethanol and rinsed the day after in wash buffer (10% formamide in
2x SSC) for 5 minutes at room temperature. Brains were then incubated overnight, at 45°C, and

under agitation, with Quasar® Stellaris® Probes in 100 uL hybridization buffer (100 mg/mL
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dextran sulfate, 10% formamide in 2x SSC). After hybridization, brains were washed for 30
minutes in pre-warmed wash buffer under agitation, at 45°C. This step was followed by a further
5 minute-wash in 2x SSC at RT and by mounting in vectashield (Vector Laboratories) medium.
The following probe sets were used: chic 570 stellaris probes (2ul-12.5uM) ; 2) egfp 670 stellaris

probes (1ul -12.5uM) ; 3) egfp 570 stellaris probes (0.5ul -25uM)

Image Acquisition

Brain samples were imaged using a LSM880 confocal equipped with a airy scan module and a
63X 1.4 NA oil objective. Images were taken with a 0.04 um pixel size and were processed with
the automatic Airy Scan processing module of Zen (strength 6.0).

For analysis of EGFP-3’UTR reporters, freshly mounted samples were imaged using a Zeiss LSM
780 confocal microscope equipped with a GaAsP spectral detector and a Plan Apo 63X 1.4 NA

oil objective.

Fluorescence recovery after photobleaching (FRAP)

GO080-GFP-Imp or Me31B::EGFP brains were dissected in Schneider’s medium. Dissected brains
were mounted in polylysinated Lab-Tek chambers as described in (Medioni et al. 2015), with the
difference that hormones were not added to the imaging medium. FRAP experiments were
performed on a Nikon microscope coupled with a Yokogawa spinning head and an Andor EM-
CCD camera. Imaging was performed using a Plan Apo 100X oil 1.2 NA objective and a 488
laser line. The metamorph software was used to acquire images (1 image every 0.24 s) and to
bleach the samples. Samples were bleached with a 488nm laser, using the point laser method. A
maximum of 10 granules were bleached per brain.

Fluorescence signals were measured using the following procedure. First, images were aligned
using the stack shuffling plugin of ImageJ. To measure granule intensity over time, granule
positions were marked manually and an ROI (3*3 pixel) was saved for each granule in the ROI

manager. ROI mean fluorescence intensities were then calculated using the multimeasure option
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of ImageJ ROI manager. A double normalization was applied to intensity values, which consisted

in bleach correction followed by normalization to pre-bleach intensities..

Live imaging

Brains of 5-day old flies were dissected in cold Schneider’s medium. Dissected brains were
mounted in polylysinated Lab-Tek chambers. Once properly oriented (dorsal side of the brain
towards the objective), brains were stabilized using a metal ring as described in Medioni et al.,
2015. Movies were acquired on an inverted Zeiss LSM880 confocal microscope equipped with
an airy scan module and a 63X 1.4 NA oil objective. Images were acquired every 10 seconds for

15 minutes, with a pixel size of 0.028 um.

Image Analysis

RNP granule detection

ROIs containing 6-7 cells were cropped from single z slices and processed via the following steps:
1) resizing to a factor of 1 using the Laplacian Pyramid plugin on ImageJ, 2) rescaling to enhance
contrast and to keep 0.01% pixels saturated, and 3) converting 32bit images to 16bit in order to
change float numbers to integer values. Granules were detected using the Small Particle Detection
(SPaDe) algorithm described in

(https://raweb.inria.fr/rapportsactivite/RA2016/morpheme/uid13.html) (De Graeve et al. 2019).

Cutoff size for granules was set to 4 pixels and thresholds used for detection of Imp granules,
Me31B granules, GFP RNA were 0.62, 0.42 and 0.22 respectively. Number, size and masks of
detected objects were recovered

Measurement of partition coefficients

Partition coefficients were defined for each granule as the ratio between the maximal intensity of
Me31B or Imp signal in SPaDE-generated masks to the manually calculated average cytoplasmic

signal intensity.
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Colocalization

Masks of granules generated by SPADE were converted to binary images using Imagel.
Colocalization was measured with the JACoP plugin of Imagel, using binarized images
corresponding to different channels and the centroid-Mask method. Ratio of colocalizing spots to
total number of spots was calculated. Fold changes were calculated by normalizing the data to the
young conditions.

Reporter quantification

Maximal intensity projection of Z stacks was performed and 2 ROIs were selected per brain. The
mean GFP intensity was calculated for each ROI and normalized to the average of respective
controls.

Total amount of protein

2 ROIs containing 6-7 cells were selected from each brain and mean intensity calculated for each
ROLI. Data were normalized to values of respective controls.

Immuno-precipitations

Fly heads were snap frozen in liquid nitrogen and lysed using micro pestles in RIPA buffer (0.1%
sodium deoxycholate, 1% triton x100, 0.1% SDS, 150mM NaCl, 50mM TRIS pH 7.00)
supplemented with Halt™ Protease Inhibitor Cocktail 1:100 (Thermofisher, #78429). Lysates
were incubated under agitation at 4°C for 30 minutes, then centrifuged at 2,000 rpm for 10
minutes at 4°C to remove tissue debris. Supernatants were collected and incubated with
equilibrated ChromoTek GFP-Trap® beads (ChromoTek, gt-10, #70112001A) for 2 hours at 4°C.
Beads were washed three times 30 minutes in RIPA buffer, resuspended in 25 pl 2X SDS loading
buffer, and incubated at 95°C for 5 minutes for elution and denaturation.

Input and bound protein fractions were subjected to electrophoresis and blotted to PVDF
membrane. Membranes were then blocked with 4% BSA for 1 hour at room temperature prior to
antibody addition. The following primary antibodies were used: rabbit anti-GFP (1:2,500; Torrey
Pines); rabbit anti-phospho serine (3ug/mL; ABCAM) and mouse anti-phospho serine (1:200;

Sigma).
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RT-QPCR

RNA was isolated from fly head lysates using Trizol (Invitrogen) and used as template for
reverse-transcription reaction performed with Superscript III (Invitrogen) and Oligo(dT). 1% of
the RT product was then PCR-amplified through QPCR, using the following couples of optimized
primers: gPCRrpl7 fwd: 5’-CGTGCGGGAGCTGATCTAC-3’/ qPCRrpl7 rev: 5’-
GCGCTGGCGGTTATGCT-3’; rp49 fwd: 5’-CTTCATCCGCCACCA-3’ / rp49 rev: 5-
CTTCATCCGCCACCA-3’;  profilin_fwd: 5 -CTGCATGAAGACAACACAAGC-3* /

profilin_rev: 5’-CAAGTTTCTCTACCACGGAAGC-3’.

Statistical Analysis

All data were plotted and statistically analyzed using Graphpad Prism 8. As stated in the
corresponding figure legends, student t-tests were performed for comparison of two conditions,
while one-way ANOVA with multiple comparison tests were used to compare several samples.

Graphs are represented as SuperPlots (Lord et al. 2020).
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Figure 1. Me31B and Imp condensate into larger cytoplasmic granules in aged brains.

(A-J) Cell bodies of MB [ neurons imaged from 2 day- (A,C,E,G,I; young), or 37-38 day-
(B,D,F,H,J; aged) old brains. Brains were stained with anti-Me31B (A,B) or anti-Imp (C,D)
antibodies. Me31B-GFP (E,F), GFP-Imp (grey in G,H and green in LJ) and Rin-mcherry
(magenta in I,J) were expressed at endogenous levels, from knock-in insertions. Single confocal
sections are shown. Note that nuclei (dark discs) occupy most of MB [| neuron soma, and thus
that the cytoplasmic signal is restricted to the cell periphery. Scale bar: 5 Tm. (K) Mean
granular:cytoplasmic intensity ratio in brains of 2 day-old flies. Each data point represents the
mean value obtained for a given replicate. At least 10 fields were analyzed per replicate. Two to
three independent experiments were quantified per condition. (L) Normalized size of Me31B-
containing granules in MB ] neurons of 2 day- (young) and 37-38 day- (aged) old brains. (M)
Normalized numbers of Me3 1B-containing granules (per surface area) in MB [ neurons of 2 day-
(young) and 37-38 day- (aged) old brains. In L and M, individual data points were collected from
brains immuno-stained with anti-Me3 1B antibodies and normalized to the young condition. Three
replicates were performed and the mean value of each replicate is indicated as a symbol (triangle).
In L, the distribution of granule sizes is shown for one replicate only. In M, data points were
color-coded based on the experimental replicate they belong to. (N) Partition coefficients of
Me31B (red) and Imp (green) in 2 day- (young) and 37-38 day- (aged) old brains. Partition
coefficients were estimated by dividing the maximal intensity of Me31B or Imp signal in
individual RNP granules to the intensity of the cytoplasmic diffuse pool (see Materials and
Methods), and calculated for each granule detected in the imaged fields. Three replicates were
performed and the mean value of each replicate is indicated as a symbol (triangle). The
distribution of individual granule partition coefficients is shown for one replicate only. (O) Mean
partition coefficients of Imp upon gradual aging. Each data point represents the average of mean
values obtained from three independent replicates. Three replicates were performed; errors bars

correspond to s.e.m. ***, P<(0.001 (unpaired t-test on individual data points in L,M and N).
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Figure 2. Large granules in old flies are dynamic RNP assemblies.

(A-C) Cell bodies of MB [ neurons imaged from 37-38 day-old (aged) brains. GFP-Imp-
expressing brains were stained with anti-p62 (A, magenta in A’’) antibodies, anti-Ubiquitin (B,
magenta in B’’) antibodies, or profilin smFISH probes (C, magenta in C’’). GFP-Imp distribution
is shown in white in green in A’-C’ and green in A’’-C’’. Arrowheads in C*’ point to large
granules containing profilin mRNA. Scale bar: 5 [Im. (D) Average FRAP curves obtained after
photobleaching of GFP-Imp-positive (green) or Me3 1B-GFP-positive (red-orange) granules from
2 day- (young) or 38 day- (old) old brain explants. At least 90 granules from at least 9 brains were

analyzed per condition. Error bars (fill areas) represent s.e.m.
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Figure 3. Age-dependent changes in RNP component sorting.

(A,B) Cell bodies of MB y neurons imaged from 2 day- (A, young) or 37-38 day- (B, aged) old
brains. GFP-Imp- (grey in A’,B’ and green in the overlay) expressing brains were stained with
anti-Me3 1B antibodies (grey in A,B; red in the overlay). The white arrowheads point to some
Me31B+ Imp+ granules while the blue ones point to some Me31B+ Imp- granules. (C) Fold
increase in the number of Me3 1B+ granules containing Imp. The fraction of Me31B+ granules
containing Imp was estimated using the JACoP plugin of Fiji (see Materials and Method), and
fold changes calculated as the ratio of 38 day-old vs 2 day-old values. The error bar represents
s.e.m. (D) Left: cell body of a 38 day-old MB y neuron expressing GFP-Imp (green) and stained
with anti-Me31B antibodies (red). Scale bar: 1pum. Magnifications of the boxed areas 1 and 2 are
shown in the middle and right panels respectively. Intensity profiles of GFP-Imp (green) and

Me3 1B (red) measured along the line marked by white segments are shown below.
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Figure 4. Me31B levels increase upon aging and cause Me31B condensation.

(A) Imp and Me31B levels measured from confocal images of 2 day- (young) and 37-40 day-
(aged) old MB vy neurons. Each data point represents the mean value obtained for a given replicate.
Three independent experiments were quantified per condition. At least 10 fields were imaged per
replicate and per condition. *, P<0.05 (Mann-Whitney test). (B,C) Cell bodies of control (B) and
me31BA2/+ (C) MB y neurons from 37-38 day-old brains stained with anti-Me31B (B, red in B”’)
and anti-Imp (B’, green in B”*). Scale bar: 5 um. (D,E) Numbers of Me3 1B-positive (D) and Imp-
positive (E) granules (per surface area; normalized to 37 day-old controls). Three replicates were
performed and the mean value of each replicate is indicated as a symbol (triangle). Data points
were color-coded based on the experimental replicate they belong to. At least 10 fields were
imaged per condition. *, P<0.05; *** P<0.001 (one-way ANOVA test with Sidak’s multiple

comparison tests). n.s. stands for not significant. (F) Fold increase in the number of Me31B+
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Imp+ granules. The fraction of Me3 1B+ granules containing Imp was estimated using the JACoP
plugin of Fiji (see Materials and Method), and fold changes calculated as the ratio of 38 day-old

vs 2 day-old values. The error bars represent s.e.m.
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Figure 5. Inactivation of PKA suppresses Imp condensation in aged flies.

(A-C) Cell bodies of MB y neurons imaged from 30 day-old (aged) control brains (A), brains
expressing a kinase dead PKA catalytic subunit (B), or brains expressing amn RNAi (C). Scale
bar: 5 um. (D,E) Normalized numbers of Imp-positive (D) and Me31B-positive (E) granules (per
surface area) in 30 day-old (aged) control brains (left) and brains with reduced PKA activity. PKA
dn stands for PKA dominant negative and corresponds to expression of a kinase dead variant. At
least 10 fields were imaged per condition. (F) Normalized number of Me31B+ granules
containing Imp, as estimated using the JACoP plugin of Fiji (see Materials and Method). At least
14 fields were imaged per condition. (G) GFP signal intensities measured from brains expressing
EGFP-profilin 3’UTR together with either a neutral luciferase construct (controls) or a kinase-
dead PKA variant (PKA dn). At least 14 fields were imaged per condition. In D-G, three replicates
were performed and the mean value of each replicate is indicated as a symbol (triangle). Data
points were color-coded based on the experimental replicate they belong to. ***, P<0.001 (one-
way ANOVA test with Sidak’s multiple comparison tests in D,E,G; unpaired t-test in F). n.s.

stands for not significant.
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Figure 6. Age-dependent decrease in the translation of granule-associated mRNAs.

(A-D) Cell bodies of MB vy neurons expressing EGFP-profilin 3’UTR (A,B) or EGFP-SV40
3’UTR (C,D) transcripts in 2 day- (A,C; young) or 37-38 day- (B,D; aged) old brains. Images
were color-coded using the Rainbow RGB visualization mode of Fiji. Scale bar: 5 um. (E) GFP
signal intensities measured from 2 day- (young) and 37-40 day- (aged) old brains expressing
EGFP-profilin 3’UTR (left) or EGFP-SV40 3’UTR (right). (F) Distributions of GFP signal
intensities measured from 2 day- (young) and 37-40 day- (aged) old brains expressing EGFP-
cofilin 3’UTR (left), EGFP-camk2 3’UTR (middle) and EGFP-e/F4e 3’UTR (right). In E.F,
values were normalized to 2 day-old flies. Four replicates were performed and the mean value of
each replicate is indicated as a symbol (triangle). Data points were color-coded based on the
experimental replicate they belong to. At least 12 fields were imaged per condition. ***, P<0.001
(one-way ANOVA test with Sidak’s multiple comparison tests, performed on individual data
points). n.s. stands for not significant. For the camk2 3’UTR reporter, eight outlier data were
omitted from the graph (although they were considered to calculate the mean of the corresponding
replicate and to perform statistical tests). Complete genotype: UAS-EGFP-3’UTR/+; OK107-
Gal4/+. (G) Fraction of Me3 1B+ granules containing gfp-3’UTR reporter RNA. For each reporter,
the number of Me31B-mTomato+ granules containing smFISH gfp RNA spots was evaluated
using the JACoP plugin of Fiji (see Materials and Method). Numbers were then normalized to the
values found with the SV40 3’UTR control reporter. **, P< 0.01; *** P< 0.001 (one-way
ANOVA test with Sidak’s multiple comparison tests). n.s. stands for not significant.
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7.6. Supplementary Figures

600
500
400
300 4
200
100 -

0 T T T T T

ST SO LRV L
9.9% 0 2827 % o®

'L“— '5\ 2’ 60—

number of Imp+ granules
(normalized)

a-HPat1 a-Stau a-PABP
o
= .
5 '
o )
>
gl Dot
0} . '
o)
©

Figure S1. Clustering of RNP granule components — related to Figure 1

(A) Mean number of Imp-containing granules upon gradual aging (per surface area, normalized
to 2 days). Three replicates were performed per condition. At least 15 samples were analyzed per
condition. Error bars represent s.e.m. (B-I) Cell bodies of MB y neurons imaged from 2 day-
(“young”; B,D,F,H), or 37-38 day- (“aged”; C,E,G,I) old brains. Brains were stained with anti-
Tral (B,C), anti-HPtal (D,E), anti-Stau (F,G) or anti-PABP (H,I) antibodies. Scale bar: 5 um.
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Figure S2. me31B, but not imp, is required for nucleation of neuronal RNP granules related

to Figure 3

(A-C) Cell bodies of GFP-Imp-expressing MB v neurons stained with anti-Me31B (A-C; red in
A’’-C”’) and anti-Imp (A’-C’; green in A’’-C’’) antibodies. Cell bodies shown in B and C were

subjected to me3 1B and imp RNAI respectively. Scale bar: 5 um. (D) Total amount of Imp (green)
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and Me31B (red) in MB y neurons from control and me31B RNAI brains. Data were normalized
to the control values. Each data point represents the mean value obtained in four independent
replicates. Error bars represent s.e.m. *, P<0.05 (Mann Whitney test on replicate means). (E)
Number of Imp+ granules (per surface area, normalized) in control and me3 7B RNAI conditions.
Three replicates were performed and the mean value of each replicate is indicated as a symbol
(triangle). Data points were color-coded based on the experimental replicate they belong to. At
least 12 fields were imaged per condition. *** P<0.001 (unpaired t-test). n.s. stands for not
significant. Complete genotype: UAS-me31B-RNAi (or UAS-imp-RNAi)/tub-Gal80ts;;OK107-
Gal4/+.
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Figure S3. Reducing the dosage of me31B differentially impacts on Me31B and Imp — related
to Figure 4

(A) Size of Me31B-containing granules in control (ctrl) and heterozygous (me31BAl/+ or
me31BA2/+) brains from 2 day- (young) or 37-40 day-(aged) flies. Values were normalized to
the aged control condition. Three replicates were performed and the mean value of each replicate
is indicated as a symbol (triangle). The distribution of granule sizes is shown for one replicate
only. (B) Distributions of Imp partition coefficients. Partition coefficients were estimated by
dividing the maximal intensity of Me31B signal in individual RNP granules to the intensity of the
cytoplasmic diffuse pool (see Materials and Methods), and calculated for each granule detected
in the imaged fields. Three replicates were performed and the mean value of each replicate is
indicated as a symbol (triangle). The distribution of individual granule partition coefficients is
shown for one replicate only. (C) GFP signal intensities measured from brains expressing EGFP-
profilin 3’UTR. At least 16 fields were imaged per condition. Three replicates were performed
and the mean value of each replicate is indicated as a symbol (triangle). Data points were color-
coded based on the experimental replicate they belong to. ***, P<0.001 (one-way ANOVA test

with Sidak’s multiple comparison tests, performed on individual data points). n.s. stands for not

significant.
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Figure S4. Impact of PKA inactivation of Me31B-containing granule size — related to Figure
5

(A) Size of Me31B-containing granules in control (ctrl) and heterozygous (me31BAl/+ or
me31BA2/+) brains from 2 day- (young) or 37-40 day- (aged) flies. Values were normalized to

the control condition. Three replicates were performed and the mean value of each replicate is
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indicated as a symbol (triangle). The distribution of granule sizes is shown for one replicate only.
* P<0.05; *** P<0.001 (one-way ANOVA test with Sidak’s multiple comparison tests,

performed on individual data points). n.s. stands for not significant.
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Figure S5. Translation, not RNA stability is modified upon aging — related to Figure 6

(A) Numbers of gfp smFISH spots (per surface area) in 2 day- (young) and 37-40 day- (aged)
brains expressing EGFP-profilin (left) or SV40 (right) 3’UTR reporters. Values were normalized
to the young condition. Two replicates were performed and the mean value of each replicate is
indicated as a symbol (triangle). Data points were color-coded based on the experimental replicate
they belong to. (B) Endogenous profilin RNA levels. RNA levels were quantified by quantitative
RT-PCR and normalized to those of rp49 and rpl7. n.s. stands for not significant. (C) Normalized
Profilin protein levels measured after immunostaining on 2 day (young) or 37-38 (aged) day-old

Drosophila brains. ***, P<0.001 (Mann Whitney test).
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Figure S6. Imp is phosphorylated on Serines, but its putative PKA phosphorylation sites are
dispensable for Imp condensation.

(A) Western-Blot performed on fractions recovered after immuno-precipitation of GFP-Imp
proteins from GFP-Imp-GO080 head lysates. Head lysates were prepared from 2 day-old (young)
or 37-40 day- old (aged) flies. Two different anti-phos-Ser antibodies were used for the Western-
Blot: a mouse anti-Phos-Ser (Sigma #P3430; upper panel) and a rabbit anti-Phos-Ser (Abcam
#ab9332; lower panel). Both revealed bands co-localizing with the GFP-Imp ones. (B) Cell bodies
of MB y neurons from 37-40 day-old control GFP-Imp-G080 (left) and mutant GFP-Imp--S58A-
S98A-T349A (right) brains. Imp condensed to a similar degree in both conditions. Scale bar: 5

pm.

33



dwj Jo uoiealIpoN

ou osag v09€€ d-Lip svn d-1lp
ou Jsdad ZvllS WNY AV41 Svn VAL
ou aJsdad .9¢ WNY ANV4L SVN uoljouny [eLIpuoyYI0IN
ou Jsag €8.1S VN THNS SvN Luns
ou 2sdd €8/18 VN THNS SvN
ou Jsdad 06STY IVNY €BIN SYN| dsesaysuesy [Ay1sN
ou 0sdd 62819 IVNY yrw
ou 2sdd Se6v.c IVNY Y
Ye|[asnyisIN
ou Jsdad 968.¢ juenw yuw
ou Jsdd Y6119 Ly svn sauab parejal-bulby
ou 2sag oTZhY (uoissaudxa ybiy) TIIS SYN
ou 2sadg LT2YY (uoissaidxa moj) TMIS SYN TUIS
ou Jsdad 169¢€S WNY TUIS SYN
ou 0sdad €19T¢E IWNY 2HIS SvN IS
ou 2sdd £9¢8 VO dul svn
dul Kemyied uinsu)
ou JSdad 148 Na dul SvNn
ou Sewoy] p[einaN ThresyN:disy‘mA 10y ABeydoiny
ou 2Ssdd 9¥8S IMOLOSH SVN 0£3SH
ou Jsdad 65002 Zzdsy svn ds sauoJadeyd
ou QdaA 2E9EYA (a9) WNY zzdsy svn ce oS
ou T29ve V1eD-SvNn aseleie)
ou eineT uejog Eu\_uOm svn NO>U\Hmu SvNn ose|eled pue pos
ou Jsdad 6965¢ IWVNY ¢PoS-Svn
ou 9sas $089€ NY TPOS-SVN S04
ou 2Ssdad G09<E TPOS-SvN TpoS
ou Jsdad T6ite WNY'TPOS-SvN
PASEEI!
pabe ul uoljesuapuod 92I1n0g ERIVETETEY Do JolS 10N41SU0D auao Remyred

Buriaisnjo dwy Jo SIaA}Ipow 10J USBIIS BAIIB|S BY) Ul PaIsal Saul| Jo 1S IS a|qel

Table S1. List of pathways tested to identify potential regulator of IMP granule remodeling

upon aging.

34



7.7. References

Akalal DB, Yu D, Davis RL. 2010. A late-phase, long-term memory trace forms in the y neurons of
Drosophila mushroom bodies after olfactory classical conditioning. J Neurosci 30: 16699-16708.

Alberti S. 2017a. Phase separation in biology. Curr Biol 27: R1097-R1102.

-.2017b. The wisdom of crowds: regulating cell function through condensed states of living matter. J Cell
Sci 130: 2789-2796.

Alberti S, Hyman AA. 2016. Are aberrant phase transitions a driver of cellular aging? Bioessays 38: 959-
968.

Anisimova AS, Alexandrov Al, Makarova NE, Gladyshev VN, Dmitriev SE. 2018. Protein synthesis and
quality control in aging. Aging 10: 4269-4288.

Banani SF, Lee HO, Hyman AA, Rosen MK. 2017. Biomolecular condensates: organizers of cellular
biochemistry. Nat Rev Mol Cell Biol 18: 285-298.

Banani SF, Rice AM, Peeples WB, Lin Y, Jain S, Parker R, Rosen MK. 2016. Compositional Control of
Phase-Separated Cellular Bodies. Cell 166: 651-663.

Bellon A, Iyer A, Bridi S, Lee FCY, Ovando-Vazquez C, Corradi E, Longhi S, Roccuzzo M, Strohbuecker
S, Naik S et al. 2017. miR-182 Regulates Slit2-Mediated Axon Guidance by Modulating the Local
Translation of a Specific mRNA. Cell Rep 18: 1171-1186.

Bowden HA, Dormann D. 2016. Altered mRNP granule dynamics in FTLD pathogenesis. J Neurochem
138 Suppl 1: 112-133.

Brangwynne CP, Eckmann CR, Courson DS, Rybarska A, Hoege C, Gharakhani J, Jiilicher F, Hyman AA.
2009. Germline P granules are liquid droplets that localize by controlled dissolution/condensation. Science
(New York, NY) 324: 1729-1732.

Buchan JR. 2014. mRNP granules. Assembly, function, and connections with disease. RNA Bio/ 11: 1019-
1030.

Cohan MC, Pappu RV. 2020. Making the Case for Disordered Proteins and Biomolecular Condensates in
Bacteria. Trends Biochem Sci.

Conicella AE, Zerze GH, Mittal J, Fawzi NL. 2016. ALS Mutations Disrupt Phase Separation Mediated by
a-Helical Structure in the TDP-43 Low-Complexity C-Terminal Domain. Structure (London, England :
1993) 24: 1537-1549.

Cougot N, Bhattacharyya SN, Tapia-Arancibia L, Bordonne R, Filipowicz W, Bertrand E, Rage F. 2008.
Dendrites of mammalian neurons contain specialized P-body-like structures that respond to neuronal
activation. J Neurosci 28: 13793-13804.

De Graeve F, Besse F. 2018. Neuronal RNP granules: from physiological to pathological assemblies. Biol
Chem 399: 623-635.

De Graeve F, Debreuve E, Rahmoun S, Ecsedi S, Bahri A, Hubstenberger A, Descombes X, Besse F. 2019.
Detecting and quantifying stress granules in tissues of multicellular organisms with the Obj.MPP analysis
tool. Traffic.

Decker CJ, Parker R. 2012. P-bodies and stress granules: possible roles in the control of translation and
mRNA degradation. Cold Spring Harb Perspect Biol 4: a012286.

Ditlev JA, Case LB, Rosen MK. 2018. Who's In and Who's Out-Compositional Control of Biomolecular
Condensates. J Mol Biol 430: 4666-4684.

Dunn TA, Wang CT, Colicos MA, Zaccolo M, DiPilato LM, Zhang J, Tsien RY, Feller MB. 2006. Imaging
of cAMP levels and protein kinase A activity reveals that retinal waves drive oscillations in second-
messenger cascades. J Neurosci 26: 12807-12815.

El Fatimy R, Davidovic L, Tremblay S, Jaglin X, Dury A, Robert C, De Koninck P, Khandjian EW. 2016.
Tracking the Fragile X Mental Retardation Protein in a Highly Ordered Neuronal RiboNucleoParticles
Population: A Link between Stalled Polyribosomes and RNA Granules. PLoS Genet 12: ¢1006192.

35



Formicola N, Vijayakumar J, Besse F. 2019. Neuronal ribonucleoprotein granules: Dynamic sensors of
localized signals. Traffic 20: 639-649.

Fritzsche R, Karra D, Bennett KL, Ang FY, Heraud-Farlow JE, Tolino M, Doyle M, Bauer KE, Thomas S,
Planyavsky M et al. 2013. Interactome of two diverse RNA granules links mRNA localization to
translational repression in neurons. Cell Rep 5: 1749-1762.

Gerbich TM, McLaughlin GA, Cassidy K, Gerber S, Adalsteinsson D, Gladfelter AS. 2020.
Phosphoregulation provides specificity to biomolecular condensates in the cell cycle and cell polarity. The
Journal of cell biology 219.

Gopal PP, Nirschl JJ, Klinman E, Holzbaur EL. 2017. Amyotrophic lateral sclerosis-linked mutations
increase the viscosity of liquid-like TDP-43 RNP granules in neurons. Proc Natl Acad Sci U S A 114:
E2466-E2475.

Hillebrand J, Pan K, Kokaram A, Barbee S, Parker R, Ramaswami M. 2010. The Me31B DEAD-Box
Helicase Localizes to Postsynaptic Foci and Regulates Expression of a CaMKII Reporter mRNA in
Dendrites of Drosophila Olfactory Projection Neurons. Front Neural Circuits 4: 121.

Hofweber M, Dormann D. 2018. Friend or foe - post-translational modifications as regulators of phase
separation and RNP granule dynamics. J Biol Chem 294: 7137-7150.

Hubstenberger A, Courel M, Bénard M, Souquere S, Ernoult-Lange M, Chouaib R, Yi Z, Morlot JB,
Munier A, Fradet M et al. 2017. P-Body Purification Reveals the Condensation of Repressed mRNA
Regulons. Molecular cell 68: 144-157.¢145.

Huttelmaier S, Zenklusen D, Lederer M, Dictenberg J, Lorenz M, Meng X, Bassell GJ, Condeelis J, Singer
RH. 2005. Spatial regulation of beta-actin translation by Src-dependent phosphorylation of ZBP1. Nature
438: 512-515.

Hyman AA, Weber CA, Jiilicher F. 2014. Liquid-liquid phase separation in biology. Annual review of cell
and developmental biology 30: 39-58.

Jain S, Wheeler JR, Walters RW, Agrawal A, Barsic A, Parker R. 2016. ATPase-Modulated Stress Granules
Contain a Diverse Proteome and Substructure. Cel/ 164: 487-498.

Keene AC, Waddell S. 2007. Drosophila olfactory memory: single genes to complex neural circuits. Nature
reviews Neuroscience 8: 341-354.

Keleman K, Kriittner S, Alenius M, Dickson BJ. 2007. Function of the Drosophila CPEB protein Orb2 in
long-term courtship memory. Nature neuroscience 10: 1587-1593.

Khong A, Matheny T, Jain S, Mitchell SF, Wheeler JR, Parker R. 2017. The Stress Granule Transcriptome
Reveals Principles of mRNA Accumulation in Stress Granules. Molecular cell 68: 808-820.e805.

Kim TH, Tsang B, Vernon RM, Sonenberg N, Kay LE, Forman-Kay JD. 2019. Phospho-dependent phase
separation of FMRP and CAPRINI1 recapitulates regulation of translation and deadenylation. Science (New
York, NY) 365: 825-829.

Kina H, Yoshitani T, Hanyu-Nakamura K, Nakamura A. 2019. Rapid and efficient generation of GFP-
knocked-in Drosophila by the CRISPR-Cas9-mediated genome editing. Development, Growth and
Differentiation 61: 265-275.

Kohrmann M, Luo M, Kaether C, DesGroseillers L, Dotti CG, Kiebler MA. 1999. Microtubule-dependent
recruitment of Staufen-green fluorescent protein into large RNA-containing granules and subsequent
dendritic transport in living hippocampal neurons. Mo! Biol Cell 10: 2945-2953.

Krichevsky AM, Kosik KS. 2001. Neuronal RNA granules: a link between RNA localization and
stimulation-dependent translation. Neuron 32: 683-696.

Kroschwald S, Maharana S, Mateju D, Malinovska L, Niiske E, Poser I, Richter D, Alberti S. 2015.
Promiscuous interactions and protein disaggregases determine the material state of stress-inducible RNP
granules. eLife 4: e06807.

Langdon EM, Qiu Y, Ghanbari Niaki A, McLaughlin GA, Weidmann CA, Gerbich TM, Smith JA,
Crutchley JM, Termini CM, Weeks KM et al. 2018. mRNA structure determines specificity of a polyQ-
driven phase separation. Science (New York, NY) 360: 922-927.

36



Leung KM, van Horck FP, Lin AC, Allison R, Standart N, Holt CE. 2006. Asymmetrical beta-actin mRNA
translation in growth cones mediates attractive turning to netrin-1. Nature neuroscience 9: 1247-1256.

Li YR, King OD, Shorter J, Gitler AD. 2013. Stress granules as crucibles of ALS pathogenesis. The Journal
of cell biology 201: 361-372.

Lord SJ, Velle KB, Mullins RD, Fritz-Laylin LK. 2020. SuperPlots: Communicating reproducibility and
variability in cell biology. The Journal of cell biology 219.

Markmiller S, Soltanieh S, Server KL, Mak R, Jin W, Fang MY, Luo EC, Krach F, Yang D, Sen A et al.
2018. Context-Dependent and Disease-Specific Diversity in Protein Interactions within Stress Granules.
Cell 172: 590-604.e513.

Mayford M, Baranes D, Podsypanina K, Kandel ER. 1996. The 3'-untranslated region of CaMKII alpha is
a cis-acting signal for the localization and translation of mRNA in dendrites. Proc Natl Acad Sci U S A 93:
13250-13255.

Medioni C, Ephrussi A, Besse F. 2015. Live imaging of axonal transport in Drosophila pupal brain explants.
Nat Protoc 10: 574-584.

Medioni C, Ramialison M, Ephrussi A, Besse F. 2014. Imp promotes axonal remodeling by regulating
profilin mRNA during brain development. Curr Biol 24: 793-800.

Mikl M, Vendra G, Kiebler MA. 2011. Independent localization of MAP2, CaMKIlalpha and beta-actin
RNAs in low copy numbers. EMBO Rep 12: 1077-1084.

Miller LC, Blandford V, McAdam R, Sanchez-Carbente MR, Badeaux F, DesGroseillers L, Sossin WS.
2009. Combinations of DEAD box proteins distinguish distinct types of RNA: protein complexes in
neurons. Molecular and cellular neurosciences 40: 485-495.

Mittag T, Parker R. 2018. Multiple Modes of Protein-Protein Interactions Promote RNP Granule Assembly.
J Mol Biol 430: 4636-4649.

Moon IS, Cho SJ, Seog DH, Walikonis R. 2009. Neuronal activation increases the density of eukaryotic
translation initiation factor 4E mRNA clusters in dendrites of cultured hippocampal neurons. Experimental
& molecular medicine 41: 601-610.

Nakamura A, Amikura R, Hanyu K, Kobayashi S. 2001. Me3 1B silences translation of oocyte-localizing
RNAs through the formation of cytoplasmic RNP complex during Drosophila oogenesis. Development 128:
3233-3242.

Nezis IP, Simonsen A, Sagona AP, Finley K, Gaumer S, Contamine D, Rusten TE, Stenmark H, Brech A.
2008. Ref(2)P, the Drosophila melanogaster homologue of mammalian p62, is required for the formation
of protein aggregates in adult brain. The Journal of cell biology 180: 1065-1071.

Ori A, Toyama BH, Harris MS, Bock T, Iskar M, Bork P, Ingolia NT, Hetzer MW, Beck M. 2015.
Integrated Transcriptome and Proteome Analyses Reveal Organ-Specific Proteome Deterioration in Old
Rats. Cell systems 1: 224-237.

Patel A, Lee HO, Jawerth L, Maharana S, Jahnel M, Hein MY, Stoynov S, Mahamid J, Saha S, Franzmann
TM et al. 2015. A Liquid-to-Solid Phase Transition of the ALS Protein FUS Accelerated by Disease
Mutation. Cell 162: 1066-1077.

Piper M, Anderson R, Dwivedy A, Weinl C, van Horck F, Leung KM, Cogill E, Holt C. 2006. Signaling
mechanisms underlying Slit2-induced collapse of Xenopus retinal growth cones. Neuron 49: 215-228.

Protter DSW, Rao BS, Van Treeck B, Lin Y, Mizoue L, Rosen MK, Parker R. 2018. Intrinsically
Disordered Regions Can Contribute Promiscuous Interactions to RNP Granule Assembly. Cell Rep 22:
1401-1412.

Ramachandran V, Shah KH, Herman PK. 2011. The cAMP-dependent protein kinase signaling pathway is
a key regulator of P body foci formation. Molecular cell 43: 973-981.

Ramaswami M, Taylor JP, Parker R. 2013. Altered ribostasis: RNA-protein granules in degenerative
disorders. Cell 154: 727-736.

Riback JA, Brangwynne CP. 2020. Can phase separation buffer cellular noise? Science (New York, NY)
367: 364-365.

37



Riggs CL, Kedersha N, Ivanov P, Anderson P. 2020. Mammalian stress granules and P bodies at a glance.
J Cell Sci 133.

Sachdev R, Hondele M, Linsenmeier M, Vallotton P, Mugler CF, Arosio P, Weis K. 2019. Patl promotes
processing body assembly by enhancing the phase separation of the DEAD-box ATPase Dhhl and RNA.
elife 8.

Sanders DW, Kedersha N, Lee DSW, Strom AR, Drake V, Riback JA, Bracha D, Eeftens JM, Iwanicki A,
Wang A et al. 2020. Competing Protein-RNA Interaction Networks Control Multiphase Intracellular
Organization. Cel/ 181: 306-324 e328.

Shin Y, Brangwynne CP. 2017. Liquid phase condensation in cell physiology and disease. Science (New
York, NY) 357.

Snead WT, Gladfelter AS. 2019. The Control Centers of Biomolecular Phase Separation: How Membrane
Surfaces, PTMs, and Active Processes Regulate Condensation. Molecular cell 76: 295-305.

Stegeman R, Weake VM. 2017. Transcriptional Signatures of Aging. J Mol Biol 429: 2427-2437.

Tang NH, Kim KW, Xu S, Blazie SM, Yee BA, Yeo GW, Jin Y, Chisholm AD. 2020. The mRNA Decay
Factor CAR-1/LSM 14 Regulates Axon Regeneration via Mitochondrial Calcium Dynamics. Curr Biol 30:
865-876.e867.

Tiruchinapalli DM, Oleynikov Y, Kelic S, Shenoy SM, Hartley A, Stanton PK, Singer RH, Bassell GJ.
2003. Activity-dependent trafficking and dynamic localization of zipcode binding protein 1 and beta-actin
mRNA in dendrites and spines of hippocampal neurons. J Neurosci 23: 3251-3261.

Topisirovic I, Siddiqui N, Orolicki S, Skrabanek LA, Tremblay M, Hoang T, Borden KL. 2009. Stability
of eukaryotic translation initiation factor 4E mRNA is regulated by HuR, and this activity is dysregulated
in cancer. Molecular and cellular biology 29: 1152-1162.

Treek T, Lehmann R. 2019. Germ granules in Drosophila. Traffic 20: 650-660.

Tsang B, Arsenault J, Vernon RM, Lin H, Sonenberg N, Wang LY, Bah A, Forman-Kay JD. 2019.
Phosphoregulated FMRP phase separation models activity-dependent translation through bidirectional
control of mRNA granule formation. Proc Natl Acad Sci U S A.

Tudisca V, Recouvreux V, Moreno S, Boy-Marcotte E, Jacquet M, Portela P. 2010. Differential localization
to cytoplasm, nucleus or P-bodies of yeast PKA subunits under different growth conditions. European
Journal of cell biology 89: 339-348.

Turrel O, Rabah Y, Plagais PY, Goguel V, Preat T. 2020. Drosophila Middle-Term Memory: Amnesiac is
Required for PKA Activation in the Mushroom Bodies, a Function Modulated by Neprilysin 1. J Neurosci
40: 4219-4229.

Van Treeck B, Parker R. 2018. Emerging Roles for Intermolecular RNA-RNA Interactions in RNP
Assemblies. Cell 174: 791-802.

Vijayakumar J, Perrois C, Heim M, Bousset L, Alberti S, Besse F. 2019. The prion-like domain of
Drosophila Imp promotes axonal transport of RNP granules in vivo. Nat Commun 10: 2593.

Voronina E, Seydoux G, Sassone-Corsi P, Nagamori I. 2011. RNA granules in germ cells. Cold Spring
Harb Perspect Biol 3.

Walther DM, Mann M. 2011. Accurate quantification of more than 4000 mouse tissue proteins reveals
minimal proteome changes during aging. Molecular & cellular proteomics : MCP 10: M110.004523.

Wang C, Schmich F, Srivatsa S, Weidner J, Beerenwinkel N, Spang A. 2018. Context-dependent deposition
and regulation of mRNAs in P-bodies. eLife 7.

Wood SH, Craig T, Li Y, Merry B, de Magalhaes JP. 2013. Whole transcriptome sequencing of the aging
rat brain reveals dynamic RNA changes in the dark matter of the genome. Age (Dordrecht, Netherlands)
35: 763-776.

Yamazaki D, Horiuchi J, Nakagami Y, Nagano S, Tamura T, Saitoe M. 2007. The Drosophila DCO
mutation suppresses age-related memory impairment without affecting lifespan. Nature neuroscience 10:
478-484.

Youn JY, Dyakov BJA, Zhang J, Knight JDR, Vernon RM, Forman-Kay JD, Gingras AC. 2019. Properties
of Stress Granule and P-Body Proteomes. Molecular cell 76: 286-294.

38



Zeitelhofer M, Karra D, Macchi P, Tolino M, Thomas S, Schwarz M, Kiebler M, Dahm R. 2008. Dynamic
interaction between P-bodies and transport ribonucleoprotein particles in dendrites of mature hippocampal
neurons. J Neurosci 28: 7555-7562.

39



Chapter III

Discussion

63



8. Discussion and perspectives

8.1. Loss of granule heterogeneity upon aging

Multiplexing analyses to identify the composition of purified neuronal RNP granules have shown
that multiple types of RNP granules can be present in the same cell, having partial overlapping
content. For instance, two distinct RNP granules isolated from rat brain lysates and characterized
by the presence of Staufen2 or Barentz shared only one-third of their protein components.
Characterization of the RNA content of these two granules did not show any significant overlap,
indicating that neuronal RNP granules are very heterogenous in composition (Fritzsche et al.,
2013; Heraud-Farlow et al., 2013). Interestingly, neuronal RNP granule composition can change
with time, for example, during differentiation or in response to activity. Such a process is seen
during the maturation of cultured hippocampal neurons; 90% Pur-a granules found in immature
neurons contain Staufenl as an interacting partner, whereas this proportion reduces to 50% in
mature neurons (Mitsumori et al., 2017). Another example is the KCI-induced neuronal
depolarization, which was shown to trigger the association of FMRP, Staufen, and TDP43 in
common RNP granules (Wang et al., 2008). These studies thus suggested that the collection of
distinct neuronal RNP granules and their compositional modulation may be employed by neuronal
cells to respond to changing environment and needs. How is then the sorting and composition
specificity of neuronal RNP granules regulated during cellular processes? One recently proposed
model for compositional control is the “scaffold-client model”: scaffold molecules form a core
onto which specific client molecules are dynamically and differentially recruited depending on

cellular contexts (Banani et al., 2016).

My work, using Drosophila neuronal RNP granules as a paradigm, demonstrated that RNP
component sorting and granule composition are modulated upon aging. In young cells, two
distinct populations of Me31B+ neuronal RNP granules were identified: IMP-Me31B* and
IMP*Me31B*. Upon aging, the number of Imp-Me31B* granules decreased, such that the majority
of Me31B+ granules became double positive for Me31B and IMP. This age-dependent increase
in the coalescence of Me31B and Imp is an outcome of increased Me31B protein expression.
First, there was almost a 1.5-fold increase in Me31B expression upon aging and second,
genetically reducing the levels of Me31B in old brains significantly suppressed the loss of
Me31B+ Imp- granules. This observation is in accordance with the framework developed in vitro
by Sanders et al. to explain the compositional control of RNP condensates. In this model,
competition for shared molecules controls the composition of phase separated entities and their

coexistence in cells. Increasing the concentration of a shared component leads to increased
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miscibility of initially distinct phases to form a more homogenous phase (Sanders et al., 2020).
Me31B is an RNA helicase belonging to the DEAD-box helicase family that has been shown to
establish multiple interactions. Me31B interacts using its C-ter RecA-like domain with protein
partners like EDC3 and Tral through their FDF motifs and to Hpat on its conserved N-ter
sequence. Interesting, each of these proteins compete for binding to Me31B and their interactions
are mutually exclusive (Haas et al., 2010; Tritschler et al., 2009; Tritschler et al., 2008). Me31B
can also bind multiple granule-associated mMRNAs, as shown in the Drosophila germline where it
is associating with oskar (Nakamura et al., 2001), nanos (Gotze et al., 2017), and pgc (Flora et
al., 2018). Orthologs of Me31B were also shown to undergo oligomerization in the presence of
RNA, as observed in the case of the Xenopus Xp54, further increasing their valency (Minshall &
Standart, 2004). Thus, Me31B has the properties expected from a shared multivalent node in the
Sanders et al. model. Notably, a mere increase in the stoichiometry of the common node Me31B
was insufficient to trigger the collapse of granules in vivo, as increasing the dosage of Me31B in
young brains did not induce increased condensation. This indicates an additional regulatory layer
which might involve chemical modification of constituent molecules. Chemical modifications on
protein/RNA molecules, indeed, can alter the valency of RNP constituents by modifying their
binding affinity or binding partners (Snead & Gladfelter, 2019). Consistent with this idea,

blocking PKA activity inhibits the recruitment of the client molecule IMP into RNP granules upon

aging.

Interestingly, high resolution confocal imaging of IMP*Me31B* granules revealed that the two
components did not completely mix, but rather segregated into different granule subdomains, in
both young and old brains. Similar microphases have already been observed for SGs when
following the behaviour of three SG components: G3BP1, UBAP2L and FXR1. G3BP1 does not
interact directly with FXR1, UBAP2L acts as a linker between G3BP1 and FXR1. When the ratio
of G3BP1:FXR1 concentration was low, these two proteins compete for their common linker,
thus occupying distinct microphases within the same granule. A high G3BP1:FXR1 concentration
ratio induced the formation of a homogenous phase-separated condensate (Sanders et al., 2020).
Such a mechanism involving competition for a linker molecule might also be regulating
multiphase coexistence within IMP/Me31B granules. In our study, blocking PKA activity
specifically inhibited IMP localization to RNP granules upon aging, without altering overall
Me31B granule remodelling. This could indicate the presence of a yet-to-be identified competitor
for IMP to bind Me31B. PKA mediated phosphorylation of this competitor would reduce its
affinity for Me31B, thus enabling IMP-Me31B interaction. Blocking the PKA-dependent
phosphorylation of this molecule would increase its affinity for Me31B and exclude IMP from

granules.
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Identification of the phospho-substrate(s) of PKA is now key and can be achieved using a
commercially available antibody directed against PKA phospho-target sites (a-PKA-phospho-
substrate RRXS*/T*). Two approaches can be envisaged: i) a candidate-based approach in which
the protein fraction immuno-precipitated from head lysates with this antibody would be used for
western blot using antibodies for known RNP granule components; ii) a more systematic approach
in which two consecutive immunoprecipitations would be performed (immunoprecipitation of
IMP followed by immunoprecipitation using PKA phospho-substrate antibody) and Mass
Spectrometry used to shed light onto the PKA-phosphorylated components of the IMP

interactome.
8.2.Is age-dependent RNP remodelling a boon or bane?

The large IMP/Me31B granules observed in aged MB neurons are not aggregates, as they do not
stain for ubiquitination and still dynamically exchange materials with their surroundings.
Furthermore, the observed age-dependent changes do not appear to result from a general alteration
of RNA homeostasis, as i)- not all RBPs present in neurons showed age-dependent changes, and
ii)- most of the longevity-inducing pathways tested (11S, oxidative stress etc.) did not impact on
age-dependent RNP condensation. Said so, it would be interesting to determine the physiological

impact of age-dependent neuronal RNP granule remodelling.

8.2.1. Boon - RNP granules as buffering mechanism for stochastic gene

expression

In biological systems, biochemical reactions exhibit inherent stochastic nature or noise. Such
noises indeed introduce fluctuations in RNA and protein production, which is detrimental for a
cell, negatively impacting the biosynthesis, organization, growth and replication. Noisy gene
expression is not rare, as cell populations derived from a single lineage, reared under same
environmental conditions, display variable amounts of gene expression (Symmons & Raj, 2016).
Multiplexing analyses of proteomes and transcriptomes of aging tissue at single cell-resolution
have indicated that gene expression shows huge cell-to-cell variability with progressing age (He
et al., 2020). Compartmentalization has been proposed to buffer stochastic variations and recent
evidence suggests that phase separation of biological macromolecules to form RNP granules may
contribute to this process (Riback & Brangwynne, 2020; Stoeger et al., 2016). A theoretical
framework for noise reduction by LLPS has been proposed by Klosin et al. for a system with
single phase-separating component (Klosin et al., 2020). A phase-separating component starts
forming condensates when the concentration reaches a threshold (Csa). A further increase in
concentration primarily changes size and number of condensates, keeping the dilute-phase
concentration stable. Interestingly, phase separated organelles in cells are often multicomponent

and multicomponent phase separation often does not have a fixed Cs (Riback et al., 2020). How
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do multicomponent phase-separated compartments buffer biomolecular concentration in cells?
Klosin et al. addressed this issue using phase separation of the NPM1, protein found in granule
component (GC) of nucleolus. They observed that the presence of the nucleolar GC reduces
variations in NPM1 protein concentration in the nucleoplasm. Dissolution of the nucleolar GC
during mitosis increased the noise of NPML1 protein levels in nucleoplasm (Klosin et al., 2020),

indicating that multicomponent membraneless organelles buffer biomolecular expression in cells.

In our study, we could observe an increase in the size of Me31B granules with an age-dependent
increase in Me31B amount. Whether such a change in Me31B upon aging corresponds to a
buffering mechanism remains to assessed. Theoretical frameworks mentioned above consider
phase separation as a passive mechanism to buffer increasing component concentration. In living
cells, this might not be straightforward as cells imply additional regulatory layers on phase
separation mediated via for instance post translational modifications on proteins. Indeed, my
results have indicated that increasing Me31B expression in young cells was not sufficient to

induce Me31B condensation to larger granules.

8.2.2. Bane - age-dependent memory impairment (AMI)

PKA/cAMP signalling plays a central role in regulating memory formation in metazoans (Abel
& Nguyen, 2008; Kandel, 2012). In Drosophila, the PKA pathway has been shown to be essential
for learning and memory. First, components of the PKA pathway, including PKA, are
preferentially expressed in MB neurons (Han et al., 1992; Nighorn et al., 1991; Skoulakis et al.,
1993). As revealed by recent transcriptomic analysis of isolated MB nuclei, CAMP/PKA pathway
components showed specific upregulation after memory induction (Jones et al., 2018). Second,
mutants for components of this pathway elicit memory deficits (Margulies et al., 2005).
Overexpressing PKA (Drain et al., 1991; Yamazaki et al., 2007), or decreasing PKA activity by
mutations in its catalytic subunit, impair memory (Li et al., 1996; Skoulakis et al., 1993),
indicating that learning and memory in Drosophila MB neurons is highly sensitive to PKA
expression levels and activity. Whether PKA expression and/or activity varies in these cell type
upon aging remains to be clarified. Previous work has shown that PKA expression and activity
do not globally change with age, but these analyses were carried out in entire fly head lysates,
thus masking potential cell-type differences (YYamazaki et al., 2007). Furthermore, previous
studies have shown that age-dependent alterations in PKA activity are not homogenous
throughout the brain tissue. In rat brain, for instance, there is reduction in PKA activity in the
hippocampus with advancing age, whereas PKA activity in prefrontal cortex increases upon aging
as indicated by increased levels of its phosphotarget CREB (Ramos et al., 2003). Variations in
PKA activity may even be restricted to specific subcellular compartments within Drosophila MB
neurons. Treatment with forskolin, an activator of the adenylyl cyclase enzyme that increases

CAMP levels and thus activates PKA, was indeed shown to induce a dynamic range of PKA
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activity in dendrites but not in cell bodies (Gervasi et al., 2010). Such a differential response to a
uniformly applied activator indicates the existence of functional compartmentalization within the
MBs for cAMP/PKA signalling. Measuring PKA activity in specific cell populations and in
subcellular regions upon aging is thus required to understand how aging-dependent modulations
of PKA activity affect molecular interactions and functions. Expressing reporters such as the
Foster energy resonance transfer (FRET)-based, AKAR2 (Gervasi et al., 2010) or the PKA-
phosphorylation induced LLPS reporter, SPARK (Sears & Broadie, 2020), in MB neurons can be
utilised to measure PKA activity with advancing age.

Metazoans display cognitive decline associated with advanced chronological age; a process
known as age-dependent memory impairment (AMI) (Gallagher, 1997). As shown using the
olfactory conditioning assay, Drosophila also display AMI, characterized by ~35-40% reduction
in mid-term memory (Yamazaki & Saitoe, 2008). Remarkably, this form of AMI was shown to
depend on the PKA pathway, as it was suppressed in mutants for amnesiac and dcO (pka catalytic
subunit c1) (Tamura et al., 2003; Yamazaki et al., 2007), or in flies that have reduced PKA
catalytic activity (Yamazaki et al., 2010). To date, the mechanisms downstream of the PKA
pathway regulating AMI are still unknown. Interestingly, our study has unravelled a novel role
for PKA activity in MB neurons in age-dependent condensation of RNP components and
translational repression. Blocking PKA activity by expressing a dominant negative allele of PKA,
or by knocking down pka or the PKA activator amnesiac through RNAI, inhibited IMP
condensation into the neuronal RNP granules found in old brains and led to translational
derepression. Furthermore, recent results from our lab supports the idea that IMP is essential for
memory in Drosophila, as IMP deficient flies display long-term memory deficits upon courtship
conditioning (B. De Queiroz, unpublished results). These results thus raise the hypothesis that
age-induced remodelling of IMP-positive neuronal RNP granules reduces the translation of
associated mRNAs, leading to AMI. iCLIP data from Drosophila S2R cell lysate identified Imp
mMRNA targets related to neuronal development and differentiation in the IMP interactome
(Hansen, H T, et al, Genome Biology, 2015), however a comprehensive analysis of RNA
molecules bound by IMP granules in neurons is still lacking. It would be interesting to analyze
the RNA content of IMP/Me31B granules in young and old MB neurons to identify different
interacting RNA molecules. Although RIP-seq experiments to identify Imp-bound mRNAs from
head lysates has been optimized (M. Heim and F. Besse), purification of intact granules has not.

This could be achieved using density-gradient centrifugation or FAPS.

Since cells utilize RNP granules as platforms for regulating gene expression and signalling,
neuronal IMP/Me31B RNP granule modulation by PKA pathway could be a potential mechanism
driving AMI. Identifying potential phosphorylation targets of PKA would then allow one to

address whether PKA phosphorylation of granule components result in AMI. Indeed, memory
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assays could be performed using PKA non-phosphorylatable mutants of granule components to
test this hypothesis. Such a study could unveil a novel and potentially conserved axis of regulation

involving the PKA pathway, neuronal RNP granules and AMI.
8.3. Global versus gene-specific changes in translation upon aging

Integrating genomics and proteomics approaches coupling RNA-seq, Ribo-seq and peptide mass
spectrometry has become a common theme in aging research, enabling a precise assessment of
gene expression changes in tissues and organs (He et al., 2020). Surprisingly, these studies have
shown that globally, only subtle variations in gene and protein expression are observed upon
aging, and that these variations are less important that variations between different aging tissues.
For instance, integrated genomics and proteomics studies performed on aging rat tissues have
shown that the vast majority (>90%) of genes and proteins exhibit stable expression in tissues
across aging (Jiang et al., 2001; Lee et al., 2000; Ori et al., 2015). Similarly, the majority of
proteins found in Drosophila postmitotic tissues showed minor or unaltered levels of expression
with increasing age (Yang et al., 2019). Cell or tissue-specific upregulation or downregulation of
specific pathway components are however observed upon aging. For instance, in aging fly heads,
proteins involved in oxidative phosphorylation, and TCA cycle increases, while proteasomal and
ribosomal proteins showed age-dependent reduction (Brown et al., 2018). Furthermore, a
comparison of proteomes between old rat liver and brain samples showed that a downregulation
of proteins involved in Calcium response, signal transduction, and ion channels occurs in brain,
whereas in liver proteins involved in metabolic pathways are rather downregulated (Ori et al.,
2015). Cells maintain their specific repertoire of proteins by regulating different mechanisms
ranging from transcription and translation to localization, PTM, or degradation. Which
mechanisms are modulated/altered upon aging to regulate specific sets of proteins appears to
depend on tissue type. For example, analysis of aging rat tissues has shown that 15% of transcripts
in brain are regulated at the level of translation compared to 2% in liver (Ori et al., 2015). How
cell and tissue-specific variations in gene and protein expression are molecularly regulated upon
aging still remains unexplored. Our study led to propose a mechanism by which cells can regulate
translation of specific transcripts during aging. Expression of translational reporters in neurons
did not exhibit a general trend of translation reduction, rather reporters that were specifically
enriched in IMP/Me31B RNP granules exhibited an age-dependent translational repression. We
also show that age-dependent translational repression of these target mMRNASs can be derepressed
by blocking PKA activity in aging neurons, suggesting that RNA enrichment in RNP granules
hosting translational repressors could be a potential regulated mechanism employed by neurons

to regulate specific gene and protein expression during aging.
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9. Conclusion

In conclusion, my work has shown that in a physiological context like aging, stoichiometry of
scaffold molecules regulates the sorting specificity and component composition of phase-
separated RNP granules. | also showed that, in addition to scaffold concentration, multiple
regulatory layers are imposed by cells to regulate the recruitment of client molecules. Assembly
and control of phase-separated organelles is a way cells can elicit quick and tuneable response to
changing environment. In this study, we provide evidence that neuronal cells remodel their RNP
granule repertoire in order to reduce the translation of particular mRNA molecules, which is
mediated by CAMP/PKA pathway.

There are still interesting questions that are now open for research. For example, whether RNP
granule compositional control as a function of stoichiometry holds true in other physiological
contexts like neuronal activation, development, etc. remains to be addressed. Furthermore, my
work uncovered that the dynamic nature of IMP and Me31B in granules is preserved upon aging,
a result contradicting to the prevailing notion that aging increases aggregation propensity. What
are the molecular mechanisms that cells employ to counteract aggregation of RNP granules upon
aging thus remains to be investigated? Also, we observed a reduction in the heterogeneity of types
of RNP granules in neuronal cells upon aging. What can we infer from this reduced heterogeneity?
My work emphasizes the necessity to look at condensate formation with a physiological context

lens.
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Local Translation in Axons: When
Membraneless RNP Granules Meet
Membrane-Bound Organelles

Kavya Vinayan Pushpalatha and Florence Besse*

Université Cote d’Azur, CNRS, Inserm, Institut de Biology Valrose, Nice, France

Eukaryotic cell compartmentalization relies on long-known membrane-delimited
organelles, as well as on more recently discovered membraneless macromolecular
condensates. How these two types of organelles interact to regulate cellular functions
is still largely unclear. In this review, we highlight how membraneless ribonucleoprotein
(RNP) organelles, enriched in RNAs and associated regulatory proteins, cooperate
with - membrane-bound organelles for tight spatio-temporal control of gene expression
in the axons of neuronal cells. Specifically, we present recent evidence that motile
membrane-bound organelles are used as vehicles by RNP cargoes, promoting the
long-range transport of MRNA molecules to distal axons. As demonstrated by recent
work, membrane-bound organelles also promote local protein synthesis, by serving as
platforms for the local translation of mMRNAs recruited to their outer surface. Furthermore,
dynamic and specific association between RNP cargoes and membrane-bound
organelles is mediated by bi-partite adapter molecules that interact with both types of
organelles selectively, in a regulated-manner. Maintaining such a dynamic interplay is
critical, as alterations in this process are linked to neurodegenerative diseases. Together,
emerging studies thus point to the coordination of membrane-bound and membraneless
organelles as an organizing principle underlying local cellular responses.

Keywords: RNA transport, local translation, RNP granules, axon, vesicular trafficking, mitochondria

INTRODUCTION

Neurons are highly polarized cells that establish long-distance contacts with numerous other
cells by extending cellular processes specialized in information transfer, processing and storage.
During nervous system development, neurons in particular extend growing axons that navigate
toward specific targets and branch in response to chemical and mechanical cues. Axonal processes
then mature into presynaptic terminals that are actively maintained in response to neurotrophic
factors and locally remodeled upon neuronal activity. Thus, both immature and mature axons
must dynamically adjust their molecular content to respond rapidly to localized extracellular cues.
Local translation of mRNAs targeted to axonal compartments has proven to be a very efficient
means employed by neuronal cells to regulate their axonal proteome with high spatio-temporal
resolution (Jung et al., 2012; Sahoo et al., 2018; Holt et al., 2019). Indeed, recent in vitro and in vivo
transcriptome-wide studies have revealed that up to hundreds of transcripts are found in axons
and translated in response to specific cues (Zivraj et al., 2010; Gumy et al., 2011; Shigeoka et al.,
2016; Cagnetta et al., 2018; Poulopoulos et al., 2019). Furthermore, functionally relevant changes
in the axonal translatome are observed during nervous system maturation, upon switching from
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Axonal Membrane-Bound and RNP Organelles

axonal elongation to neurotransmission (Shigeoka et al., 2016).
Both specific targeting of mRNAs and tight translational
regulation are controlled by RNA binding proteins (RBPs) that
recognize distinct sets of transcripts and assemble with their
targets into macromolecular ribonucleoprotein (RNP) assemblies
termed RNP granules (Muller-McNicoll and Neugebauer, 2013;
De Graeve and Besse, 2018; Gallagher and Ramos, 2018;
Formicola et al., 2019). These granules are actively transported
along axons and contribute to translational control dually, on
one hand by participating to the repression of their associated
mRNAs during transport, and on the other hand by fuelling local
protein synthesis upon cue-induced remodeling (De Graeve and
Besse, 2018; Formicola et al., 2019). As revealed by recent in
vitro and in vivo work, neuronal RNP granules result from a
self-assembly process that generates phase-separated condensates
selectively concentrating RNA and protein molecules (Murakami
et al, 2015; Patel et al., 2015; Gopal et al., 2017; Shin and
Brangwynne, 2017; Tsang et al., 2019). While this discovery nicely
explains the dynamic behavior of these membraneless organelles,
it does not shed light onto how RNP granules are hooked to the
transport machinery for long-distance transport, or how they are
linked to the translational machinery.

In this review, we first present recent work describing
the material properties of RNP condensates. We then discuss
recent evidence suggesting that RNP condensates tightly interact
with membrane-bound organelles undergoing active, motor-
driven motion for their transport to axons. Tight connections
between membraneless RNP granules and axonally-localized
membrane-bound organelles are also crucial for translation, as
both mitochondria and endosomes were shown to serve as
platforms supporting local protein synthesis. Understanding how
these connections are regulated is key, and we highlight here
the major role played by adapter molecules that bridge the two
types of organelles specifically, in response to local signals. In the
last part of this review, we present a model whereby targeting of
RNP granules to distinct membrane-bound organelles or sub-
cellular compartments may lead to stimuli-specific translation
activation patterns. Finally, evidence linking altered interactions
between RNP granule and membrane-bound organelles with the
progression of neurodegenerative diseases is discussed.

NEURONAL RNP GRANULES ARE
MEMBRANELESS PHASE-SEPARATED
ORGANELLES

Cellular and biochemical studies have defined neuronal RNP
granules as macromolecular entities enriched in RNA and
associated RNA binding proteins, and detected as punctate
structures by light microscopy (De Graeve and Besse, 2018;
Formicola et al., 2019). Characterization of RNP granule
content, on one hand, revealed that neuronal RNP granules
are not all identical, but rather contain heterogeneous sets of
regulatory proteins and target RNAs (De Graeve and Besse,
2018). For example, a minimal overlap was observed in both
the protein and the RNA content of RNP granules purified
from rat brain using two established RBP markers: Staufen2

and Barentsz (Fritzsche et al., 2013; Heraud-Farlow et al.,
2013). Furthermore, differences in granule composition were
observed when comparing dendritically- and axonally-localized
FMRP-positive granules (Christie et al., 2009). Ultra-structural
analyses, on the other hand, demonstrated that RNP granules
are not bound by a membrane, defining them as bona fide
membraneless organelles (Knowles et al., 1996; Krichevsky and
Kosik, 2001; Elvira et al, 2006; El Fatimy et al, 2016). If
neuronal RNP granules are not delimited by a membrane, how
are their constituent molecules then assembling into coherent
and delimited entities? Extensive recent work performed in
cells and in reconstituted systems has demonstrated that RNP
granules in fact behave as liquid-like condensates that form
through liquid-liquid phase separation, i.e., by demixing of their
components from the cytoplasm (Weber and Brangwynne, 2012;
Alberti, 2017; Banani et al, 2017; Mittag and Parker, 2018;
Van Treeck and Parker, 2018). Such a self-assembly mechanism
relies on the establishment of dense and dynamic networks
of RNA-RNA, RNA-protein and protein-protein interactions
(Mittag and Parker, 2018; Van Treeck and Parker, 2018). It
involves multivalent molecular interactions mediated by repeated
domains as well as low-complexity domains that are prone
to interact with both RNA and protein and frequently found
in neuronal RBPs (Formicola et al, 2019; Franzmann and
Alberti, 2019). Consistent with surface tension dictating their
morphology, neuronal RNP granules are spherical at rest and
deform under the shear stress induced by fast axonal transport
(Gopal et al, 2017; Andrusiak et al, 2019). Furthermore,
combining high resolution imaging with FRAP experiments
revealed that neuronal RNP granules behave as droplets,
undergoing fusion with characteristic relaxation times together
with rapid internal rearrangements and constant exchange with
the surrounding cytoplasm (Cougot et al., 2008; Park et al., 2014;
El Fatimy et al., 2016; Gopal et al., 2017; Andrusiak et al., 2019).
A remarkable feature of phase-separated organelles is their
capacity to rapidly and reversibly disassemble, or modulate their
dynamic properties and composition in response to changes in
the phase behavior of their constituent molecules (Banani et al.,
2017). In the axons of cultured neurons, for example, TDP-
43-containing granules with different properties are observed:
while rather static granules with a low turnover rate are observed
proximally, highly dynamic granules, strongly dependent on
weak hydrophobic interactions, are observed more distally
(Gopal et al., 2017). Although the origin of such differences
is still unclear, they likely reflect subcellular heterogeneities in
the concentrations of granule components, cations, or biological
hydrotropes along neuronal processes (Buxbaum et al., 2014;
Patel et al., 2017; Onuchic et al., 2019). More acute changes
in granule properties are also observed in response to external
stimuli. In C. elegans mechanosensory neurons, for example,
axotomy induces within minutes an increase in the number of
TIAR-2-containing axonal granules together with a change in
their material properties manifested by a reduction in granule
fusion events and circularity (Andrusiak et al, 2019). Point
mutations preventing these changes inhibit the function of TIAR-
2 in axon regeneration, highlighting the functional importance
of controlling phase behavior. Understanding the nature and

Frontiers in Molecular Biosciences | www.frontiersin.org

November 2019 | Volume 6 | Article 129


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Pushpalatha and Besse

Axonal Membrane-Bound and RNP Organelles

precise impact of the molecular determinants modulating phase
separation has been the subject of intensive research, and
it has become clear that modifications of both proteins and
RNAs play a very important role in this process. By altering
charge or steric properties, post-translational modifications
(PTMs) of RNA binding proteins, including phosphorylation,
SUMOylation or methylation, were indeed shown to positively
or negatively modulate cis- and trans-interactions, thus altering
phase separation and molecule partitioning in reconstituted
systems (Hofweber and Dormann, 2019). In neuronal cells,
preventing PTMs of granule-associated proteins was shown to
alter granule component oligomerization, as well as granule
dynamics, nucleation and/or growth (Majumdar et al., 2012;
Khayachi et al., 2018; Qamar et al, 2018; Andrusiak et al.,
2019; Ford et al,, 2019). Such changes in granule properties
were associated with impaired axonal translation (Qamar et al.,
2018), regenerative capacities (Andrusiak et al., 2019), synaptic
properties (Khayachi et al, 2018), or long-term memory
(Majumdar et al., 2012; White-Grindley et al., 2014), highlighting
that PTMs of neuronal RBPs are essential for the tight regulation
of RNP granule function. More recently, chemical modification
of RNA molecules, in particular m6A methylation, was also
shown to regulate phase behavior in vitro and to impact on
the recruitment of RNP components in cells (Ries et al., 2019),
although evidence for a role of m6A in the assembly and
regulation of constitutive neuronal RNP granules is still lacking.
Together, these studies have provided a conceptual framework
explaining the dynamic regulatory properties of membraneless
RNP organelles. To date, a few studies have started investigating
how phase behavior impacts on the translation repressor function
of RNP granule components (Khan et al., 2015; Kim et al., 2019;
Tsang et al., 2019). However, we still lack a precise understanding
of how individual activities might be coordinated in the context
of these macromolecular complexes. Furthermore, how such
dynamic assemblies connect to the transport machinery and
travel over long distances along axons remains unclear.

MEMBRANE-BOUND ORGANELLES AS
VEHICLES FOR AXONAL TRANSPORT OF
RNAs

In vitro and ex vivo live-imaging of fluorescently-tagged mRNAs
or their associated RBPs has revealed that RNP assemblies are
transported to distal axons through active, bi-directional motion
characterized by the presence of both anterograde and retrograde
processive events interspaced by long stationary phases (Knowles
et al., 1996; Tiruchinapalli et al., 2003; Leung et al., 2006, 2018;
Nalavadi et al., 2012; Alami et al.,, 2014; Medioni et al., 2014;
Gopal et al., 2017; Wong et al., 2017; De Graeve and Besse, 2018;
Turner-Bridger et al., 2018; Vijayakumar et al., 2019). Long-range
transport of RNP granules along the axon shaft relies on the
integrity of the microtubule cytoskeleton (Knowles et al., 1996;
Medioni et al., 2014; Leung et al., 2018) and likely requires the
combined activity of kinesin and dynein motors, although direct
evidence is still scarce (Das et al., 2019). How are molecular
motors recruited to RNP assemblies for their transport to axons?

Physical interactions between neuronal RBPs and molecular
motors have been described (Figure 1A; Kanai et al., 2004;
Davidovic et al., 2007; Dictenberg et al., 2008; Bianco et al., 2010;
Urbanska et al., 2017), suggesting that RBPs may engage motor
proteins through direct or adaptor-mediated binding. Recent
lines of evidence, however, have challenged this classical view and
proposed that RNP cargoes may hitchhike on motile membrane-
bound organelles for their subcellular trafficking (Jansen et al,,
2014; Salogiannis and Reck-Peterson, 2017).

Intimate connections between localizing mRNAs and ER-
related endomembranes have long been described in non-
neuronal cells (e.g., vertebrate and invertebrate oocytes, yeast),
where ER tubules were shown to promote the targeting of
mRNAs encoding membrane and secreted proteins, possibly
facilitating their local translation (Trautwein et al., 2004; Cohen,
2005; Schmid et al., 2006). In motor neurons, evidence for axonal
co-trafficking of golgi-derived coat protein I (COPI) vesicles and
the RNP chaperone SMN, together with the demonstration that
COPI subunits physically and functionally interact with axonally-
localized mRNAs, had also suggested that RNP trafficking may
be facilitated by membrane-bound components (Bi et al., 2007;
Peter et al., 2011; Todd et al., 2013).

Direct evidence that membrane-bound organelles undergoing
bi-directional, microtubule-dependent motion may serve
as vehicles for the transport or mRNA molecules arose
more recently, first through elegant work performed in the
filamentous fungus Ustilago maydis. In this model, Kinesin and
dynein-dependent co-transport of Rab5a-positive endosomes
and RNP components was observed along the elongating
hyphal processes (Baumann et al., 2012, 2014). Furthermore,
molecularly uncoupling mRNAs from endosomes prevented
mRNA localization without interfering with endosome shuttling,
demonstrating that RNP assemblies indeed behave as cargoes
and endosomes as vehicles (Baumann et al., 2014; Pohlmann
et al, 2015). Together, this work supported an emerging
model in which endosomes are not purely dedicated to the
sorting or recycling of internalized components, but also serve
as versatile multipurpose platforms that recruit and localize
signaling molecules (Gould and Lippincott-Schwartz, 2009).
Strikingly, extensive colocalization was also recently observed
between axonal mRNAs and Rab5-positive early endosomes or
Rab7-positive late endosomes in vertebrate Retinal Ganglion
neurons (Konopacki et al., 2016; Cioni et al., 2019). As shown
by expression of dominant negative versions of Rab5 and 7,
however, endosomes appear to be dispensable for the transport
of RNP granules in this system (Cioni et al., 2019). Alternative
membrane-bound organelles actively transported along axonal
microtubules (Farias et al., 2017) may however be used as
vehicles in neuronal cells. In a recent study, indeed, Ward and
colleagues proposed that RNP granules may hitch a ride on
lysosomes for their long-distance transport to axons (Figure 1B;
Liao et al., 2019), based on the following lines of evidence: (i)
most motile RNP granules co-localized with LAMP1-positive
lysosomes, (ii) a tight association of the two organelles was
observed by correlative light-electron microscopy, suggestive of
a docking mechanism, and (iii) inhibition of motor-dependent
lysosomal movement blocked RNP granule transport. Arguing
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FIGURE 1 | Association of RNP granules to membrane-bound organelles or receptor complexes elicits spatio-temporal responses to environmental stimuli. (A,B)
RNP granules are membraneless condensates of RNA binding proteins and RNAs that associate with motor proteins for their transport along microtubules.
Association with motors may be direct (A), or mediated by tethering to membrane-bound organelles such as lysosomes (B). (C) Tight association of RNP granules
with late endosomes and mitochondria enables local translation of mitochondrial RNAs and other mRNAs necessary for neurite branching. (D) Binding of ligands to
their specific receptors triggers the release of RNP complexes and local activation of mMRNA translation.

against an indirect effect of lysosomal trafficking impairment,
specific disruption of RNP granule hitchhiking on lysosomes
reduced the number of RNP granules actively trafficking along
axons in vitro and in vivo. Whether these lysosomal vesicles
correspond to mature degradative lysosomes, or rather to the
less acidic lysosome-related vesicles recently shown to mediate
the transport of presynaptic components (Vukoja et al., 2018),
remains to be addressed.

An outstanding question arising from these discoveries is
how the tethering of phase-separated RNP condensates on
membrane-bound organelles is molecularly achieved. Work
performed in Saccharomyces cerevisiae first demonstrated
that the RNA binding protein She2p possesses lipid-binding
properties and specifically recognized membrane structures with
a high curvature typical of tubular ER, suggesting that RBPs
can directly and specifically bridge the two organelles (Genz
et al., 2013). Association between membraneless and membrane-
bound organelles may also be mediated by bipartite adapter
proteins containing both a membrane binding domain and

an RNP association domain. In Ustilago, for example, the
adapter molecule Upal directly couples RNP and endosomes
by binding directly to endosomes, through its C-terminal FYVE
domains, and to the main RBP involved in mRNA transport,
through its PALM2 domains (Pohlmann et al., 2015). Notably,
mutating either the FYVE domains or the PALM2 domain
of Upal prevented association of mRNAs with endosomes
and transport, without affecting general endosome functions.
Similarly, Annexin A1l was recently proposed to act as an
adaptor between RNP granules and lysosomes in mammalian
neurons. Annexin All, indeed, was identified as both a lysosome
and an RNP granule interactor by proximity labeling proteomics
(Markmiller et al,, 2018; Liao et al., 2019). Furthermore, it
contains both an N-terminal low-complexity domain mediating
phase separation into granule-like droplets in vitro and
incorporation into stress-induced RNP granules in cells, and
C-terminal Annexin domains that bind membranes containing
PI(3,5)P; lysosomal lipids (Liao et al, 2019). Remarkably,
downregulating Annexin A11 drastically reduced the number of
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axonal RNP granules trafficking on lysosomes without altering
axonal lysosome transport itself. Altered hitchhiking of RNP
granules was associated with a decreased accumulation of 8-actin
mRNA in distal axons, indicating the functional relevance of this
process in axonal mRNA localization.

Interestingly, docking of RNP assemblies on shuttling
membrane-bound organelles is very dynamic, as frequent on and
oft-loading events were observed by live-imaging in different
systems (Higuchi et al., 2014; Cioni et al., 2019; Liao et al., 2019).
To date, how the docking process is regulated physiologically
largely remains unclear, although work on the Annexin All
protein has revealed that its interaction with lysosomes is
both calcium- and phospholipid-sensitive (Liao et al., 2019).
As measured using a FRET sensor monitoring the association
between Annexin A11 and the lysosomal protein LAMP1, indeed,
chelating free cytoplasmic Ca>*, or inhibiting the formation of
PI(3,5)P,, decreased Annexin All/lysosome interaction. Such
regulatory mechanisms thus provide neurons with flexible means
to regulate with high spatial and temporal resolution the
trafficking of RNP assemblies.

MEMBRANE-BOUND ORGANELLES AS
PLATFORMS FOR LOCAL TRANSLATION

For proteins to be produced in axons, mRNA localization
must be tightly coupled to translation. Although the capacity
of axons to support local translation has been debated over
years, combinations of metabolic labeling and proteomic studies
have unambiguously demonstrated that both cytosolic and
transmembrane proteins can be translated in distal axons (Sahoo
et al,, 2018; Holt et al., 2019). How the translation machinery is
trafficked to axons is still an open question, but the detection
of both ribosomal proteins and translation factors in Mass-
Spectrometry analyses of RNP granule content has suggested
that it may at least partly be co-transported with neuronal
RNP granules (Kanai et al., 2004; Elvira et al., 2006; EI Fatimy
et al, 2016). Importantly, recent studies demonstrating the
importance of organelle-coupled translation completed this
view (Bethune et al., 2019), indicating that membrane-bound
organelles including mitochondria and endosomes may serve
as sites for the local translation of a significant fraction of
axonal mRNAs.

Nuclear-encoded mitochondrial RNAs (mtRNAs) have long
and reproducibly been identified in transcriptomic analyses
of axonally localized mRNAs (Taylor et al, 2009; Andreassi
et al., 2010; Gumy et al, 2011; Aschrafi et al., 2016), and
were more recently shown to be translated in axons (Yoon
et al., 2012; Shigeoka et al., 2016; Cagnetta et al., 2018). These
observations, together with the discovery that mtRNAs are
targeted and translated at the mitochondrial surface (Lesnik
et al,, 2015), suggest a speculative model whereby mtRNAs
might hitchhike on mitochondria for their transport and get
translated on axonally localized mitochondria. Consistent with
such a model, mitochondria are dynamically transported to axons
and enriched distally (Smith and Gallo, 2018). Second, hundreds
of nuclear-encoded mtRNAs were shown to accumulate at

the mitochondrial outer membrane, a fraction of them being
targeted via 3'UTR-located cis-regulatory sequences (Marc et al.,
2002; Sylvestre et al., 2003; Fazal et al., 2019). Furthermore, as
demonstrated for the axonally-localized cytochrome c oxidase
IV . mRNA, the distal region of the transcripts 3UTR is
both required for mitochondrial targeting and for axon
localization (Aschrafi et al., 2010). Third, proximity-specific
ribosome profiling analysis revealed that hundreds of transcripts
encoding mitochondrial proteins are translated at the vicinity of
mitochondria, a discovery consistent with the identification of
translating ribosomes at mitochondrial outer membranes (Zhang
et al., 2016; Gold et al., 2017). Notably, mitochondria were also
shown to be required more indirectly, through mitochondrial
respiration, for the local translation of axonal mRNAs such as
B-actin, Arp2, or cortactin, as well as for protein synthesis-
dependent axon branching (Spillane et al., 2013). During this
process, preferential association of mitochondria with sites of
active axonal translation was observed, further suggesting a tight
coupling of energy supply to RNA translation.

A tight coupling was also observed between mitochondria and
late endosomes (Figure 1C), other membrane-bound organelles
recently proposed to behave as hot spots for intra-axonal
protein synthesis (Cioni et al, 2019). As demonstrated by
high resolution imaging of Xenopus Retinal Ganglion Cell
axons, both RNP components and ribosomes were frequently
found in close proximity to Rab7a-positive late endosomes.
Furthermore, translation of axonal mRNAs was detected on
endosomes, corroborating previous work suggesting endosome-
sited translation in heterologous systems (Baumann et al., 2014;
Higuchi et al., 2014). Finally, inhibiting late endosomes through
downregulation of Rab7 activity, or pharmacological blockage of
late endosome maturation, decreased the translation of axonal
laminB2 mRNAs as well as global axonal translation, indicating
that late endosomes significantly contribute to local translation
(Cioni et al., 2019). Intriguingly, while extensive coupling of
RNP granules to early endosomes was also observed in axons,
inhibiting early endosome function did not impair axonal
translation, indicating the existence of yet unknown specificity
mechanism(s). Another important open question concerns the
nature and properties of the molecular linker(s) tethering both
mRNAs and the translation machinery to endosomes. Identifying
such linker(s) will be key to perform more targeted manipulation
and should open the door to a mechanistic and functional
understanding of endosome-sited translation regulation.

SUBCELLULAR
COMPARTMENTALIZATION AS A MEANS
TO GENERATE SPECIFIC TRANSLATIONAL
PATTERNS?

During development, local translation is required for cue-
induced axon outgrowth, branching, as well as for the
chemotropic response of growth cones to guidance molecules
(Campbell and Holt, 2001; Wu et al., 2005; Hengst et al., 2009;
Jung et al., 2012; Medioni et al., 2012; Spillane et al., 2012; Wong
et al., 2017). Strikingly, seminal studies performed in cultured
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Retinal Ganglion Cell axons revealed that Netrin-1-induced axon
turning is associated with the translation of B-actin, while Slit2-
induced growth cone collapse is associated with the translation of
cofilin (Leung et al., 2006; Piper et al., 2006; Lin and Holt, 2008).
These results suggested first that different cues trigger translation
of different mRNAs, and second that attractive and repulsive cues
may stimulate the translation of proteins with opposite functions
in the assembly/disassembly of the F-actin cytoskeleton. By
providing a more comprehensive view on the nascent proteomes
induced by different cues in somaless retinal axons, recent
work performed using highly sensitive sample preparation and
metabolic labeling both confirmed and completed this view
(Cagnetta et al., 2018). Indeed, while the translation of some
axonal mRNAs was commonly activated in response to different
cues, cue-specific up- and down-regulation of dozens of nascent
proteins was also observed. Furthermore, opposite changes
in translation patterns were observed upon switching from
repulsive to attractive chemotropic responses, suggesting that
guidance molecules induce distinct and functionally relevant
proteomic signatures.

These observations raise the question of how specificity
of translational patterns is achieved (Besse and Ephrussi,
2008). One way to selectively regulate the translation of
subgroups of localized mRNAs is to organize them into so-
called post-transcriptional operons, or regulons (Keene, 2007),
composed of functionally-related RNAs recognized by specific
RNA binding protein(s). By targeting their bound RNAs to
specialized organelles or subcellular micro-domains, RBPs may
thus favor stimuli-specific spatio-temporal responses. Although
a systematic profiling of organelle-associated transcriptomes
has not been performed in neuronal cells, distinct RBPs and
mRNA populations were found associated with different types
of membrane-bound organelles, consistent with such a model
(Peter et al., 2011; Todd et al., 2013; Debaisieux et al., 2016;
Yarmishyn et al., 2016; Liao et al.,, 2019). Analysis of mRNAs
co-precipitating with COPIa, for example, revealed the presence
of more than a thousand of mRNAs, 8 to 10% overlapping
with the axonal transcriptome and about the same percentage
encoding cytoskeletal components and/or regulators (Todd et al.,
2013). Furthermore, RNP complexes with specific protein and
RNA signatures were recently found in the immunoprecipitates
of different guidance cue receptors in neuronal cells (Koppers
et al., 2019). The RBP Staufen 1, for example, was found
significantly associated with the Neuropilin receptor Nrpl,
whereas hnRNPA2/B1 was found interacting with the Netrin-1
DCC receptor. Interestingly, Nrp1l and DCC also bound distinct
subsets of mRNAs, the translation of which was exclusively
induced by their specific ligand. As demonstrated in Xenopus
Retinal Ganglion neurons, translation of B-catenin (ctnnbl)
mRNA was for example activated in response to the DCC
ligand Netrin-1, but not in response to Sema3A (Koppers
et al, 2019). Translation activation correlated with a release
of both RNAs and associated ribosomes from the receptor
complex, suggesting (i) that mRNAs tethered to receptors are
kept in a translationally repressed state and (ii) that cue-
induced release may represent a rapid and direct means to
trigger selective translation activation (Figure 1D; Tcherkezian

et al., 2010; Koppers et al., 2019). How such release is achieved
remains to be understood, but a possibility is that cue-induced
signaling triggers the phosphorylation of RBPs associated with
transmembrane receptors. Signal-specific phosphorylation of
neuronal RBPs has already been documented in different contexts
and linked to decreased affinity for target mRNAs (Huang et al.,
2002; Huttelmaier et al., 2005; Lee, 2012), consistent with the idea
that cue-induced signaling may lead to the release of mRNAs
from their local anchor. Whether such a model of regulated
association/dissociation holds true for mRNAs associated with
other sub-cellular organelles or compartments is unclear, and
would be worth investigating in the future.

ALTERATIONS IN RNP GRANULE
TRANSPORT AND THEIR
MEMBRANE-BOUND VEHICLES ARE
LINKED TO NEURODEGENERATIVE
DISEASES

Alterations in axonal mRNA transport and local translation
impact various aspects of axon function, including axon survival
(Jung et al, 2012; Sahoo et al., 2018). Consistent with this,
an increasing number of neurodegenerative disease-causing
mutations have been mapped to proteins, either RNA binding
or adapter molecules, present in axonal RNP granules (Table 1)
(Costa and Willis, 2018; Khalil et al., 2018). Interestingly,
functional studies of pathogenic mutations have suggested that
they may impair RNP cargo transport by at least two different
means: (i) by perturbing the assembly or material properties of
RNP condensates, or (ii) by altering the tethering of RNP cargoes
to motile membrane-bound organelles.

A prominent example of neurodegenerative disease linked
to altered axonal RNP cargo transport is amyotrophic lateral
sclerosis (ALS), a disease characterized by the loss of upper and
lower motor neurons (Taylor et al., 2016). Remarkably, while
the vast majority of ALS cases are sporadic, about 10% are
familial and largely caused by mutations in genes coding for
RNA binding proteins (Zhao et al,, 2018). Mutations in two
components of axonally-localized RNP granules, FUS/TLS and
TDP-43, have been particularly studied and their impact on
axonal mRNA transport and translation investigated (Yasuda and
Mili, 2016). ALS mutations in FUS were shown to inhibit general
intra-axonal protein synthesis in cultures of Xenopus retinal
neurons (Murakami et al.,, 2015), as well as in mouse sciatic
nerve axons in vivo (Lopez-Erauskin et al., 2018). Furthermore,
mutant TDP-43 proteins, when expressed in cultured neurons,
exhibit defective axonal transport characterized by a decreased
anterograde movement and a depletion of TDP-43-containing
granules from the distal axonal compartment (Alami et al,
2014; Gopal et al, 2017). This phenotype is accompanied
by a defective anterograde trafficking of the TDP-43 target
mRNA Neurofilament-L, both in cultured cortical neurons
and in IPS cell-derived human motor neurons carrying ALS-
causing mutations, indicating that disrupting the delivery of
mRNAs to axons may underlie axonal degeneration (Alami
et al,, 2014). How the disease mutations molecularly impair
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mRNA transport and translation remains to be understood,
but mutations found in the low-complexity domains of FUS
and TDP-43 were shown to alter granule material properties,
promoting a liquid-to-solid phase transition (Johnson et al,
2009; Murakami et al., 2015; Patel et al., 2015). The increased
viscosity and aggregated state of RNP granules observed in
mutant contexts may then directly impact on granule motility
and cue-induced remodeling, or more indirectly affect local
RNA homeostasis, by sequestration of essential RNA or protein
molecules (Ramaswami et al., 2013; Bowden and Dormann,
2016; Alberti and Dormann, 2019). Further emphasizing the
importance of RNP granule homeostasis in the etiology of
the disease, numerous ALS-associated mutations were found
in the Annexin All protein (Table1; Smith et al, 2017).
These mutations, found either in the N-terminal low complexity
domain, or in the C-terminal lysosome association domains, were
shown to induce a solidification of associated RNP granules (Liao
et al.,, 2019). C-terminal mutations also specifically impair the
association of Annexin All to lysosomes, and, when expressed
in primary cultured neurons or in vivo in zebrafish neurons,
disrupt both hitchhiking of RNP cargoes to motile lysosomes
and targeting of mRNAs to the distal end of axons (Liao
et al., 2019). Together, these results illustrate how different ALS
mutations converge on factors controlling axonal RNP motility
and dynamic interaction with membrane-bound organelles,
highlighting the likely involvement of this process in disease
pathogenesis or progression.

Another example of axonal RNP-associated protein linked
to disease is SMN, whose deficiency causes spinal muscular
atrophy (SMA), a neurodegenerative disease characterized by a
progressive loss of spinal motor neurons and skeletal muscle
atrophy (Fallini et al., 2012; Beattie and Kolb, 2018). SMN is an
RNP chaperone molecule shown to interact with several RBPs
and to be transported within axonal RNP granules undergoing
active bi-directional motion. In the absence of SMN, loss of
axonal RNP granules and significant decrease in axonal mRNA
levels are observed (Rage et al., 2013; Fallini et al, 2014,
20165 Saal et al., 2014), indicating that defective RNP assembly
and subsequent axonal transport defects may at least partially
lead to SMA. Interestingly, specifically altering the COPI/SMN
interaction impairs the developmental function of SMN in
axons (Custer et al, 2013, 2019; Li et al.,, 2015), suggesting
that loosing the tight interactions between axonal RNP granules
and membrane-bound organelles might also play a role in
disease progression. Further supporting the importance of such
interactions, mutations in the late endosome protein Rab7 known
to be causally linked to the Charcot-Marie-Tooth disease type 2B
(CMT2B), disrupted axonal mRNA translation when expressed
in cultured retinal neurons (Cioni et al., 2019). Notably, the
above-described examples likely reflect only the tip of the
iceberg, as defective regulation of axon ribostasis and membrane-
bound organelle trafficking is emerging as a general feature
of neurodegenerative diseases, including Alzheimer disease or
Huntington disease (De Vos et al., 2008; Ma et al., 2011;
Ramaswami et al., 2013; Schreij et al., 2016; Khalil et al., 2018; Lie
and Nixon, 2019). The Huntingtin (Htt) protein, in particular,
was shown to (i) undergo active, bi-directional transport in
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axons (Gunawardena et al.,, 2003) and (ii) to associate and
co-traffic with both RNP granule components (Savas et al.,
2010; Ma et al., 2011) and membrane-bound organelles such as
BDNF vesicles or Rab-positive recycling endosomes (Gauthier
et al., 2004; White et al., 2015; Saudou and Humbert, 2016).
Inactivating Htt impaired the localization of its associated
RNAs and membranous organelles (Table 1; Gauthier et al,
2004; Trushina et al., 2004; White et al., 2015), indicating its
functional role in connecting these cargoes to the transport
machinery. Although Htt was reported to physically interact
with the dynein molecular motor (Li et al, 1998; Gauthier
et al., 2004; Caviston et al, 2007), its specific normal and
pathological functions in cargo recruitment and hitchhiking
remain to be clarified, thus emphasizing the need to better
understand the molecular bases of RNP granule/membrane-
bound organelle co-trafficking.

CONCLUSIONS AND PERSPECTIVES

Extensive anterograde and retrograde trafficking of both
membrane-bound and membraneless cargoes has long been
observed along axons and shown to supply the distal ends
of these long processes with a source of membranes, proteins
and RNAs. While different types of cargoes have largely been
studied independent of each other, recent work summarized in
this review has demonstrated the dependency of phase-separated
RNP granules on membrane-bound vesicles or organelles,
both for long-distance transport of RNP cargoes and for
local translation of their associated mRNAs. A number of
challenging questions still remain to be addressed regarding the
specificity of these interactions. For example, it will be very
important to characterize the transcriptomes of the different
membrane-bound organelles trafficked to axons and thus
understand if and how different RNP complexes are specifically
targeted to distinct membrane-bound organelles. Furthermore,
identifying the adapter molecules tethering RNP granules to
their membrane-bound vehicles or anchors will be key to
functionally dissect the role and physiological regulation of this
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Abstract

Stress granules (SGs) are cytoplasmic ribonucleoprotein condensates that dynamically and reversibly
assemble in response to stress. They are thought to contribute to the adaptive stress response by
storing translationally inactive mRNAs as well as signaling molecules. Recent work has shown that
SG composition and properties depend on both stress and cell types, and that neurons exhibit a
complex SG proteome and a strong vulnerability to mutations in SG proteins. Drosophila has emerged
as a powerful genetically tractable organism where to study the physiological regulation and functions
of SGs in normal and pathological contexts. In this chapter, we describe a protocol enabling
guantitative analysis of SG properties in both larval and adult Drosophila CNS samples. In this
protocol, fluorescently-tagged SGs are induced upon acute ex vivo stress or chronic in vivo stress,
imaged at high-resolution via confocal microscopy and detected automatically, using a dedicated

software.

Keywords: central nervous system, confocal imaging, fluorescent stress granule proteins, automated

detection, Drosophila melanogaster



1. Introduction

Cellular stress induces a translational shutdown within minutes, characterized by inhibition of
translation initiation and polysome disassembly. Cytoplasmic release of translationally inactive
MRNAs in turn triggers the assembly of hundreds of nanometer-sized membraneless compartments
enriched in stalled housekeeping transcripts and associated proteins, and referred to as stress granules
(SGs) [1,2]. These higher order ribonucleoprotein (RNP) assemblies behave as dynamic condensates:
they form through the self-association of their constituents into dense networks of transient RNA-
RNA, RNA-protein and protein-protein interactions and get actively disassembled upon stress release
[3-5]. The rapid and reversible mode of SG assembly is thought to play important roles in the adaptive
stress response, first by promoting translational reprogramming through transient sequestration of
unnecessary RNAs, and second by rewiring cellular pathways through recruitment of signaling
molecules [6,7]. Consistent with the functional importance of SG dynamics, extensive links have
recently been established between alterations of SG material properties and neurodegenerative
diseases [8-10]. Abnormally stable inclusions enriched in SG components, for example, have been
observed in pathological contexts and defined as a characteristic signature of amyotrophic lateral
sclerosis (ALS) or frontotemporal dementia (FTD) patient samples [11,10]. Furthermore, mutations in
an increasing number of SG components, including the RNA binding proteins TDP-43, FUS or TIA1L,
have been causally linked to disease progression and shown to promote the transition of RNP
assemblies into irreversible solid-like condensates [12-14,9,10,15]. As revealed by a recent systematic
study, the pathological entities formed upon expression of ALS mutant proteins also have a
composition distinct from their dynamic and reversible counterparts [16], highlighting their capacity to
recruit, and potentially titrate molecules involved in RNA homeostasis. More work is now required to
decipher if and how pathological SGs induce toxicity in neuronal cells, which, as long-lived non-
dividing cells, appear to be particularly vulnerable to the chronic stress induced by mutant SG proteins
[9]. Importantly, proteomic studies have uncovered that variations in the composition of SGs are also
observed in normal contexts in function of cell types and nature of the stress [17,16]. While a core set
of obligatory components, including factors essential for SG nucleation (e.g. G3BP1, TIA-1), has been

found in the different cell types analyzed, a significant fraction of the SG proteome was shown to be



recruited exclusively in certain cell types, particularly in neurons [17,16]. Together, these studies have
uncovered an unexpected diversity of SG composition and highlighted the limits of working with
standard immortalized cell lines. They have raised the need to develop alternative biological models in
which SG regulation and function can be studied under physiological conditions, in differentiated
tissues.

Drosophila represents an excellent model organism in which advanced genetics can be
combined with high-resolution imaging to unravel the mechanisms underlying SG assembly, as well
as SG function in adaptation to environmental stress or disease-associated chronic stress. Fly orthologs
of mammalian SG components, indeed, were shown to accumulate within cytoplasmic condensates in
response to different acute stresses including oxidative stress, Endoplasmic Reticulum (ER) stress or
hypoxia [18-23]. Furthermore, various Drosophila ALS models have been developed, in which SG
proteins with disease-causing mutations are chronically expressed in the nervous system [24-27].
These models were shown to recapitulate many aspects of the disease, among which cytoplasmic
accumulation of pathological SG-like assemblies [28,25,29,27]. Here, we describe a protocol that
enables induction of SGs in the nervous system of Drosophila, either chronically in response to in vivo
expression of pathological SG proteins, or acutely upon treatment of explants with stress inducers (e.g.
arsenite). This protocol includes the procedure to perform high-resolution confocal imaging of
fluorescently-tagged SG markers and to accurately and automatically detect SGs using the Obj.MPP
software [28]. The described method is compatible with analysis of both larval and adult central
nervous system (CNS) samples, and is particularly adapted to the quantitative analysis of SG

properties in complex tissues.

2. Materials

2.1- Fly lines for expression of fluorescent SG proteins

1. Gal4 and UAS transgenic flies for conditional ectopic expression of fluorescent pathological SG
proteins in the nervous system (e.g. OK371-Gal4 and UAS-TDP-43 fly lines; see Table 1).

2. Knock-in lines expressing fluorescent SG proteins from the endogenous locus (e.g. GFP-Rasputin

(Rin; the fly ortholog of G3BP); see Table 1).



2.2- Arsenite treatment

1- Chambered slide, four wells (see Note 1).

2- Preparation of arsenite stock solution: weigh sodium (meta)arsenite powder and dissolve in freshly
prepared HL3 (see 2.3.2) to obtain a 40 mM stock solution that can be stored at room temperature (see

Note 2). Alternatively, purchase commercially available aqueous solution.

2.3- Dissection and fixation of Drosophila CNS samples

2.3.1- Dissection and fixation of larval CNS

1. A pair of dissection forceps.
2. 60 mm dissection petri dishes.
3. 1X Phosphate-Buffered Saline (PBS) (see Note 3).

4. Fixing solution: 4% formaldehyde in 1X PBS (see Note 3).

2.3.2- Dissection and fixation of adult brains

1. A pair of dissection forceps.

2. Minutien pins.

3. 60 mm dissection petri dishes covered with 2% agarose.

4. HL3 buffer (70 mM NaCl, 5 mM KCI, 4 mM MgCl;, 5 mM trehalose, 115 mM sucrose, 5 mM
HEPES, 10 mM NaHCOs, pH 7.20-7.25) (see Note 4).

5. Fixing solution: 4% formaldehyde in HL3.

6. Wash buffer: PBS; 0.5% Triton-X.

2.4- Mounting of Drosophila CNS samples
1. Antifade mounting medium with DAPI (Vectashield).
2. 10-well glass slides (black teflon coating).

3. 1.5, 24X60 mm coverslips.



2.5- Image acquisition
1. Scanning confocal microscope with highly sensitive detectors.
2. 63X 1.4 NA oil objective.

3. Immersion oil.

2.6- Image analysis

1. ImageJ/Fiji (https://imagej.net/Fiji).

2. Obj.MPP software [28] (https://gitlab.inria.fr/edebreuv/Obj.MPP).

3. Methods

In this protocol, stress can either be applied endogenously (3.1.1) or exogenously (3.1.2) (Fig. 1.).
Note that dissection of Drosophila nervous system (3.2) is performed after stress induction in case of
endogenous stress and before stress in case of exogenous stress (Fig. 1).

3.1- Induction of stress

3.1.1- Ectopic in vivo expression of pathological proteins

1. Cross transgenic flies expressing a fluorescently-tagged pathological SG protein under UAS control
(e.g. UAS-Venus::TDP-43 M337V; see Table 1) with flies expressing a neuronal Gal4 driver (e.g.
motorneuron OK371-Gal4; see Table 1) (Fig. 1, upper left).

2. Maintain the flies at 25°C and transfer them in a new vial every 3-4 days (see Note 5).

3.1.2- Ex vivo treatment with arsenite

1- Freshly prepare the working arsenite solution (0.4 mM) by diluting the stock solution in HL3 (see
Note 2).

2- Transfer dissected samples in a multi-well chambered slide (Fig. 1, upper right). At least 15
samples should be treated per condition.

3- Incubate in 500 pL of HL3 or arsenite solution for one hour at 25°C, covered from light.


https://imagej.net/Fiji
https://gitlab.inria.fr/edebreuv/Obj.MPP

3.2- Dissection of Drosophila CNS samples

3.2.1- Dissection of larval CNS

1. Collect wandering third instar larvae expressing normal or pathological fluorescent SG proteins.

2. Transfer them into a 60 mm petri dish filled with PBS (see Note 3).

3. Tear the larvae in two using a pair of forceps.

4. Turn the anterior half of larvae inside out, remove the fat tissue while keeping the CNS attached to

the cuticle. Collect samples with forceps in microtubes containing PBS (see Note 3).

3.2.2- Dissection of adult brains

1. Collect 7-10 day-old flies expressing normal or pathological SG proteins and anesthetize them with
CO2.

2. Dissect brains in HL3 buffer, as described in [30,31]. Briefly, immobilize the flies ventral side up
by pinning them in a dissecting dish filled with HL3. Pull the proboscis upwards with one forceps and
insert the tips of the other forceps underneath, in a closed position. Slowly open the forceps so as to
tear apart the head cuticle. Carefully remove the cuticle and the retina, without damaging the
underlying optic lobes and central brain.

3. Complete the dissection by thoroughly removing the air sacs (see Note 6).

4. Separate the brains from the rest of the body. Collect the dissected brains using a glass pipette or a

filter tip (see Note 7).

3.3- Fixation of Drosophila CNS samples
This step comes right after dissection in case of endogenous stress induction or after treatment of brain
explants in case of ex vivo arsenite treatment.

3.3.1- Fixation of larval CNS

1. Remove 1X PBS.
2. Add 500 uL of fixing solution and gently rock the samples for 20 minutes at room temperature
(RT).

3. Replace the fixing solution with 1 mL of 1X PBS and gently rock the samples for 30 minutes at RT.



4. Repeat step 3 twice.
5. Remove 1X PBS and add a drop of antifade mounting medium supplemented with DAPI.

6. Keep at 4°C for a minimum of 2 hours (preferentially overnight).

3.3.2- Fixation of adult brains

1. Remove HL3.

2. Add 300 uL of fixing solution and gently rock the samples for 25 minutes at room temperature
(RT).

3. Remove the fixing solution, replace with 800 uL of wash buffer and gently rock the samples for 30
minutes at RT.

4. Repeat step 3 twice.

5. Remove the wash buffer and add a drop of antifade mounting medium supplemented with DAPI.

6. Keep at 4°C for a minimum of 2 hours (preferentially overnight).

3.4- Mounting of Drosophila CNS samples

3.4.1- Mounting of larval CNS

1. Transfer the samples onto a dissection dish using a 1 mL end-cut tip and dissect the samples further
by detaching the CNS from the cuticle and removing eye-antenna imaginal discs. Recover the brain
lobes and ventral nerve cord.

2. Transfer the clean CNS to a multi-well slide (~ 5 CNS per well) (see Notes 8, 9).

3. Orient the larval CNS with forceps, such that the dorsal side of the ventral cord is up.

4. Carefully place a 24X60 mm coverslip on top of the slide and seal the coverslip with clear nail

varnish.

3.4.2- Mounting of adult brains

1. Transfer the brains to a multi-well slide using a 1 mL end-cut tip (~ 5 CNS per well) (see Notes 8,
9).

2. Orient the brains with forceps, such that their dorsal side is up.



3. Carefully place a 24X60 mm coverslip on top of the slide and seal the coverslip with clear nail

varnish.

3.5- Imaging of Drosophila CNS samples

1. Acquire images from larval CNS or adult brains with a confocal microscope equipped with high-
sensitivity detectors, and appropriate laser lines (see Note 10).

2. Image with optimal resolution (see Note 11), using a 63X 1.4 NA oil objective.

3. SGs appear as discrete, bright cytoplasmic foci with a typical diameter of hundreds of nanometers

(Figs. 2 and 3).

3.6- Image analysis: detection of Stress Granules

1. Using ImageJ/Fiji, select single optical sections and crop to generate stereotypic regions of interest.
Save images in .tif format, in a single dedicated folder.

2. Launch the Obj.MPP software (see Note 12).

3. Select images to be analyzed in the first tab of the GUI.

4. Select the detection parameters in the second tab of the GUI (Fig. 4). These parameters include
object types and expected size range (see Note 13), as well as object radiometric properties (defined
by the quality function; see Note 14).

5. Set the number of iterations in the third tab of the GUI (see Note 15).

6. Select output files (see Note 16) and output path in the fourth tab of the GUI.

4. Notes

1. The multi-well chambered slides can be rigorously washed with ethanol 80% and re-used up to
three times.

2. Sodium Arsenite is a hazardous substance classified as carcinogen, mutagen and teratogen; it should
be handled safely, under a chemical hood. When solubilized, sodium arsenite should be stored as
sealed aliquots covered from light to avoid oxidation.

3. Prefer HL3 in case long incubations are required (if applying ex vivo stress).



4. HL3 buffer contains sugars (sucrose and trehalose) and can easily get contaminated. Store at 4°C in
aliquots sealed with parafilm. Opened aliquots should not be kept for more than 2 months.

5. Temperature should be adapted so as to permit high expression level while preventing toxicity.

6. If air sacs are not removed, brains will float, making it difficult to not pipet them away.

7. Pre-wetting the pipette tip or the glass pipette with HL3 prevents the brains from sticking to the
plastic/glass wall.

8. Do not place samples in wells close to the edge of the slide; they will not be accessible on regular
microscope stages.

9. Transfer samples in a drop of mounting medium only, as excess medium can make brains float over
the edge of the wells.

10. We used a confocal microscope equipped with ultrasensitive detectors (Zeiss LSM 880 with
gallium arsenide phosphide (GaAsP) detectors).

11. Imaging with a xy pixel size of less than 80 nm is recommended. We imaged larval CNS with a xy
pixel size of 74 nm (regular confocal microscopy), and adult brains with a xy pixel size of 45 nm
(Airy scan confocal microscopy).

12. Obj.MPP can be used either through the graphical user interface (GUI) or through a terminal
console (Command-Line Interface (CLI)). More parameters can be adjusted when using the latter

mode (see_https://edebreuv.gitlabpages.inria.fr/Obj.MPP/).

13. Object types and their corresponding parameters (notably size and orientation) are described

under: https://edebreuv.qgitlabpages.inria.fr/Obj.MPP/contents/users/object-types.html). Superquadrics
are typically recommended for detection of objects with potentially complex shapes such as SGs. We
used the following parameter ranges for detection of SGs from larval CNS: semi_minor_axis_range
(2, 4, 0.25), major_minor_ratio_range (1, 1.5, 0.025), exponent_range (1.5, 2.5, 0.1),
angle_degree_range (0.0, 179.9, 5.0) and the following parameters for detection of SGs in adult
brains: semi_minor_axis_range (3, 4, 0.25), major_minor_ratio_range (1, 2, 0.025), exponent_range
(1, 2,0.1), angle_degree_range (0, 179.9, 5.0) (see Note 14 about mpp_quality_chooser.py).

14. Awvailable quality functions and associated signal transformations are described under:

https://edebreuv.gitlabpages.inria.fr/Obj.MPP/contents/users/quality-measures.html. Note that
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mpp_quality_chooser.py  (https://edebreuv.qgitlabpages.inria.fr/Obj.MPP/contents/users/mpp-quality-

chooser.html) can be used to identify the best quality function and parameter ranges to detect objects
of interest. We used the bright-on-dark gradient quality function with a min_quality of 1.5 for larval
CNS and 2.5 for adult brains.

15. The number of iterations and the number of births per iteration should be set so that best objects
are all reproducibly retained at the end of the process. We used 1.500 iterations with 50 births per
iteration for larval CNS and 1.000 iterations with 550 births per iteration for adult brains.

16. Different outputs can be selected in the last tab of the GUI, including: CSV files containing the
characteristics of the detected granules (geometrical parameters, intensity), raw images with granule
contours highlighted, or masks of the detected granules, each having its own label (Fig. 2D-F and Fig.

3D-F).
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Figure 1. Method workflow.

Induction of stress in Drosophila nervous system was performed either endogenously (left) or
exogenously (right). For the endogenous strategy, expression of fluorescent pathological SG proteins
is induced chronically in vivo using the Gal4/UAS system. Larval or adult progenies expressing the
mutant fluorescent SG markers in neurons are dissected and their CNS/brain collected. Ex vivo stress
induction is achieved through acute arsenite treatment of larval CNS/brain explants previously
dissected from larvae or adults expressing endogenous fluorescent SG proteins. In both procedures,
stress induction and dissection are followed by sample fixation, mounting and confocal imaging

(lower panel). Automated detection of SGs is performed via the Obj.MPP software.
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Figure 2. Imaging and automated detection of pathological SGs in larval CNS.

(A) Schematic representation of a third instar larva ventral nerve cord with the soma of a subset of
OK371-Gal4-expressing motorneuron highlighted in green. The box delimits the region imaged in
B,C. (B-D) Single confocal section of motorneuron cell bodies chronically expressing wild-type
Venus::TDP-43 (B) or Venus: TDP-43 M337V (C,D) in motorneurons (OK371-Gal4/+; UAS-
Venus:: TDP43 M337V/+). Scale bar: 10 um in B,C and 3 um in D. Note the presence of pathological
aggregates in motorneuron cytoplasm in C,D. (E) Overlay of the raw confocal image and the Obj.MPP

detections. (F) Mask of the detected objects.
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Figure 3. Imaging and automated detection of arsenite-induced SGs in adult Drosophila brain.

(A) Schematic representation of an adult brain expressing GFP-Rasputin (Rin) proteins from the
endogenous locus (green). The box delimits the region imaged in B,C. (B-D) Single confocal section
of Mushroom Body neurons expressing GFP-Rin, treated (C,D) or not (B) with arsenite. Scale bar: 10
um in B,C and 3 um in D. While GFP-Rin exhibits diffuse cytoplasmic distribution in the absence of
stress, it localizes to SGs upon arsenite treatment. (E) Overlay of the raw confocal image and the

Obj.MPP detections. (F) Mask of the detected objects.
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Figure 4. Obj.MPP graphical user interface (GUI).

The second tab of the Obj.MPP GUI is shown, in which detection parameters including type and size
ranges of objects, as well as threshold for the quality function, must be selected. Parameter values

adapted to the detection of SGs in larval motorneurons are displayed.

Table 1 - List of fly lines enabling expression of fluorescently-tagged Stress Granule components

Genotype IChromosome| Fluorophore Description Functionality Generation Fly line Source
. . EGFP inserted in the endogenous rasputin (rin) locus, ) CRISPR/Cas9 editing, as described in !
w;EGFP::Rin 3 EGFP right after the ATG homozygous viable (33] Akira Nakamura
UAS-Venus:: TDP-43 wild type 3 Venus Vvenus fused N-terminally to human TDP-43; construct rescues the Iethallty of transgenesis, random insertion Paul Taylor [29]
cloned downstream of UAS sequences tbph null mutant flies
. . does not rescue the
UAS-Venus:: TDP-43M337V 3 Venus Vvenus fused N-_termlnally to an ALS-causing form of the lethality of tbph null transgenesis, random insertion Paul Taylor [29]
human TDP-43; cloned downstream of UAS sequences ;
mutant flies
expresses Gal4 in approximately 40 glutamatergic
OK371-Gal4 2 NA neurons (5 dorsal neurons identified as aCC and RP1-4 homozygous viable enhancer-trap screen Serge Birman; [33]

and 35 lateral and ventral neurons) and 6 glutamatergic
interneurons per hemisegment.

Table 1. Useful Drosophila lines for detection of wild-type or pathological fluorescent SG

proteins.
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