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Summary

The regulation of gene expression in terms of space and time is governed by the distribution of RNA and
proteins within a cell. This tightly controlled regulation is necessary for mediating cellular development
and function. The localization of RNA is also a highly controlled process that is influenced by specific cis-
and trans-acting elements. In polarized cells, such as neurons, the localization of transcripts towards
axons and dendrites (neurites) enables the immediate and efficient local synthesis of proteins in response
to external stimuli. This thesis focuses on the examination of the cis-elements, or "zipcodes," that
contribute to the localization of RNA towards the neurites and the translational defects that result in the

peripheral neuropathy Charcot-Marie-Tooth (CMT) disease.

The first part of this thesis details the development and validation of a novel neuronal zipcode
identification protocol (N-zip) by my colleagues and myself. Using N-zip, we identified the let-7 binding
site and (AU)n motif as de novo zipcodes in the 3' UTRs of transcripts in mouse primary cortical neurons.
To our knowledge, this methodology represents the first demonstration of the regulation of RNA

localization via a microRNA.

In the second part, | investigate the mechanisms that lead to the repression of translation observed in
CMT disease when glycyl-tRNA synthetase is mutated (CMT-GARS). High-resolution ribosome profiling
analysis showed how mutations in GARS cause ribosomes to pause at glycine codons in a pre-
accommodation state. We discovered that this pausing was due to the sequestration of glycyl-tRNA®Y by
mutant CMT-GARS, reducing its availability for translation and disrupting elongation. We also identified a
secondary mechanism of translation repression resulting from the activation of the integrated stress

response (ISR), which affects translation initiation.

This thesis summarizes the above findings, which have been published in Nature Neuroscience and
Nucleic Acids Research, respectively. These results significantly advance our understanding of how RNA

localization and translation are regulated.



vii
Zusammenfassung

Die raumliche und zeitliche Regulierung der Genexpression wird durch die Verteilung von RNA und
Proteinen in einer Zelle bestimmt. Diese streng kontrollierte Regulierung ist notwendig, um die
Entwicklung und Funktion von Zellen zu vermitteln. Die Lokalisierung von RNA ist ebenfalls ein hoch
kontrollierter Prozess, der durch spezifische cis- und trans-wirkende Elemente beeinflusst wird. In
polarisierten Zellen, wie z. B. Neuronen, ermoglicht die Lokalisierung von Transkripten in Axonen und
Dendriten (Neuriten) eine schnelle und effiziente lokale Synthese von Proteinen als Reaktion auf dullere
Reize. Diese Arbeit beschaftigt sich mit der Untersuchung der cis-Elemente oder "Zipcodes", die zur
Lokalisierung von RNA in Neuriten beitragen, sowie der Translationsdefekte, die zur peripheren

Neuropathie Charcot-Marie-Tooth (CMT) fiihren.

Der erste Teil dieser Arbeit beschreibt die Entwicklung und Validierung eines neuen Protokolls zur
Identifizierung neuronaler Zipcodes (N-zip) durch meine Kollegen und mich. Mit Hilfe von N-zip haben wir
die Bindestelle der microRNA let-7 und das (AU).-Motiv als de novo-Zipcodes in den 3'-UTRs von
Transkripten in primaren kortikalen Neuronen der Maus identifiziert. Dies ist der erste Nachweis der

Regulierung der RNA-Lokalisierung durch eine microRNA.

Im zweiten Teil meiner Arbeit untersuche ich die Mechanismen, die zu der bei der CMT-Krankheit
beobachteten Unterdriickung der Translation filhren, wenn die Glycyl-tRNA-Synthetase mutiert ist (CMT-
GARS). Hochauflésende Ribosomen-Profiling-Analysen haben gezeigt, dass Mutationen in GARS dazu
fihren, dass Ribosomen an Glycin-Codons in einem Pra-Akommodationszustand pausieren. Wir haben
entdeckt, dass dieses Innehalten auf die Sequestrierung von Glycyl-tRNA®Y durch mutiertes CMT-GARS
zuriickzufiihren ist. Hierdurch wird die Verfiigbarkeit von Glycyl-tRNASY fiir die Translation verringert und
die Elongation gestért. AuRerdem haben wir einen sekunddren Mechanismus der
Translationsunterdriickung identifiziert, der aus der Aktivierung der integrierten Stressreaktion (ISR)

resultiert und die Translationsinitiation beeinflusst.

Die vorliegende Arbeit fasst die oben genannten Ergebnisse zusammen, die in Nature Neuroscience und
Nucleic Acids Research veroffentlicht worden sind. Meine Ergebnisse leisten einen wesentlichen Beitrag

zu einem besseren Verstandnis der Regulierung von RNA-Lokalisierung und Translation.
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1. General Introduction

1.1 The birth of RNA: Transcription

To fully comprehend how living cells function, one needs to understand the most fundamental biological
process: the expression and transfer of hereditary information. Simplistically, this flow of cellular
information is based on the central dogma, wherein, with the use of complex cellular machinery, DNA
proceeds to protein through an RNA intermediate. Out of the several highly controlled steps during gene

expression, | will focus on RNA and the complex and highly regulated process of its creation: transcription.

Chapter 1.1 describes the different phases observed during RNA transcription, followed by the different
post-transcriptional modifications. This provides the basic information necessary for the following

chapters, which contributed to the development of my research questions.

1.1.1 Transcription: An overview

Eukaryotic transcription is a complex process separated into initiation, elongation and termination phases
(Figure 1.1). The three polymerase enzymes, RNA pol I, RNA pol Il, and RNA pol Ill, are each responsible
for the transcription of different RNA classes. While all their structures are homologous, RNA pol | is
responsible for the transcription of most rRNAs (28S, 18S and 5.8S rRNAs); RNA pol Il for the transcription
of mRNAs and some snRNAs and regulatory RNAs including miRNAs and IncRNAs; and RNA pol lll for the
transcription of 55 rRNA and tRNAs (Cramer et al., 2001).

mRNA synthesis

Initiation. Initiation requires the association of RNA pol Il along with several general transcription factors
(GTFs); TFIIB, TFIID, TFIE, TFIIF, and TFIIH. These GTFs interact with the gene promoters that are a
combination of basal or core promoter elements, promoter proximal elements, and distal enhancer
elements, to form the preinitiation complex (PIC). Two major types of core promoters exist: focused and
dispersed. The most-extensively studied focused core promoter element found in ~10-15% of mammalian
genes is the TATA box, an AT-rich sequence located 25bp upstream of the transcription start site that is
bound by TBP (TATA box-binding protein). In addition, other focused core promoters that contain
different sequence motifs include the (i) BRE, a TFIIB recognition element; (ii) DPE (Downstream core
Promoter Element), a downstream TFIID recognition element necessary for basal transcription activity;

(iii) MTE (Motif Ten Element); (iv) DCE (downstream core element) that occurs frequently with the TATA



box; and (v) Inr (The Initiator), a motif that encompasses the transcription start site and occurs the most
in focused promoters. CpG islands usually contain dispersed core promoters that have several

start sites (Juven-Gershon et al., 2008; Nikolov & Burley, 1997).

Initiation Elongation
Qo :
Promoter/ —
3

factors

synthesized RNA

Figure 1.1: Schematic representation of different phases of RNA Polymerase Il (Pol Il) transcription in
Eukaryotes. Initiation: Pol Il is recruited by transcription factors to the gene promoter, the DNA is opened
to expose the template strand, and the first few RNA nucleotides are synthesised. Elongation: An RNA-
DNA hybrid is formed and Pol Il extends the transcript. Termination: Pol Il stops RNA synthesis in
preparation for termination (indicated by change in colour from blue to orange), and Pol Il along with the
nascent RNA are released from the DNA template. Protein factors involved in elongation (yellow ovals),
RNA processing (green ovals), and termination (orange ovals) co-transcriptionally associate with Pol Il C-
terminal domain (CTD). Adapted from (Kuehner et al., 2011). Created with BioRender.com.

In general, mRNA production starts with the assembly of the PIC via the recognition and binding of the
TATA element by TFIID, an interaction mediated by TFIID subunit TBP. This is followed by the addition of
TFIIB, RNA pol llA, the other GTFs TFIIF, TFIIE, and TFIIH, along with transcriptional activators and
coactivators. ATP hydrolysis at TFIIH enables the separation of the dsDNA, allowing RNA pol Il access to
the transcription start site on the DNA strand. Transcription is regulated via the activators (or repressors)
and coactivators (or corepressors), whereas basal or general transcription is driven solely by the

PIC (Nikolov & Burley, 1997).

Elongation. Elongation is conducted in 3 phases: promoter clearance, promoter-proximal pausing, and
productive elongation. During promoter clearance, the C-terminal domain (CTD) of RNA polymerase I
subunit 1 (Rbp1), the largest subunit of RNA pol II, is phosphorylated. Phosphorylation of CTD generates
a stable interaction between RNA pol Il and the DNA template strand, transitioning the transcription
complex into an early elongation complex (EEC). This process is usually accompanied by transcriptional
stalling near the promoter (promoter-proximal stalling). As an important step in the regulation of
elongation, RNA pol Il pauses at the 5’ region of the complex, progressing into productive elongation only

on the influence of numerous factors that alleviate (TFIIF, Elongins, ELL, CSB, FCP1, and DSIF) or exploit



this pause (NELF). After these two main rate-limiting stages of elongation, P-TEFb (positive transcription
elongation factor b) kinase activity stimulates the final phase, productive elongation. TFIIS activity also
helps RNA pol Il efficiently escape from this pausing (Reines et al., 1996; Saunders et al., 2006; Sims et al.,
2004).

Termination. Termination of transcription by RNA pol Il is generally initiated by the nascent transcript 3’-
end processing signals and termination factors, leading to the release of both RNA pol Il and the nascent
transcript from the DNA template. Most eukaryotes lack a determined termination sequence, instead

poly(A)-dependent and Senl-dependent termination pathways are most common (Kuehner et al., 2011).

Nascent transcripts produced by RNA polymerases further undergo splicing and post-transcriptional

modifications that dictate their destiny within a cell.

1.1.2 Post-transcriptional modifications

The processing or modification of nascent mRNA is necessary to determine their features, such as
stability, location, or interactions. The CTD of RNA pol Il stimulates the processing events of 5’ capping,
splicing of introns, and 3’ cleavage/polyadenylation to generate a mature mRNA (Fong & Bentley, 2001;

Ramanathan et al., 2016).

Capping

The first modification of mRNA takes place co-transcriptionally in the nucleus via a mechanism known as
capping. The mRNA 5’ end is modified by the addition of a m7G cap via sequential enzymatic steps: (i)
removal of y-phosphate from the 5’ triphosphate terminated RNA via RNA triphosphatase (TPase), (ii)
transfer of GMP to the 5’ diphosphate end via RNA guanylyltransferase (GTase), forming a G cap, and, (iii)
methylation of the G cap at the N7 amine via guanine-N7 methyltransferase (guanine-N7 MTase) (Fong

& Bentley, 2001).

The m7G cap plays important roles during the mRNA life cycle in the nucleus and cytoplasm due to its
interacting protein factors, nuclear cap-binding complex (CBC) and cytoplasmic eukaryotic transcription
initiation factor 4E (elF4E) (Fong & Bentley, 2001; Ramanathan et al., 2016). The m7G cap in mammalian
systems (Inoue et al., 1989; Ohno et al., 1987) was shown to mediate efficient pre-mRNA splicing by
recruiting and binding the CBC, leading to events such as spliceosome assembly, 3’ processing, RNA
export, and miRNA biogenesis (Pabis et al., 2013; Topisirovic et al., 2011). Cap-dependent translation
initiation also occurs for the majority of cellular mRNA via CBC recruitment of elF4E and elF4A to the 5’

end of mRNA (Choe et al., 2012).



Interestingly, eukaryotic cells have been reported to maintain a cytoplasmic pool of uncapped mRNA in
processing-bodies (P-bodies) as messenger ribonucleoproteins (mRNPs) (Erwin van Dijk et al., 2002). P-
bodies are cytoplasmic foci containing proteins involved in post-transcriptional processes, formed due to
phase separation. This allows uncapped mRNA in P-bodies to re-enter the polysome for translation
(Brengues et al., 2005). Cytoplasmic (re)-capping might be a mechanism to regulate protein synthesis via

mRNA inactivation and reactivation (Mukherjee et al., 2012).

Splicing & Alternative Splicing

Eukaryotic genomes contain introns and exons in the precursor mRNA (pre-mRNA) that need to undergo
splicing to generate a mature mRNA. Constitutive splicing, wherein introns are removed and exons are
ligated, is an important step during gene expression in eukaryotes. Non-continuous exon-intron genetic
structure allows for alternative splicing, wherein alternative mRNA isoforms are generated, accounting
for the discrepancy between the number of protein coding genes (~25,000) and number of actual proteins
produced (>90,000) in humans (Y. Wang et al., 2015). Alternative splicing (AS) is an important mechanism
to increase transcriptomic and proteomic diversity within a cell, as well as regulate mRNA expression

post-transcriptionally (Gehring & Roignant, 2021; Y. Wang et al., 2015).

Splicing is carried out by the spliceosome, a large ribonucleoprotein complex containing small nuclear
ribonucleoproteins (snRNPs) that assemble on the pre-mRNA. snRNPs consist of 1 or 2 snRNAs (U1, U2,
U4/Ue, or U5), and variable complex-specific proteins. Splicing is a 2-step transesterification reaction
(Figure 1.2A). The first step forms the pre-spliceosome or A complex, starting with the U1 snRNP binding
to the 5’ splice site of an exon, followed by U2 snRNP binding just upstream of the 3’ splice site of the
downstream exon. This complex becomes the precatalytic splicecosome or B-complex when tri-RNP
U4/U6.U5 heterodimer join Ul and U2. After unwinding and release of U4 and U1 snRNPs from the
complex, U6 of the active spliceosome (B*) base pairs with the 5’ splice site and the branch point
sequence (BPS), completing the first transesterification splicing reaction. This results in cleavage of the 5’
splice site followed by a free 3’ OH-group upstream, and an intron lariat downstream. The resulting C-
complex catalyses the second step, wherein U5 pairs with both 5’ and 3’ sequences of the splice site,
bringing the ends together, while the upstream 3’OH-group fuses with the 3’ intron-exon junction,
excising the intron lariat and ligating the exons. The spliceosome disassembles and can be recycled for
more splicing reactions (Gehring & Roignant, 2021; Kornblihtt et al., 2013; van den Hoogenhof et al.,
2016).
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Figure 1.2: Splicing and Alternative Splicing. (A) The two-step splicing reaction. Initially, U1 snRNP
assembles at the exon 5’ splice site (5’ SS), and U2 snRNP at the BPS (branch point sequence) upstream
of the downstream exons 3’ splice site (3’ SS) to form the pre-spliceosome. Next, U5 and U4-U6 complexes
join to form the precatalytic spliceosome. The U4-U6 complexes then unwind to release U4 and U1 from
the pre-spliceosomal complex, allowing the base pairing of U6, 5’ SS, and BPS. Following cleavage of the
5’ SS, a 3’ OH-group is freed at the upstream exon, and the intronic region at the downstream exon is
branched to form the intron lariat. Next, the upstream exons 3’ OH-group fuses with the 3’ intron-exon
junction, merging the two exons, while excising the intron as a lariat that gets degraded. The spliceosome
disassembles and individual components recycled for another splicing reaction. (B) Different types of
alternative splicing. The different types of alternative splicing are illustrated, with the coloured boxes
representing exons, and lines representing introns. Constitutive splicing is the process of excising introns
and joining exons. The inclusion or exclusion of one or more (cassette) exons is termed exon skipping.
Alternative 5’ or 3’ SS selection produces shorter or longer exons. The inclusion of part of an intron within
a mature mRNA is classified as intron retention. Cassette exons can also be mutually exclusive. Adapted
from (van den Hoogenhof et al., 2016). Created with BioRender.com.

AS deviates from this process, while selectively skipping certain exons, resulting in multiple mature mRNA

isoforms from the same gene. Apart from exon skipping, multiple patterns of AS can occur via mutually



exclusive exon usage, alternative splice site selection, or intron retention (Figure 1.2B) (Li et al., 2007; van
den Hoogenhof et al., 2016). To a lesser extent, IncRNAs are also subjected to AS. Cis regulatory sequences
(exonic splicing enhancers (ESEs), exonic splicing silencers (ESSs), intronic splicing enhancers (ISEs) and
intronic splicing silencers (ISSs)), and trans acting regulatory proteins (Ser/Arg-rich proteins (SRs) and
hnRNPs) target the spliceosome and enhance or repress its assembly, regulating AS (Gehring & Roignant,

2021; Kornblihtt et al., 2013; van den Hoogenhof et al., 2016; Y. Wang et al., 2015).

Interestingly, AS plays an important role in expanding the mammalian nervous system transcriptome, and
regulating gene function during neuronal differentiation and development. Failures in splicing can alter
the mRNA, thereby affecting the function of the protein product. Another aspect of AS that is fascinating,
is the subcellular localization and local translation of the different RNA splice isoforms, and their role in
the cellular system — Do different isoforms have different functions at different subcellular locations in

the same or different cell types?

In morphologically complex cells like neurons that require compartmentalized expression, the post-
transcriptional processing of mRNA is very important to drive the necessary transcriptome diversity
(Andreassi et al., 2018). Zheng et al. showed that AS of postsynaptic density protein 95 (PSD-95), an
excitatory postsynaptic protein, is responsible for its neural-specific versus non-neuronal expression.
Exon 18 of PSD-95 mRNA is included only in neurons, enabling its expression before synaptogenesis,
contributing to time-dependent synapse formation; whereas exon 18 excluded PSD-95 transcripts in non-
neuronal cells are targeted for non-sense mediated decay (NMD) (Soto et al., 2019; S. Zheng, 2016; S.
Zheng et al., 2012). Many molecules involved in axon guidance, neurite outgrowth, and synaptogenesis,
like cell-adhesion molecules (DIng et al., 2017; Graf et al., 2004), cytoskeletal components, kinases, etc.,
are also regulated by AS (Holmberg et al., 2000; Walsh & Doherty, 1997). RNA binding proteins (RBPs)
also interact with cis-sequences in retained introns that influence RNA localization and translation. As an
example, RBP Staufen2 affects the localization of Calmodulin 3 (Calm3) (Sharangdhar et al., 2017) and a
subunit of calcium/calmodulin-dependent protein kinase Il (CamKlla) (Ortiz et al., 2017) in neurons via
interaction with a retained intron in the splice isoforms of the respective transcripts. Sharangdhar et al.
showed that the 3’ untranslated region (3’ UTR) of Calm3 contains a retained intron that is targeted by
Staufen2, and regulates its localization to the dendrites in rat hippocampal neurons (Sharangdhar et al.,

2017).

AS of untranslated regions (UTRs: 5’ and 3’) also plays an important role in transcript localization and
translation regulation, especially in neurons as they express transcripts with the longest and most varied
3’ ends (Andreassi et al., 2018; Tushev et al., 2018). Alternative 3’ UTR analysis of transcripts in different
neuronal compartments led to the discovery of a huge neuronal mRNA 3’ UTR diversity, accounting for

differences in transcript isoform localization, function, and stability (Shigeoka et al., 2016; Tushev et al.,



2018). The importance of 3’ UTRs and their role in mRNA localization in neurons is further elaborated in

chapter 1.2.2.

Polyadenylation & alternative polyadenylation

In eukaryotes, the termination of transcription of nearly every mRNA occurs alongside endonucleolytic
cleavage at the 3’ end and addition of a poly(A) tail (polyadenylation tail) to the pre-mRNA. This processing
of the 3’ end during maturation of the pre-mRNA is crucial for mRNA nuclear export, function and stability
(Colgan & Manley, 1997; Lutz & Moreira, 2011). The addition of a poly(A) tail and control of its length is
controlled by a poly(A) polymerase (PAP) and specific factors (Balbo & Bohm, 2007).

Endonucleolytic cleavage and polyadenylation of the nascent transcript occur at specific sites, such as the
hexanucleotide polyadenylation signal (PAS), located within 3" UTR, introns, or exons. Nearly every PAS
in eukaryotes contain a core upstream element; the hexanucleotide AAUAAA, which is usually located
approximately 10-35 nucleotides upstream of the PAS (Proudfoot NJ & Brownlee GG, 1976). A further 20-

40 nucleotides downstream of the cleavage site is a second core element, a GU-rich motif.

The main 3’ end processing machinery contains 4 complexes: cleavage and polyadenylation specificity
factor (CPSF), cleavage factor | (CFIm), cleavage factor Il (CFlim), and cleavage stimulation factor (CstF).
The CPSF recognises the core upstream element, followed by assembly of the complex on the pre-mRNA
and the recruitment of PAP via nuclear Poly(A) binding protein (PABP) leading to cleavage and
polyadenylation (Tian & Manley, 2016). The exact site for endonucleolytic attack depends on the
distance between the two core elements, and the site can be shifted by changing this distance (Colgan &

Manley, 1997; Lutz & Moreira, 2011).

Aside from AS, alternative polyadenylation (APA) is another way the cell increases transcriptomic and
proteomic diversity, via the generation of multiple transcripts with differing 3’ ends from a single gene
(Tian et al., 2005). As mentioned above, PASs can be present at different locations, generating distinct
isoforms that can be categorised into two subtypes. Tandem 3’ UTR-APAs occur when the 3’ UTR contains
two or more PASs (Figure 1.3A). 3’"UTR APA generates multiple transcripts differing in the length of the
3’UTR. On the other hand, when APA affects the protein coding region by occurring upstream of the last
exon, it is an upstream region APA (UR-APA). UR-APA is separated into: (i) alternative last exon APA, (ii)
intronic APA, and (iii) internal exon APA (Figure 1.3B) (Y. Zhang et al., 2021).
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Figure 1.3: Schematic representation of different forms of alternative polyadenylation (APA). (A)
Tandem 3’UTR APA. The most common APA containing two or more poly(A) sites (PASs) within the same
terminal exon, resulting in multiple isoforms differing in 3’UTR lengths but encoding the same protein.
(B) Upstream Region APA. APA events occurring upstream of the last exon, that can result in alternative
last exons that potentially affect the coding sequences as well as 3’"UTR length. Alternative last exon (ALE)
APA results in isoforms differing in their last exon due to internal exon skipping; internal APA results in
premature polyadenylation within the coding region, generating an isoform lacking the 3’UTR; and
intronic APA wherein the cryptic intronic PAS is cleaved, extending an internal exon into the terminal
exon. Adapted from (Bae & Miura, 2020; and Y. Zhang et al., 2021). Created with BioRender.com.



APA patterns have been found to be tissue specific, playing an important role in different cellular
processes (Andreassi et al., 2018). Similar to AS, APA has been shown to play an essential role in neuronal
function, more specifically, dendritic and axonal localization of transcripts. In 2012, Perry et al. showed
that importin 1, a core component of the injury-signalling complex in axons, exists as two 3’UTR variants
(Perry et al., 2012). Depending on which PAS is used, a short isoform (proximal PAS) or a long isoform
(distal PAS) is produced. They found that depletion of the distal isoform decreased axonal RNA
localization, leading to a delay in injury recovery (Perry et al., 2012). Since many APA sites are found in
the 3’"UTRs and they often regulate RNA localization, apart from regulating RNA stability, translation, and
neural plasticity (Andreassi et al., 2018; Y. Zhang et al., 2021), the function of APA has been recently

explored in the context of RNA localization (Mattioli et al., 2019; Tushev et al., 2018).

1.2 Post-transcriptional Regulation

Chapter 1.2 describes the different mechanisms of post-transcriptional regulation, and how the
disruption of these mechanisms causes diseases. The sub-chapter on RNA localization, along with gene
regulation modulated by miRNAs, provide a detailed basis for my research described in chapter 3. The
sub-chapter on RNA translation provides details of the molecular mechanisms of translation, creating a

basis for my research described in chapter 4.

1.2.1 The localization of RNA: Transport

It was originally thought that proteins are sorted and localized post-translationally. However, our
understanding of localization within a cell changed in 1978, when Jeffrey et al. first reported that mRNA
was asymmetrically distributed in the ascidian embryo, during the early stages of its development (Jeffery
& Capco, 1978). In 1986, Lawrence and Singer first reported the occurrence of subcellular mRNA
localization using in situ hybridization targeting cytoskeletal protein B-actin mRNAs in chicken fibroblasts
(Lawrence & Singer, 1986). Over the last 30+ years, scientists have increased our understanding of mMRNA

localization, and continue learning about why and how it happens.

1.2.1.1 Why RNA is localized: From embryo to neuron

Spatial organization within a cell and tissue is necessary to maintain biological processes that depend on
cellular polarity, such as asymmetric cell division, migration, neuronal maturation, and embryonic

patterning. Localization of mRNA within the cytoplasm provides a basis for this cellular polarity.
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Figure 1.4: Examples of localized mRNAs. (A) In Drosophila oocytes, the maternal bicoid (bcd — red) and
oskar (osk — green) mRNAs are localized to the anterior and posterior of the oocyte, respectively,
necessary for the embryo anteroposterior patterning. (B) In Xenopus oocytes, Vg1 and VegT mRNAs are
localized to the vegetal pole, important for endoderm and mesoderm germ layer specification. (C)
Migrating cells, like fibroblasts in chick and mammals, localize f-actin mRNA to lamellipodia, where its
local translation helps in actin filament assembly, necessary for cell motility. (D) In developing neurons,
[S-actin mRNA is localized to the distal growth cones; while mature neurons localize transcripts such as
CamKlla to the dendrites, important for regulating synaptic plasticity. Adapted from (Martin & Ephrussi,
2009). Created with BioRender.com.

Asymmetric localization of organelles and cytoplasmic molecules has long been recognised for spatial
organization through oogenesis and early embryogenesis, but the molecular nature of these
organizational cues was not understood. In 1983, Jeffery et al. observed the asymmetric localization of S-
actin mRNA in ascidian eggs and embryos (Jeffery et al., 1983), after which Rebagliati et al. found a special
class of maternal mRNAs localized to the different hemispheres of Xenopus eggs (Rebagliati et al., 1985)
(Figure 1.4B), and Berleth et al. showed that the Drosophila embryo anterior pattern is mediated via the
localization of the bicoid transcript towards the anterior cortex of the oocyte (Berleth et al., 1988) (Figure
1.4A). With the development of technologies to visualise mRNAs in vivo via cloning and in situ
hybridization, localization and local translation became the basis for proper embryonic patterning,
characterized in the eggs of a wide range of organisms from zebrafish, to ascidians, arthropods and more

(Cody et al., 2013; Medioni et al., 2012).
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Once Lawrence and Singer demonstrated the intracellular trafficking of f-actin mRNA in chicken
fibroblasts (Lawrence & Singer, 1986) (Figure 1.4C), the broader importance of mRNA localization was
explored. Asymmetric distribution of mMRNAs was soon identified within other differentiated cells like
oligodendrocytes (Trapp et al., 1987), and neurons (Bassell et al., 1998; Burgin et al., 1990; Garner et al.,
1988; Kuhl & Skehelt, 1998) (Figure 1.4D), wherein the mRNA was colocalized with their translated
protein, suggesting mRNA transport as a mechanism to target proteins to specific locations. Significant
developments in RNA detection techniques has led us to our current understanding that: mRNA
localization and its localized translation provide a controlled mechanism to spatially and temporally

regulate gene expression, essential for responding to intracellular and environmental cues.

Studies in polarized cells like neurons and fibroblasts have shown that protrusions from migrating cells
and neuronal processes utilize mRNA localization and local translation to accumulate proteins necessary
to sense and respond to external cues that regulate motility and directionality. (Lin & Holt, 2007).
Campbell and Holt showed that axonal growth cone directional decisions require mRNA to be locally
translated at the tip of the growing axon in Xenopus retinal neurons (Campbell & Holt, 2001).
Utilizing microarray analysis, hundreds of mRNAs were identified in the axons of vertebrate sensory
neurons in culture. (Zivraj et al.,, 2010). This led to the identification of localized transcripts that are
translated into proteins necessary for polarized axon outgrowth (polarity proteins) (Hengst et al.,
2009), axon guidance (actin cytoskeleton regulators) (K. Y. Wu et al.,, 2005), and transcription
factor signalling for neuronal maintenance and regeneration (Cox et al.,, 2008). Utilizing rat
hippocampal neurons, Baj et al. hypothesized a ‘spatial code hypothesis’, wherein the
differential localization of brain-derived neurotrophic factor (Bdnf) splice variants in the dendrites led
to the selective targeting of BDNF, allowing spatially restricted control on dendritic architecture and
plasticity in neurons (Baj et al., 2011). Sutton and Schuman also showed that in mature neurons,
localized transcripts encode proteins necessary for synaptic activity, such as ion channels, signal

transduction enzymes, and neurotransmitter receptors (Sutton et al., 2006).

However, to address the biological question of “Why?” in a more basic sense; mRNA localization has
several mechanistic benefits compared to protein localization, some of which are: (i) economy: mRNA can
be used as a template for multiple rounds of translation compared to the trafficking of individual protein
molecules, thereby being a more energy efficient method. (ii) rapid production of local pools of proteins
in response to external cues, controlling gene expression in specific regions. (iii) subcellular autonomy
within polarized cells, such that local translation of proteins allows for protection of other subcellular
compartments wherein the protein might be toxic or deleterious. (iv) efficient mRNA targeting to
different subcellular locations based on regulatory elements in their UTRs, that do not affect structure or
function of the encoded protein (Cody et al., 2013; Martin & Ephrussi, 2009; Turner-Bridger et al., 2020).
In order to localize mRNA within the cell and utilize these advantages, multiple cellular mechanisms

underly this transport, elaborated in chapter 1.2.2.
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1.2.1.2 What drives RNA localization in neurons: Spatial and temporal mechanisms

In structurally complex and highly compartmentalized cells like neurons, localization and local translation
of mMRNAs are extremely beneficial as they allow for rapid and dynamic well-regulated spatial control. As
neurons can span huge distances in the body, the trafficking of mRNA to the distal dendrites and axons
hundreds of microns away from the soma allows for an immediate response to environmental cues

modulating dendritic and axonal growth, structure, and synaptic plasticity.

Multiple steps are involved in the subcellular trafficking of mRNAs. But first, how is the mRNA identified
to be localized? Most frequently, the 3’UTRs of mRNAs contain a “cellular address” that is encoded by cis-
acting elements called “zipcodes”. In a few cases, these localization elements can be present in the 5’UTR
or the coding sequence. Zipcode sequences are generally recognized and then bound by specific RBPs
that often function in both transcript localization as well as translational regulation. The RBP-bound
mRNAs, called mRNPs, can then form a part of a larger RNA transport granule, that can be transported
along the cytoskeleton towards its destination in the cell. During this process, the transported mRNA is
generally maintained in a translationally-repressed state, allowing for its translation at the final

destination at the correct time.

The three proposed mechanisms enabling transcript localization post nuclear export include: (i) active,
directed transport along a polarized cytoskeleton, (Bullock, 2011; Long et al., 1997) (ii) protection from
degradation coupled to local stabilisation of transcripts, (Ding et al., 1993) and (iii) transcript diffusion-
coupled local entrapment (Forrest & Gavis, 2003) (Figure 1.5). In the following sub-chapters, | have
elaborated on these mechanisms, with a focus on understanding the cis- and trans- elements that are

required to facilitate these mechanisms directly, or indirectly.
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Figure 1.5: General model depicting the different mechanisms underlying mRNA localization. (A)
Nuclear mRNAs contain zipcode elements recognised by specific RBPs either directly in the nucleus, or in
the cytoplasm post mRNA nuclear export, to form RNPs that modulate mRNA trafficking to different
subcellular regions. (B) RNPs can couple with molecular motors in the cytoplasm to promote directed
transport along the cytoskeleton. (C) Some mRNAs become localized due to protection from degradation,
as the non-localized mRNAs are targeted by the degradation machinery. (D) RNPs can also undergo
diffusion, coupled with their local entrapment at a specific region of the cell. At their final destination,
these mRNAs are anchored and can locally synthesise protein. Adapted from (Cody et al., 2013; and
Medioni et al., 2012). Created with BioRender.com.
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Cis-acting sequences: Zipcodes present on RNA

Table 1.1: Examples of mRNA zipcodes and their interacting RNA binding proteins in neurons

mRNA RBP Localization Length | Subcellular Reference
element (nt) destination
pS-actin ZBP1 3' UTR, 5'-GGACU- 54 axon (Bassell et al., 1998;
3’ (4-8) and 5'-ACA- Kislauskis et al., 1994)
3’ (22-24)
S-actin APC 3' UTR G-rich 87 axon (Preitner et al., 2014)
sequence
annexin A2 SMN near 3' UTR, G-rich 18 axon (Rihan et al., 2017)
motif, primary
sequence
Gap43 HuD- 3' UTR AU-rich 40 axon (Chung et al., 1997; Yoo
ZBP1 regulatory element et al., 2013)
complex
tau HuD, IIf3, | 3' UTR U-rich 91 axon (Behar et al, 1995;
NF90 sequence Larcher et al.,, 2004;
Litman et al., 1993)
CamKlla CPEB 3' UTR cytoplasmic | 170 dendrites (Blichenberg et al., 2001;
polyadenylation Y. S. Huang et al., 2003;
element (CPE) Mori et al., 2000)
CamKlla FMRP 3'UTR G- dendrites (Bassell & Warren, 2008;
quadruplex Muddashetty et al.,
2007)
CamKlla Staufen | 3'UTR 30 dendrites (Mori et al., 2000)
neurogranin CPEB 3'UTR CPE 170 dendrites (Y. S. Huang et al., 2003;
Mori et al., 2000)
Map2 MARTA2 | 3'UTR <640 dendrites (Blichenberg et al., 1999;
Zivraj et al., 2013)
Map1b FMRP 5'UTR G- dendrites (Bassell & Warren, 2008;
quadruplex Darnell et al., 2001)
PSD95 FMRP 3'UTR G- dendrites (Bassell & Warren, 2008;
quadruplex Muddashetty et al.,
2007)
BC1 hnRNP | 5' UTR stem-loop 62 dendrites (Muslimov et al., 1997,
A2 GA kink-turn (KT) 2006)
motif

In the early 1990s, Rob Singer and colleagues coined the term “zipcode” for specific targeting regions
usually found in the 3’ UTR of f-actin. These RNA zipcodes serve as a recruitment interface for trans-
acting factors that specify the required cellular transport machinery. Zipcodes can be different shapes,
based on (i) primary sequence, (ii) secondary/tertiary structural features, or (iii) a combination of
sequence and structure (Jambhekar & Derisi, 2007). These cis-elements can also be different sizes,

ranging from short segments with a defined sequence (25nt localization element FVLE1 in Xenopus
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oocyte; Agnes P. Chan et al., 1999) to short repeating sequences (S-actin; Kislauskis et al., 1994), and can

direct localization independently to the sequences adjacent to them.

As mentioned earlier, the localization of RNAs is often a multistep process, wherein its transport occurs
in multiple steps that are spatially or temporally distinct. Specific cis-acting signals within individual
transcripts may direct each of these steps, although multiple elements need to work together to effect
localization. Recent analysis of available high-throughput data revealed that hundreds to thousands of
mRNAs are localized to the neurites, however, our knowledge is restricted to only a few examples of

zicodes, some of which are summarised in table 1.1 (von Kiigelgen & Chekulaeva, 2020).

Map2 (Microtubule-associated protein 2) mRNA, a dendritically localized transcript, contains a 640nt cis-
element in its 3’UTR shown to be essential and sufficient for its transport in rat hippocampal and
sympathetic neurons (Blichenberg et al., 1999). Blichenberg et al. also predicted that this 640nt region
folds into multiple stem-loop structures, although, without a deeper understanding of the

sequence/structure influence on Map2 localization.

The 3’UTR of the CaMKI/la mRNA was found to contain more than one cis-element. Utilizing reporter
assays, Blichenberg et al. identified an ~1200nt fragment sufficient for localization (Blichenberg et al.,
2001). Huang et al. mapped another zipcode to the distal 170nt of its UTR, containing cytoplasmic
polyadenylation elements (CPEs), also identified in Map2 (Y. S. Huang et al., 2003). The CPE is a
nucleotide sequence (UUUUUAU) identified as important for the transport of Map2 and CaMKilla to the
dendrites of rat hippocampal neurons (Blichenberg et al., 2001; Y. S. Huang et al., 2003). A third zipcode
was identified within the first 94nt of the CaMKlila 3’UTR due to its high homology with the 30nt

dendritic targeting element in the 3'UTR of neurogranin mRNA (Mori et al., 2000).

Short AU-rich elements are an important example of cis-acting elements found in axonal transcripts. In
the mRNAs encoding Mapt (Microtubule-associated protein tau) (Litman et al., 1993), Neuritin (Gomes
et al.,, 2017), and GAP43 (Growth Associated Protein 43) (Chung et al.,, 1997), all three AU-rich
elements were recognized by the same trans-acting factor (HuD) and capable of driving localization to

the axon.

Multiple cis-elements can also act synergistically towards a common goal. Kislauskis et al. in 1994
characterized the multiple motif containing 54nt zipcode present at the 3’UTR of B-actin mRNA in
chicken fibroblast. (Jambhekar & Derisi, 2007). The 54nt zipcode as well as a separate 43nt region both
contain the two motifs, GGACT and AATGC, that along with an AC-rich region between these two motifs
act synergistically to direct § -actin localization (Jambhekar & Derisi, 2007). A few years later, f -actin
was observed to be localized to the neurite growth cones in cultured rat and chicken neurons, necessary

to enrich the B-actin protein aiding the movement of neuronal growth cones (Kislauskis et al., 1994).
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Cis-acting elements can also be present in the 5’UTR of the RNA as well as in noncoding RNA, nicely
illustrated by the neuronal brain cytoplasmic (BC1) RNA. Muslimov et al. identified a 62nt zipcode in its
5’UTR that was sufficient to transport a reporter to the dendrites of rat sympathetic neurons at levels

comparative to full-length BC1 RNA (Muslimov et al., 1997, 2006).

All these examples highlight the use of single or multiple zicpcode elements to enable subcellular
targeting of mMRNAs. These zipcodes are found in a range of sizes and structures, that may be separated
along the mRNA sequence. However, RNA localization is not necessarily a “one-man” job, and barring
a few examples, zipcodes generally function constitutively. An interaction of zipcodes with trans-acting
factors has been extensively studied, and binding of these trans-acting factors is usually necessary to

enable efficient RNA localization.

In the following chapter, | describe these trans-acting factors, and provide examples of their interaction

with zipcodes to mediate RNA transport.

Trans-acting factors: RNA Binding Proteins

Multiple studies have shown that mRNAs do not travel alone within a cell, but are usually accompanied
by a “travel-buddy” that guide their journey. “Travel-buddies”, also known as trans-acting factors,
primarily consist of RBPs. These RBPs recognise and bind cis-elements on their target mRNAs, and traffic

them within a complex or granule called a “messenger ribonucleoprotein particle” or mRNP.

With more than 1500 proteins identified to directly bind mRNAs, RBPs comprise a large family of proteins
that regulate all aspects of RNA metabolism, as well as RNA localization (Castello et al., 2012). The
specificity of an RBP is linked to its RNA Binding Domain (RBD), which exist in multiple structurally unique
forms. The most canonical domains include the RNA recognition motif (RRM), K homology (KH) domain,
zinc finger domains (Znf), and DEAD-box motif, that recognize and bind to short sequences within an
mRNA transcript (Auweter et al., 2006; Cook et al., 2011; Lunde et al., 2007). Single or multiple of these
domains can exist on an RBP, affecting its binding affinity with its target mRNA or interactions with
multiple targets at the same time (Helder et al., 2016; Lunde et al., 2007). Additionally, RBPs can interact
with mRNAs through non-canonical RBDs that recognize RNA secondary structures, or sequence motifs
within structured regions (Lunde et al., 2007). However, the precise molecular interplay between

different RBPs and mRNAs that regulate the mRNP localization is still unclear.

One of the first RBPs identified to bind and regulate the localization of axonal transcripts was Zipcode
binding protein 1 (ZBP1/IGF2BP1). Two separate KH domains of ZBP1 recognize the bipartite S-actin
zipcode, regulating its localization in neuronal axons (Donlin-Asp et al.,, 2021; Leung et al., 2006;

Tiruchinapalli et al., 2003; H. L. Zhang et al., 1999). Interestingly, cis-elements on transcripts can also be
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recognized and interact with multiple RBPs. Such is the case for S-actin; as it is also recognised by other
axonal RBPs such as human antigen D (HuD, also known as ELAVL4) (Kim et al., 2015) and, heterogeneous
nuclear (hn)RNP R (Glinka et al., 2010). To demonstrate the complexity of these interactions, Kim et al.
showed that although ZBP1 and HuD both bind to the f-actin zipcode, they have different binding
preferences. HuD shows a preference for the U-rich sequence, while ZBP1 binding depends more on the
structure of the site, requiring a specific stem-loop spatial organization within the motif (Kim et al.,

2015).

HuD has been shown to interact with a number of different mRNA and RBPs. Tau, a family of well-studied
microtubule associated proteins present in the axon hillock and growth cones of neurons, has a U-rich
cis-acting signal located on the 3’ UTR of its mRNA that is recognized by HuD. This interaction is necessary
to localize tau to the proximal portion of the axon, explaining the localized Tau protein expression and its

implications in neuronal plasticity (Litman et al., 1993).

Alternatively, RBPs can also cooperatively regulate localization, with RBP-RBP interactions being
important for modulating localization of axonal mRNAs. For example, the localization of GAP-43 mRNA
has been reported to be cooperatively regulated into axons via a HuD-ZBP1 RNP complex (Yoo et al.,
2013). HuD interacts with another RBP, survival motor neuron (SMN). Using time-lapse microscopy, they
showed that SMN and HuD were co-transported in mouse motor neurons, whereby this binding facilitates
the localization of mRNAs into axons (Fallini et al., 2011). Other examples of RBPs or RBP-RBP complexes

directly binding specific mRNAs, and their binding zipcodes (if known), are summarized in table 1.1.

Sometimes RBPs can exclude mRNAs from being localized to the axon, and instead retain them in the
neuronal cell body. Pumillo 2 (Pum2) RBP is restricted in expression to the soma of developing rat dorsal
root ganglia (DRG) neurons. In the soma, Pum2 binds to transcripts containing Pumilio-binding elements
(PBEs), retaining this subset of mRNAs in the soma, and developmentally controlling intra-axonal protein

synthesis necessary for regulating axonal outgrowth and regeneration (Martnez et al., 2019).

Localization is accomplished by the synergistic activity of cis- and trans- acting elements, however, our
understanding of these interactions are just a minute part of the vast unknown. As we start building on
known examples of RNA-RBP interactions, we are faced with accepting that there are many factors at
play in vivo that cannot be recapitulated for ease of study. As highlighted with the above examples, RBPs
show different affinities that depend not only on the specific zipcodes, but also on zipcode structure and
interactions with other proteins. In contrast, zipcodes can be bound by different RBPs, affecting their
destination and function. The complexity of this interplay is far from understood, however, utilizing
available molecular tools, the following mechanisms have been proposed with respect to RNA

localization.
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Figure 1.6: lllustration of active RNA transport along the neuronal cytoskeleton. Actin filament with
myosin motor protein mediate short-range transport of mRNPs, enabling both, retrograde and
anterograde movement. Microtubules stabilised with Tau protein mediate long-range transport of
MRNPs, enabling retrograde movement with dynein, and anterograde movement with kinesin motor
proteins in neurons. Adapted directly from (Engel et al., 2020). Created with BioRender.com.

mRNAs can be actively transported along the neuronal cytoskeleton within mRNP complexes, with long-
range and short-range transport utilising different machinery (Figure 1.6). This directed transport via
motor proteins utilizes ATP hydrolysis to change their conformation, generating processive movement
along the different cytoskeletal tracks. The speed and direction of these cytoskeleton-associated RNPs is
usually regulated based on its exact composition. Different motor proteins exhibit different kinetic
properties with the speed of transport ranging from 0.2 — 60 um/sec for myosins and 0.02 - 2 um/sec for
kinesins, compared to mRNA diffusion with a lower range of 0.1 - 0.4 um?/sec (Alberts B et al., 2002; Milo
& Phillips, 2015; Mitsumori et al., 2017; Park et al., 2014b). In fact, Fusco et al. showed that an mRNA
transported at 1.5 pm/sec via a molecular motor can travel the same distance 60x faster than via diffusion

(Fusco et al., 2003).

Kinesins and dyneins mediate uni- or bi-directional long-range transport on microtubules, with plus end
(axon) directed kinesin motors driving anterograde axonal transport, and minus end (cell body) directed
dynein motors mediating retrograde axonal transport. This elaborate network of microtubules formed
via a- and B-tubulin heterodimer polymerization radiates from the soma into the axon and dendrites (Cai
& Sheng, 2009). In contrast, smaller cellular compartments such as the presynaptic terminals and

dendritic spines mostly require bi-directional short-distance transport mediated via actin filament
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associated motors, myosins. The neuronal actin cytoskeleton is composed of filamentous (F-actin)

bundles and networks (Bridgman, 2004).

Most anterograde transport is performed by the kinesin superfamily proteins (KIFs), primarily by kinesin-
1 (KIF5), a heterotetrameric kinesin with two heavy chains (KHCs) and two light chains (KLCs) (Rodrigues
et al., 2021). Kanai et al. isolated a large KIF5 binding Rnase-sensitive granule (~1000S) from the mouse
brain that contained a total of 42 proteins, including a number of RBPs (PURa/B, Staufen, FMRPs) as well
as the mRNAs CaMKlla and activity-regulated cytoskeleton-associated protein (Arc), providing evidence
for association of KIF5 and an RNA-transporting granule (Kanai et al., 2004). Other kinesins, like KIF3A,
were also found to localize the above-mentioned tau-HuD mRNP complex towards the axon (Aranda-

Abreu et al., 2005).

The active transport of mRNP granules in neurons has also been reported to exhibit a bidirectional or
oscillatory movement in neurites, suggesting a “tug-of-war” between the microtubule motor proteins
(Buxbaum et al., 2015; Kanai et al., 2004). Single RBPs can direct this bidirectionality, as they associate
with both motor proteins, dynein and kinesin. The Drosophila homologue of Fragile X mental retardation
protein (dFMR) is one such protein that can associate with both, kinesin-1 and cytoplasmic dynein, to
transport its associated mRNP granules (S.-C. Ling et al., 2004). Similarly, using imaging and molecular
approaches, Chu et al. showed co-operative RBP-RBP interactions to regulate directionality of Racl
MRNPs in mouse neuronal dendrites. TAR DNA Binding Protein 43 (TDP-43) co-operates with Staufenl to
regulate retrograde transport of Racl via binding with cytoplasmic dynein, while TDP-43 and FMRP co-

regulate the anterograde transport of Rac1 via binding with KIF5 (Chu et al., 2019).

Alternatively, the myosin superfamily can be divided into 15-18 structurally distinct classes, with only
myosin classes |, Il, V, VI and XI clearly present in vertebrate neurons, where they contribute essentially
to the regulation of synaptic plasticity (Bridgman & Elkin, 2000; Kneussel & Wagner, 2013). In rat cortical
neurons, Myosin Va and actin filaments are responsible for the dendritic localization of the RNP

containing Staufenl RBP and Map2 (Balasanyan & Arnold, 2014).

There are also known instances of multiple RNAs being transported to the dendrites via the same
pathway. Gao et al. showed that in oligodendrocytes, Neurogranin, CaMKlla, and Arc mRNAs are
dendritically targeted within the same hnRNP A2 containing RNP granule (Gao et al., 2008). Another
aspect to consider is the change in directionality and speed of these granules during different states of
neuronal activity (Donlin-Asp et al.,, 2021). Neuronal activity via depolarization and NMDA receptor
activation was shown to increase the frequency of anterograde movements for CaMKlla and S-actin
containing mRNPs towards the dendrites, highlighting the multiple layers of active cytoskeletal transport

(Das et al., 2019).
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Diffusion-coupled local entrapment model

The asymmetric localization of mMRNA can also be achieved via facilitated diffusion in combination with
the entrapment of mMRNA to previously localized anchors at specific sites in a cell. This mechanism has
been clearly illustrated during late phase oogenesis in Drosophila for transcripts such as nanos (nos)
mRNA. During this late phase, the microtubule cytoskeleton is reorganized into cortical bundles and does
not show any anterior-posterior polarity. A study by Forrest et al. confirmed the diffusion and entrapment
model for nos localization by using microtubule-depolymerising drugs that did not abolish nos localization
to the posterior pole of the oocyte (Forrest & Gavis, 2003). They identified that strong cytoplasmic flows
swiftly moved nos throughout the oocyte so that it encountered previously localized germ plasm proteins
that locally trapped nos via a cortical actin-dependent association (Forrest & Gavis, 2003). Earlier studies
in Xenopus oocytes also revealed an actin-dependent anchoring of the maternal mRNA Vg1 at the vegetal

cortex (Yisraeli et al., 1990).

The diffusion-coupled entrapment model is not very defined in neurons. However, bidirectional directed
transport via motor proteins can also be coupled to local entrapment creating local RNA enrichment.
Using a Halo-tagged fS-actin reporter, Yoon et al. showed that on activation of a synapse in dendrites, -
actin mRNA granules containing ZBP1 and ribosomes are localized to the activated spine where they are

locally anchored and undergo multiple rounds of translation (Yoon et al., 2016).

Selective degradation or stabilisation

Another mechanism that does not directly affect transport, rather controls the local transcriptome, is via
MRNA decay. Selective degradation or protection from degradation in specific subcellular regions is a less
studied mechanism that has been observed in very few cell types, but is an important method by which
mMRNA is patterned within a cell. This process was first described in the Drosophila embryo, wherein the
posterior localization of Heat Shock Protein 83 (Hsp83) mRNAs was accomplished via its protection from
degradation at the posterior pole, largely regulated via its 3’"UTR cis-element binding to the destabilising
RBP Smaug (Ding et al., 1993; Semotok et al., 2008). A study by Aronov et al. looked at the stability of tau
mMRNA on binding to HuD RBP to promote its axonal localization. Due to HuDs ability to stabilise RNA, they
hypothesised that in the absence of HuD, tau mRNA is degraded before it is transported (Aronov et al.,

2002).

Canonical RNA degradation pathways like the miRNA pathway have also been characterized to spatially
regulate RNA abundance. The role of miRNAs in regulation of transcript localization is elaborated in
chapter 1.2.3.2. In this chapter, | will focus on noncanonical degradation pathways such as the NMD
pathway, that regulates the degradation of improperly translated mRNAs. Initially, NMD was described

to degrade mRNAs carrying premature termination codons. However, recent findings suggest that the
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NMD pathway also regulates abundance of other mRNAs in axons (Colak et al., 2013) and dendrites
(Notaras et al., 2020), influencing growth cone formation and axon guidance, and synaptic plasticity,
respectively. NMD targets could instead contain 3’UTR introns or alternative splicing events resulting in
stop codons followed by an exon-junction complex, as shown by the roundabout guidance receptor 3.2
(Robo3.2) isoform compared to Robo3.1 (Colak et al., 2013; Weischenfeldt et al., 2012). In the axons of
mouse commissural neurons, Robo3.2 mRNA synthesis is regulated via NMD by inducing degradation of
Robo3.2 mRNA in axons that encounter the floorplate of the spinal cord. As ROB03.2 is a guidance cue
receptor, this process influences axonal pathfinding and is fundamental for the correct axon positioning
at the spinal cord midline (Colak et al., 2013). Neuron-specific functions of the NMD pathway can be
further illustrated via modulation of Glutamate Receptor 1 (GLUR1) surface levels in mouse hippocampal
dendrites via regulator of nonsense transcripts 2 (UPF2) degradation of Arc and 5'-AMP-activated protein
kinase subunit gamma-3 (Prkag3) mRNAs, thereby regulating synaptic plasticity and cognitive function
(Notaras et al.,, 2020). RNA degradation is a well-regulated method that creates specific localized

transcriptomes in an effective manner.

1.2.2 The generation of protein from RNA: Translation

1.2.2.1 Translation: An overview

Protein synthesis in eukaryotes is a cyclical process during which the ribosomal subunits are recycled from
the post-termination ribosome complexes (post-TCs) of the previous round of translation, to initiate a
new round. The ribosome then reads the genetic code on the mRNA one codon at a time using aminoacyl-
tRNAs. This whole process can be divided into 4 phases of translation: initiation, elongation, termination,
and ribosome recycling. In brief, the eukaryotic translation initiation factors (elFs) promote 80S ribosome
assembly at the AUG start codon, along with the initiator methionyl-tRNA (Met-tRNAM®t) bound to the P
site. Next, through the coordinated efforts of aminoacyl-tRNAs and the eukaryotic translation elongation
factors (eEFs), the 80S ribosome processively moves along the mRNA, synthesising the encoded protein.
Once the ribosome encounters a termination codon at the end of the open reading frame (ORF), the
eukaryotic release factors (eRFs) promote the release of the nascent protein. Finally, the ribosome
complex is recycled to its 40S and 60S subunits, followed by a new round of translation (Blanchet et al.,
2022). In the following paragraphs, | will describe the genetic code and aminoacylation of tRNAs,

along with these phases in more detail.

The instructions for building a polypeptide are the groups of three RNA nucleotides (A, C, G, U) called
codons. 61 codons exist that code for the 20 common amino acids found in proteins. AUG acts as the

translation start codon, coding the amino acid methionine. Three other codons, UAA, UAG, and UGA are
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the translation stop codons that do not code for any amino acid, and signal the termination of translation.
This relationship between the RNA codon and polypeptide amino acids is the genetic code, a universal,

unambiguous, and redundant code (Crick et al., 1961; Yanofsky, 2007).

Apart from the mRNA, ribosomes and tRNAs are an essential part of the translational machinery.
Ribosomes, made up of the 40S and 60S subunits in eukaryotes, contain around one-third protein and
two-thirds rRNA. The rRNA is responsible for the structure of the ribosome, while the proteins bind to
translation factors and help tune the ribosomal properties such as translation fidelity. The ribosome
contains three sites wherein tRNAs can bind: A site, P site, and E sites; enabling them to deliver the amino
acid that is added to the synthesising protein chain. This addition is done via the complimentary binding
of the tRNA anticodon to the mRNA codon that encodes the delivered amino acid. However, according to
the Wobble-Hypothesis, the pairing of the third codon base is less stringent than the first two, allowing a
single tRNA to recognise more than one codon, such that fewer tRNAs cover all the codons. The
attachment of a tRNA with its respective amino acid is catalysed via enzymes called aminoacyl-tRNA
synthetases (aaRS) during a two-step process called aminoacylation. During the first step of activation,
aminoacyl-adenylate (aminoacyl-AMP) Is formed on the synthetase enzyme through ATP (adenosine
triphosphate) hydrolysis. This is followed by tRNA “charging”, the transfer of the activated amino acid
residue from the aminoacyl-AMP to its cognate tRNA. A different synthetase enzyme exists for each
amino acid, recognising the cognate amino acid with the appropriate uncharged tRNA (Blanchet et al.,

2022; J. Ling et al., 2009).

Initiation. Translation initiation is comprised of two major steps, resulting in the formation of the 80S
ribosome with the Met-tRNAM®t anticodon binding the start codon at the P site (Figure 1.7). During the
first step, Met-tRNAMet binds to the start codon in the 40S subunit P site to generate the 48S initiation
complex. The second step joins the ribosome 60S subunit and 48S complex, resulting in the 80S initiation
complex required for elongation. Formation of the 48S initiation complex is a complex process requiring
a lot of eukaryotic initiation factors (elFs). It starts with the formation of a ternary complex containing
Met-tRNAMet, elF2, and GTP. This complex binds to the 40S subunit along with elF1, elF1A, elF3, and
elF5 to form the 43S pre-initiation complexes (PICs). Binding of the 40S subunit with elF1 and elF1A
induces conformational changes resulting in the “open” conformation of the mRNA entry channel.
Association of mRNAs with the PIC requires the elF4F protein complex to unwind the mRNA 5’ cap-
proximal region. Once the mRNA is attached, the PIC scans along the 5’ end, downstream of the
mRNA cap, to find the AUG initiation codon. While scanning, the 5" UTR secondary structure unwinds,
allowing the PIC to move in a 5 to 3’ direction until it recognises the initiation codon. A
discriminatory mechanism promotes recognition of the actual initiation codon, preventing premature

Met-tRNAMet binding to similar triplets in the 5’ UTR.
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Figure 1.7: Steps in eukaryotic translation initiation. The ternary complex (elF2—GTP—Met-tRNAiMet)
along with the 40S ribosome and elF1,1A,3,5 form the 43S pre-initiation complex (PIC). The 43S PIC along
with the mRNA recruited with the help of the elFAF complex then form the 48S PIC. Post mRNA scanning
and recognition of the AUG start codon, elF5B helps the 60S subunit join, formaing the 80S initiation
complex (IC). Adapted from (Blanchet et al., 2022). Created with BioRender.com using a template by
Valeria Yartseva, Ph.D.

The bona fide start site is generally the first AUG triplet in the optimum GCC(A/G)CCAUGG nucleotide
context, having a purine at the -3 and G at the +4 position relative to the A of the AUG codon, also known

as the Kozak sequence (Kozak, 1991; Pisarev et al., 2008). elF1 enables the PIC to choose the correct AUG,
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preventing the aberrant assembly of ribosomal complexes at the near-cognate 5’ UTR triplets. Once the
start codon is recognised, elF1 is released from the ribosome followed by elF2-GTP hydrolysis via the
GTPase-activating elF5. These events trigger the “closed” conformation of the 48S PIC, stabilising its
interaction with Met-tRNAMet and mRNA, and stopping ribosome scanning. After elF2-GDP and elF5
dissociate, the ribosome associated GTPase, elF5B, along with elF1A facilitate 60S joining. Once the 60S
joins and elF5B and elF1A are dissociated, the 80S initiation complex containing the Met-tRNAMet in the
P site base paired with the AUG start codon is formed and ready to enter the elongation phase (Aitken &

Lorsch, 2012; Blanchet et al., 2022).
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Figure 1.8: Steps in eukaryotic translation elongation. During elongation, eEF1A delivers the aa-tRNA to
the A site. Once the peptide is formed between the amino acids, eEF2 helps with the translocation of the
peptidyl-tRNA from the A site and the P site tRNA to the P and E sites, respectively. Finally, the deacylated
tRNA is released from the E site, and the elongation cycle is repeated until a stop codon. Adapted from
(Blanchet et al., 2022). Created with BioRender.com.

Elongation. Elongation can be separated into three phases: mRNA decoding via cognate aminoacyl-
tRNAs, peptide bond formation, and translocation of the tRNA-mRNA complex (Figure 1.8). The
eukaryotic elongation factor eEF1A, a member of the GTPase superfamily, binds the aminoacyl-tRNA (aa-
tRNA) utilising GTP, delivering the aa-tRNA to the ribosome A-site. Recognition of the codon by the aa-
tRNA results in GTP hydrolysis by eEF1A, releasing eEF1A and allowing accommodation of the aa-tRNA in

the A site. eEF1B, a guanine nucleotide exchange factor (GEF), accelerates GDP dissociation from eEF1A.
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Once the aa-tRNA is accommodated in the A-site, the peptide bond is rapidly formed with the P-site
peptidyl-tRNA in the peptidyl transferase center (PTC), resulting in the formation of the pre-translocation
complex. (Moazed & Noller, 1989) This complex is dynamic and has the ability to fluctuate between
several conformations. The ribosomal subunits change conformation to a rotated state, triggering the
adoption of hybrid states by tRNAs. In this state, the tRNA anticodon ends remain in the P and A sites of
the 40S subunit, while the acceptor ends are in the E and P sites of the 60S subunit. eEF2 facilitates the
translocation of the mRNA-tRNA in the ribosome, returning the tRNAs from the hybrid to the classical
state. GTP-bound eEF2 stabilises the earlier hybrid state, while eEF2 conformational changes upon GTP
hydrolysis unlock the ribosome, causing movement of mRNA and tRNA, and locking of the ribosome
subunits in a post-translocation state. In this state, the E site in occupies by a deacylated tRNA, and the P
site with a peptidyl-tRNA, vacating the A site to allow for binding of the next eEF1A bound aa-tRNA
(Blanchet et al., 2022; Ferguson et al., 2015). Elongation is repeated until the complete protein is

synthesised and the ribosome encounters a stop codon
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Figure 1.9: Steps in eukaryotic translation termination and ribosome recycling. Once a stop codon enters

the A site of the ribosome, termination occurs and is catalysed by eRF1 and eRF3. ABCE1 promotes the
release of the peptide, along with inducing ribosomal subunit dissociation. Adapted from (Blanchet et al.,
2022. Created with BioRender.com.

Termination. Once the ribosome encounters a stop codon (UAA, UGA, or UAG), termination starts.
Translation termination is catalysed by eRF1, which recognises the three stop codons, and a GTPase eRF3,
which enables termination via GTP hydrolysis (Figure 1.9). eRF1 contains a structural NIKS (Asn-lle-Lys-

Ser) motif along with several other elements that help recognise the termination codons. The eRF1 central



26

domain also contains a GGQ (Gly-Gly-GIn) motif that extends into the PTC to promote peptidyl-tRNA GTP

hydrolysis by eRF3 and release of the nascent peptide (Blanchet et al., 2022).

Recycling of ribosomal subunits. After termination, the ribosomal subunits dissociate and the mRNA and
deacylated tRNA are released, freeing the components for subsequent translation rounds. Ribosome
recycling is facilitated by the ATPase ABCE1. Upon ABCE1 binding and ATP hydrolysis, the Fe-S (iron-sulfur)
cluster at its amino-terminal undergoes a conformational change, pushing eRF1 between the ribosome
subunits, resulting in dissociation of the post-termination ribosomes into their 40S and 60S subunits.
mMRNA and deacylated tRNA are finally released from the 40S subunit via elF2D, as well as elF1, elF1A, and

elF3j in vitro (Pisarev et al., 2010).

1.2.2.2 Local translation in neurons and why it is necessary

The complexity of the neuron reinforces the importance of spatial and temporal gene regulation,
necessary for the creation of structural and functional neuronal networks (Figure 1.10). Some neurons
can extend their axons up to a meter from the cell body while a neuron with an axon of ~200 cm can form
about 50,000 synapses (Ishizuka et al., 1990). A typical excitatory neuron can also receive information
from 1-10,000 neurons while transmitting to 50-100.000 neurons through their synapses (Holt et al.,
2019). With such a complex morphology, it is understandable that the ability to precisely and rapidly
respond to a stimulus poses some logistical challenges that can be overcome via a local system in place
to synthesise new proteins on-demand. Neurons control their local translatome by transporting
translationally silent mRNAs, followed by their local translation, necessary to regulate correct wiring of
the nervous system during development, and proper function and synaptic plasticity during adulthood

(Holt et al., 2019).

During development of the nervous system, the axons of neurons extend and navigate towards their
postsynaptic targets using their growth cones. Growth cones are specialised tips of the axon that detect
and react to guidance cues to guide their movement towards their destination, where they form the
synapse. The dendritic spines of dendrites form excitatory synapses that contain many proteins, including
neurotransmitter receptors, and other molecules for scaffolding, signalling, and adhesion. Protein copy
numbers for the pre- and post-synaptic compartments have been quantified to an extent, with the axon
terminal of the pre-synaptic neuron containing ~100-10,000 copies of various proteins (Richter et al.,
2018). Specific proteins from the post-synapse have also being quantified containing a range of 10-1,000
copies, with CamKlla having 5,000 copies, and PSD-95 having 300 copies (Sheng & Hoogenraad, 2007).
We also need to consider the half-life of neuronal proteins so that we understand how often a protein
needs to be synthesised. Dorrbaum et al. measured a half-life of ~5.5 days for neuronal proteins in vitro

(Dorrbaum et al., 2018), while proteins in vivo, in the mouse brain, exhibited half-lives of ~10 days, as
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measured by Fornasiero et al. (Fornasiero et al., 2018). Finally, in order to comprehend the necessity for
local translation, we need to compare the speed of protein transport through the axon until it reaches
the synapse. As compiled by Maday et al., the fastest transport of a protein in axons was measured at
1um/sec (Maday et al., 2014). This suggests that the time needed to traffic a protein from the neuronal
cell body to an axon terminal ~1m away would require 11.6 days! As neuronal processes have the ability
to adapt their synaptic number, size and strength through the process of synaptic plasticity, they require
a mechanism to fulfil local protein demands in response to external cues within minutes rather than
hours. This is where local translation plays a huge role, providing subcellular functions necessary for

neuronal development, synaptogenesis, plasticity, and survival (Holt et al., 2019).
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Figure 1.10: Neuron depicting the sites of local protein synthesis and local translation dependent
neuronal functions. Due to the size of a neuron, local protein synthesis occurs in the axons and dendrites,
aiding neuronal functions. The axon terminals and the dendritic spines form the pre- and post-synaptic
terminals, respectively, where local translation occurs. Synaptic plasticity at the spines is a specific and
time dependent process that also depends on external stimulus and local protein synthesis. Adapted from
(Holt et al., 2019). Created with BioRender.com.

Since 1965, when ribosomes were first identified in primate spinal cord motor neuron dendrites (Bodian,
1965), followed by Steward and Levys 1982 discovery of polyribosomes at the dendritic spine of
hippocampal neurons (Steward & Levy, 1982), a lot of research has established the importance of mRNA
localization and local translation in the developing and adult nervous system. One of the first evidences
of local protein synthesis was in the axon of the giant squid by Giuditta et al., where they demonstrated
metabolic incorporation of amino acids in axonal proteins (Giuditta et al., 1968). In 1993, Feig and Lipton
demonstrated the first evidence for de novo protein synthesis in dendrites in response to neuronal
stimulation (Feig & Lipton, 1993). Using applied electrical stimulation along with carbachol, a muscarinic
acetylcholine agonist, in hippocampal slices exposed to [3H]leucine, they detected an increase in
[®H]leucine incorporation in the dendrites, with no effect in the cell body (Feig & Lipton, 1993). Kang and

Schuman then went on to discover the importance of local protein synthesis in BDNF or Neurotropin-3
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(NT-3) facilitated synaptic plasticity. Using rat hippocampal slices, they isolated the CA3 or CA1 synaptic
regions from the cell bodies using a microlesion, and still observed synaptic transmission in response to
external BDNF or NT-3 application (Kang & Schuman, 1996). As BDNF and NT-3 induced
synaptic potentiation requires new protein to be synthesised, this experiment confirmed local synaptic

translation away from the cell body. (Kang & Schuman, 1996)

For protein synthesis to occur, the translation machinery is also locally required. Apart from the
localization of the protein template: mRNA, mentioned in chapter 1.2.1.2, the presence of ribosomes,
tRNAs, and regulatory elements is also of importance. Ostroff et al. compared the ultrastructure of
dendritic spines and synapses in hippocampal slices before and after long term potentiation (LTP)
induction, and found an increased percentage of polyribosomes in spines post stimulation. Interestingly,
they also noticed an increase in the postsynaptic density (PSD) of spines containing polyribosomes,
suggesting that stimulation-dependent local translation stabilizes spine PSD and is an indicator for spines
expressing LTP (Ostroff et al., 2002). On the other hand, Bingol and Schuman demonstrated the
recruitment and sequestration of proteasomes on activation of the NMDA receptor, suggesting a coupling
of translation and degradation to remodel the local synaptic protein composition, enabling rapid protein
turnover (Bingol & Schuman, 2006). Getting back to the ribosome, ribosomes are usually transported in
mMRNPs or transporting granules (Fernandopulle et al., 2021). As ribosomal protein (RP) mRNAs have also
been identified in dendrites and axons, there is evidence supporting local synthesis of RPs, and their

incorporation into pre-existing axonal ribosomes (Shigeoka et al., 2019).

As tRNA availability influences the speed of mRNA decoding during translation, local translation would
require a readily available local pool of tRNAs. In 1996, Tiedge and Brosius detected the presence of tRNAs
in neuronal dendrites (Tiedge & Rgen Brosius, 1996). A recent study by Koltun et al. looked at the
dynamics of these tRNAs in the neuron (Koltun et al., 2020). They observed tRNA puncta that were
bidirectionally transported in dendrites, with some of them participating in active translation due to their
destabilization with puromycin, a translation inhibitor (Koltun et al., 2020). As mentioned earlier,
regulatory elements such as the co- and post-translational processing machinery is also required to
process integral membrane and secretory proteins. Membrane and secretory proteins require the
endoplasmic reticulum (ER), the ER-Golgi intermediate compartment (ERGIC), the Golgi apparatus, as
well as the trans-Golgi network to fold, assemble, and glycosylate them before plasma membrane
delivery. Organelles staining for the ER, ERGIC, and Golgi complex have been identified in dendrites and
axons, suggesting the presence of a functional ER and Golgi equivalent, necessary to locally synthesise
membrane and secretory proteins (Gardiol et al., 1998; Merianda et al., 2009). This evidence along with
the abundance of membrane proteins in the transcriptomes of dendrites and axons, indicate the presence
of all the necessary machinery to locally synthesis the different proteins identified in neuronal dendrites

and axons (Holt et al., 2019).
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To directly observe protein translation, scientists initially used synaptosomes, the detached synaptic
spines with their presynaptic terminals, and synaptoneurosomes, subcellular structure containing
presynaptic structures along with the postsynaptic densities. Using these preparations, they
demonstrated the stimulation-dependent translation of CamKlla (Bagni et al., 2000), PSD95
(Muddashetty et al., 2007), and Arc (Yin et al., 2002). To directly link neuronal synaptic plasticity and local
translation, Miller et al. mutated the endogenous CamKlla gene in a mouse, such that the 3’ UTR mRNA
zipcode for dendritic localization was disrupted (Miller et al., 2002). In this way, the CamKlla protein
region was intact, but its mRNA was restricted to the soma. They found a dramatic 85% reduction of
CamKllain PSDs, along with deficits in LTP and impairments in memory processes, directly demonstrating
the importance of local translation of a specific protein in neuronal function (Mayford et al., 1996; Miller
et al., 2002). Similarly, Perry et al. perturbed the endogenous axonal localization of importin 1 mRNA by
altering its mRNA zipcode (Perry et al., 2012). Normally, importin B1 is locally upregulated in the axon in
response to axonal injury and coordinates the transport of an injury signaling complex to the cell body.
Axonal importin B1 knockout mice had reduced axonal expression and delayed recovery, without altering
its functions in the cell body and nucleus (Perry et al., 2012). These results further add to the mounting

evidence that local translation is necessary for axonal function and repair.

To address another aspect of local translation: activation of translation of translationally silent localized
mRNAs, Muddashetty et al. described the use of phosphorylation of translational repressors as a
molecular mechanism for the spatial and temporal control of translation (Muddashetty et al., 2011).
Phosphorylation of the RBP FMRP promotes the miRNA-induced silencing complex (miRISC) formation, a
translation repression complex (further elaborated in chapter 1.2.3), that represses the translation of
PSD-95 in dendrites. However, on FMRP dephosphorylation, the miRISC is released, thereby activating
translation of PSD-95 (Muddashetty et al., 2011). The RBP ZBP1 is another example of phosphorylation
regulated translation. Huttelmaier et al. described how unphosphorylated ZBP1 is required for the
localization of f-actin mRNA to the synapse in a translationally repressed form (Huttelmaier et al., 2005).
However, ZBP1 phosphorylation at the synapse via Src protein kinase reduces its binding to S-actin

mMRNA, activating its local translation (Huttelmaier et al., 2005).

The local synthesis of proteins in neurons is a process that regulates neuronal function, from axonal
guidance and growth during development, to synaptic plasticity and neuronal repair and survival during
maturity. The fine balance of translation regulation at spatial and temporal scales is what determines the
health of a neuron. With the continuous development of new tools to study local translation, we can
further explore this well-regulated process in neurons and deeper understand this complex process in

these complex cells.
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1.2.3 miRNA dependent regulation

1.2.3.1 miRNA biogenesis

miRNAs are small non-coding RNAs, ~21 nucleotides in length, transcribed by RNA pol Il. miRNA
biogenesis starts with DNA sequences that are transcribed by RNA pol Il into primary miRNAs (pri-
miRNAs), long transcripts with a local hairpin structure wherein the miRNA sequence is embedded. They
are then processed via canonical or non-canonical pathways into precursor miRNAs (pre-miRNAs) and
finally into mature miRNAs that mostly interact with the 3’UTR of their target mRNAs to regulate

expression (Figure 1.11).
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Figure 1.11: Overview of miRNA biogenesis and mechanism of action in the neuron. During the canonical
pathway, pri-mRNAs are produced from miRNA genes encoded in either exonic, intronic, or intergenic
regions. Drosha/DGCRS processes pri-mRNA into pre-mRNAs. During the non-canonical mirtron pathway,
intronic pre-miRNA hairpins are produced via splicing of short introns independent of Drosha processing.
Pre-miRNAs generated via both pathways are exported to the cytoplasm via Exportin 5, followed by Dicer
cleavage within the RLC, unwinding of the miRNA/miRNA* duplex via Argonaute, and loading into the
miRISC via TRBP. mRNAs bound by miRNAs in the miRISC results in (1) inhibition of translation, and/or (2)
degradation of mRNA in cytoplasmic P-bodies. (3) miRISC can also be transported in protein complexes
through the entire neuron for local regulation. Adapted from (O’Carroll & Schaefer, 2013). Created with
BioRender.com using a template by Eunice Huang.
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Majority of the canonical miRNAs identified are intragenic and encoded by introns of non-coding or
coding transcripts, and relatively few exonic regions, while the remaining are intergenic. Sometimes,
several miRNA loci are clustered and transcribed as one long transcript, constituting a polycistronic

transcription unit, that may have similar seed regions forming a family (eg. lethal-7 (let-7) miRNA family).

During the canonical miRNA biogenesis pathway, long pri-miRNAs (> 1kb) containing a local stem—loop
structure are processed into pre-miRNAs (~65 nucleotides) via a microprocessor complex, comprising of
the nuclear RNase lll Drosha (Pasha in D. melanogaster and PASH-1 in C. elegans) together with its
essential cofactor DGCR8 (DiGeorge syndrome critical region 8). Following processing, pre-miRNAs are
exported to the cytoplasm via a transport complex containing exportin 5 (XPO5) and Ran-GTP. In the
cytoplasm, it is further cleaved by Dicer RNase Ill endonuclease near the terminal loop within the RISC
locading complex (RLC), generating an ~22 bp mature miRNA/miRNA* duplex. This processing is usually
coupled with the formation of the miRISC. The miRISC basically consists of the “guide strand” of the
miRNA, loaded onto the Argonaute family of proteins (AGO1-4 in humans) and GW182 (glycine-
tryptophan (GW) repeat-containing protein of 182 kDa) family proteins. This complex interacts with its
target RNAs to repress their expression, while the other miRNA* strand (the “passenger strand”) is usually

destroyed (G. C. Shukla et al., 2011).

Various alternative mechanisms have been discovered to generate a minority of miRNAs, utilizing
Drosha/DGCR8-independent and Dicer-independent pathways. Mirtrons, produced from mRNA introns
during splicing, and 7-methylguanosine (m7G)-capped pre-miRNA are produced via the microprocessor
complex independent pathway, wherein they are directly exported to the cytoplasm using exportin 1
without Drosha cleavage. Some small RNAs derived from tRNAs, snoRNAs, or small nuclear viral RNAs also
bypass the microprocessor complex. On the other hand, short hairpin RNA (shRNA) transcripts are
processed by Drosha and require the catalytic activity of AGO2 for miRNA maturation due to their
insufficient length for Dicer cleavage (Ha & Kim, 2014; O’Brien et al., 2018).

1.2.3.2 miRNA regulation of RNA localization and translation in neurons

The discovery of miRNAs unearthed a new layer of gene regulation. miRNAs play an important role in
silencing RNA, and extensively regulate gene expression post-transcriptionally. Generally, miRNAs bind to
the 3’ UTR of target mRNAs and inhibit protein synthesis either by destabilization of their target mRNAs
and/or repressing translation. miRNA-repressed mRNAs are usually deadenylated, followed by their
degradation (Cannell et al., 2008). However, in a study using miR-125b and let-7 miRNAs, Wu et al.
revealed that miRNA translational repression does not necessarily require a poly(A) tail, and can instead

use a 3’ histone stem-loop to target other RNAs (L. Wu et al., 2006).
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The spatiotemporal regulation of mRNA translation in the mammalian nervous system plays a vital role
in neuronal development and synaptic plasticity. The nervous system is a source of an abundance of
miRNAs, where they are linked to the regulation of transport and translation of neuronal mRNAs (Kosik,
2006; Sempere et al., 2004). One of the first studies to characterise the localized function of a brain
specific miRNA, miR-134, was conducted by Schratt et al. (Schratt et al., 2006). They showed that miR-
134 localized to the synapto-dendritic compartment in rat hippocampal neurons, where it negatively
regulates the dendritic spine structure through translational repression of LIM-domain kinase 1 (Limk1)
MRNA, a protein kinase encoding mRNA that regulates spine development (Schratt et al., 2006). Synaptic
input via an external stimulus such as BDNF relieves this inhibition, allowing Limk1l to contribute to
synaptic development and maturation (Schratt et al., 2006). miR-9, expressed in the axons of primary
cortical neurons, was found to control axonal growth and branching via a BDNF-dependent regulation of
microtubule associated protein 1B (Map1b) mRNA translation (Dajas-Bailador et al., 2012). This regulation
by miR-134 and miR-9 highlight the complex interplay between subcellular localization, translation, and
an additional level of extrinsic stimulation, contributing to the changes in neuronal gene regulation (B.

Wang & Bao, 2017).

miRNAs can also cooperatively regulate neuronal processes like axon growth, by targeting different
mMRNAs. For example, axon elongation is positively regulated by miR-132 via the local targeting of Rasall
mRNA (Hancock et al., 2014). On the other hand, miR-181d negatively regulates axon growth via

translational repression of Map1B and Calm1 mRNAs in the axon (B. Wang et al., 2015).

Remarkably, RBPs can mediate the delivery of miRNAs, and even their target mRNAs, to specific
subcellular compartments. miR-181d, mentioned above, is localized to the axons of rat DRG neurons via
a granule containing the RBP fragile X mental retardation protein (FMRP) (B. Wang et al., 2015). FMRP
also mediates the axonal delivery of Maplb and Calm1 (B. Wang et al., 2015). Several other miRNAs have
been identified to associate with FMRP in the mouse brain. In hippocampal neurons, miR-125b along with
FMRP and AGO1 negatively regulate NR2A expression, an NMDA receptor subunit, regulating synaptic

structure and plasticity (Edbauer et al., 2010).

Interestingly, when the copy number of miRNAs was quantified by Bissels et al. and compared to the
abundance of mRNA targets, most miRNA copy numbers were relatively low (Bissels et al., 2009;
Schwanhuusser et al., 2011). This posed an important question: How can miRNAs effectively regulate
their mRNA targets? Sambandan et al. recently elucidated this with their discovery that pre-miRNAs can
be spatially and temporally regulated in neurons, leading to a precise increase in miRNA expression and
their mediated translational repression (Sambandan et al., 2017). Using high-resolution in situ
hybridization in rat neuronal dendrites, they visualized the activity dependent maturation of an inducible

pre-miRNA probe that exhibited an increase in florescence on maturation (Sambandan et al., 2017). In
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association with this result, protein synthesis of the target mRNA at the synapse was reduced on synaptic-

stimulation-dependent maturation of the pre-miRNA probe (Sambandan et al., 2017).

Therefore, research on miRNAs has revealed the complexity and importance of their role in gene

regulation, especially their significant contribution to local RNA expression levels and translation in

neurons.

1.2.4 Localization and translation in neuronal and neuromuscular

diseases

Table 1.2: Summary of proteins and mRNAs involved in abnormal local translation in different neuronal

pathologies

Compiled from (Gamarra et al., 2021; and Turner-Bridger et al., 2020).

Disease

Experimental model

Local translation alterations

References

fragile X
syndrome (FXS)

FMRP knockdown in
mouse embryonic DRG
neurons

Reduced axonal transport of
granules containing miR-181d,
Map1b, and Calm1

(B. Wang et al.,
2015)

amyotrophic
lateral sclerosis
(ALS)

Drosophila model of ALS;
Drosophila and human-
derived TDP-43 mutant
(M337V, A315T) motor
neurons

Abnormal futsch/Maplb mRNA
trafficking to neurites causing
cytoskeletal defects; impaired
anterograde axonal transport of
Nefl mRNP granule

(Alami et al.,
2014; Coyne et
al., 2014)

Mutant FUS (R521H,
R521C) mouse
hippocampal neurons

Inhibition of intra-axonal
translation

(Lopez-Erauskin
et al., 2018)

spinal muscular
atrophy (SMA)

SMN knockdown in
mouse motor neurons,
chick forebrain, and rat
hippocampal cultures

Reduction in axonal poly(A)-
positive RNAs; mislocalization of
p-actin, Nrn1, Anxa2, and GAP43
affecting neurite growth and
presynaptic function

(Fallini et al.,
2011, 2014;
Rihan et al.,
2017; Saal et al.,
2014)

Huntington’s
Disease (HD)

HTT knockdown in U20S
cell line; rat cortical
neurons and rat cortex
sections

HTT regulates post-transcriptional
processes via Ago2 association;
impaired levels of #-Actin mRNA
in dendrites; altered bdnf mRNA
axonal transport

(Ma et al., 2010;
Savas et al.,
2008, 2010)

Alzheimer's
disease (AD)

Synthetic Ap1-42
peptide application in
rat embryonic
hippocampal axons

Altered axonal transcriptome,
including Atf4 mRNA localization
to axons resulting in neuronal
death

(Baleriola et al.,
2014)

As mentioned above, dendritic and axonal RNA localization and local translation is important for

maintaining the healthy state of a neuron. Only in 2001, when Zheng et al. described the activation of

intra-axonal RNA translation in response to nerve injury, did we link the deregulation of local translation
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with neuronal pathologies (J.-Q. Zheng et al., 2001). Growing evidence suggests the association of defects
in MRNA localization and local translation with an increasing number of neurological disorders that affect
different areas of the brain. In this chapter, | have highlighted a few key findings relating RNA transport
and translation with diseases such as fragile X syndrome (FXS), amyotrophic lateral sclerosis (ALS), and

spinal muscular atrophy (SMA), along with a summary in table 1.2.

One of the best characterised developmental neurological disorder linked to altered mRNA transport is
FXS, an X-linked disorder caused by loss of expression of the RBP FMRP. FXS is an inherited genetic
disorder, wherein expansion of CGG repeats in the 5° UTR of Fragile X Messenger Ribonucleoprotein 1
(FMR1) results in its transcriptional silencing, and loss of its encoded protein, FMRP (Bassell & Warren,
2008). Multiple studies have described the association of FMRP with a vast number of mRNAs (such as
Map1b, PSD95, Fmrl, and CaMKilla), and other RBPs to form RNPs or granules, and its role in regulating
mMRNA transport and translation; functions that are disrupted in FXS (Darnell et al., 2011; Darnell & Klann,
2013). Loss of FMRP causes dysregulation of neuronal RNA transport, resulting in slower localization of
RNP granules and mis-localization of mRNAs, for example, disruption of Map1b and Calm1 FMRP axonal
targeting in DRG axons (B. Wang et al., 2015). Kao et al. also illustrated FMRPs role in local protein
synthesis by looking at CamKi/la mRNA movement in Fmrl KO and WT mouse cortical neurons upon |
mGIuR stimulation (Kao et al., 2010). On comparison with Fmr1 KO neurons, CamKlla mRNA and protein
synthesis was enriched only in the WT dendrite spines. These results suggest a lack of local plasticity-
dependent translation in Fmr1 KO neurons, due to aberrant mRNA targeting in the absence of FMRP (Kao
et al., 2010). Although we are closer to understanding FMRPs physiological function and the defects due
to its depletion, the direct functional implications of axonal mRNA mis-localization in FXS is yet to be

determined.

In recent years, the connection between neurodegenerative disorders and aberrant axonal mRNA
localization is gaining a lot of traction. Mutations in RBPs exhibit frequent phenotypes associated with
motor neuron diseases. ALS is one such neurodegenerative disease that is characterized by motor neuron
loss due to mutations in genes implicated to affect RNA metabolism, including defects in alternative
splicing, stabilisation, and localization. Apart from superoxide dismutase 1 (SOD1) and chromosome 9
open reading frame 72 (C9orf72), mutations in the RBPs TDP-43 and Fused in Sarcoma (FUS) are strongly
linked to ALS (Fiesel & Kahle, 2011; Gamarra et al., 2021). TDP-43 and FUS are both RBPs that under
healthy conditions, are localized in the nucleus where they regulate transcription and splicing of pre-
mRNAs. They also shuttle between the nucleus and cytoplasm, regulating mRNA export and transport to
the cytoplasm (Ederle & Dormann, 2017). Apart from mRNA transport, both these RBPs are also
components of stress granules, which regulate mRNA translation (Aulas & Velde, 2015). In ALS as well as
another neurodegenerative disease, frontotemporal lobar degeneration (FTLD), TDP-43 positive
aggregates are identified in most sporadic as well as familial cases, and are used as a marker for the

disease. As mentioned earlier, TDP-43 is a well-studied RBP that is involved in mRNA splicing, localization,
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and translation in neurons. Under normal conditions, TDP-43 associates with its target mRNAs in RNP
granules, transporting them to their subcellular destinations within a neuron, where they can be locally
translated (Alami et al.,, 2014). Several ALS-causing mutations impair TDP-43s role in axonal mRNA
trafficking. Mutations in its prion-like C terminal domain affect TDP-43 and possibly affect its phase
separation and ability to form mRNPs. For example, TDP-43 was reported to transport neurofilament-L
(NEFL) (Alami et al., 2014) and Map1b to the axons (Coyne et al., 2014). In Drosophila, Coyne et al.
described how mutant TDP-43 altered futsch mRNA (Maplb in mammals) localization to the
neuromuscular junction (NMJ), and also affected its translation by shifting the mRNA from actively
translating polysomes to non-translating RNP particles (Coyne et al., 2014). Similarly, Map1b localization
was also altered in ALS spinal cords, similar to their observations in Drosophila (Coyne et al., 2014). FUS
is also identified in cytoplasmic aggregations, altering RNP granule formation and local translation in
neurons. FUS has also been observed at translational sites in axons. When FUS is mutated, some target
mMRNAs are abnormally expressed, for example, in mutant FUS motor neurons, Fos-B was upregulated in
axons causing increased axonal branching (Akiyama et al., 2019). Although tremendous progress has been
made to elucidate the pathogenesis of TDP-43 and FUS proteinopathies, future research is required to

comprehensively dissect the key mechanisms underlying ALS.

Interestingly, FUS has also been shown to interact with SMN protein, an RBP responsible for SMA
development (Gamarra et al., 2021; Turner-Bridger et al., 2020). SMA is another neurodegenerative
disease associated with the degeneration of spinal motor neurons, followed by the progressive loss of
muscle function and paralysis (Fallini et al., 2012). SMA is usually caused by mutations in the SMN1 gene
that encodes the SMN protein, resulting in insufficient levels of SMN. The main function of the
ubiquitously expressed RBP is the assembly of snRNPs for mRNA splicing. However, neuronal SMN also
helps in the assembly of RNP complexes used for axonal mRNA transport where they can be locally
translated. Similar to TDP-43, reduced SMN levels result in impaired trafficking and reduced translation
of various axonal transcripts, such as growth-associated protein 43 (GAP43), ActB, and neuritin/cpg15
(Fallini et al., 2012, 2016). Curiously, reduced SMN expression can be compensated via overexpression of
other RBPs required for RNP granule assembly and transport, such as HuD (Akten et al., 2011) and ZBP1
(Fallini et al., 2016), implicating the role of SMN as an RNA transport regulator (Fallini et al., 2016). As
mentioned above, FUS was also identified to interact with SMN in a study by Groen et al., with mutant
FUS influencing this association, leading to SMN redistribution to FUS aggregates, and the following
impairment in SMN axonal localization (Groen et al., 2013). This link between ALS and SMA supports the
theory that different motor neuron disorders might be caused by defects in shared pathways (Groen et
al., 2013). The above studies relating to ALS and SMN provide evidence that RBP dysfunction, and the
consequent mis-localization of target mRNAs lead to alterations in local translation that underly the

pathophysiological features of these diseases.
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Sometimes, alterations in the axonal transcriptome can contribute to the pathophysiology of a disease,
even though the disease is not directly associated with mutated genes coding for regulators of RNA
processing. For example, mutations in the KIF5A gene have been linked to Charcot—Marie—Tooth disease
type 2D (CMT2D) and ALS (Crimella et al., 2012; Nicolas et al., 2018). CMT is a group of hereditary
peripheral neuropathies that cause loss of sensation and fine motor control at the extremities. More than
100 genes have been identified to cause CMT, with CMT1 being a demyelinating neuropathy, and CMT2
an axonal neuropathy (Markworth et al., 2021). CMT2B, caused by mutations in Ras-related protein 7
(Rab7), a lysosomal motor adaptor, shows a phenotype of significantly decreased axonal translation,
dysfunctional axonal mitochondria, and widespread degeneration (Cioni et al., 2019). Targeted
experimental models have helped identify the specific proteins whose translation is affected. During
CMT4D neurodegeneration in DRG sensory neurons, Fukuda et al. showed that the splicing factor
proline/glutamine-rich (SPFQ) RBP bound mRNA Bclw required for axon survival, was not transported to
the axon, preventing its local translation (Fukuda et al., 2020). However, this effect was rescued by the
axonal application of a Bclw peptide mimic, supporting the causal relationship between aberrant local

translation and neurodegenerative diseases (Fukuda et al., 2020).

To summarise, different RBP or RNA-assembly protein abnormalities have been linked to different
neurodegenerative disorders. As a lot of the identified interacting mRNAs are required for axonal
functions, especially at the growth cones and synapses, we can agree that the axonal transport and local
protein synthesis of these target transcripts is necessary for a healthy neuronal morphology, and synaptic
and growth cone function. Dysfunction in these processes lead to degeneration of the axon terminals,
disconnecting the neural network, leading to a diseased pathophysiology. It is important to appreciate
the recent advances in understanding these neuronal diseases, however, we still need to dig further to

understand the exact molecular mechanisms regulating RNA metabolism in neurons.

1.3 Experimental techniques to study RNA localization and
translation

In this chapter | have described the experimental techniques used in my research, as well as additional

methods and their advancements developed to study RNA localization and translation.
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1.3.1 Imaging-based methods for RNA localization

Hybridization-based methods

In the early 1980s, when protein localization was connected to local mRNA translation, only one method
was available to visualise RNA: in situ hybridisation (ISH) (Jeffery et al., 1983; Singer & Wardt, 1982). ISH
is @ method in which short DNA or RNA labelled probes with a complementary sequence are hybridised
to the endogenous RNA sequence of interest in fixed cells or tissues. The first visualisation of asymmetric
mRNA distribution in chicken muscle cells and ascidian eggs was for actin mRNA using biotinylated or

radioactive probes (Jeffery et al., 1983; Singer & Wardt, 1982).
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Figure 1.12: Single RNA detection using in situ hybridisation in fixed cells. (A) smFISH probes (~20 bases)
labelled with a single fluorophore hybridise to the target gene sequence. Multiple probes on a single
transcript produce a detectable fluorescence signal. (B) smiFISH probes indirectly label the transcript of
interest. A secondary probe labelled with two fluorophores is pre-hybridised to 24 primary probes,
resulting in hybridisation of these duplexes to the RNA. Adapted from (Pichon et al., 2018; and Tsanov et
al., 2016). Created with BioRender.com.

With the development of fluorescence technologies, fluorescence in situ hybridisation (FISH) was
developed utilising fluorescently labelled probes. As FISH is highly sequence specific and can distinguish
RNAs that differ only by a single base, it allows for the specific detection of a single mRNA sequence.

Along with the development of brighter fluorescence labels and more sensitive image detection we can
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easily detect a single mMRNA molecule. Single-molecule FISH (smFISH) utilises multiple fluorescent probes
that hybridise to single mRNAs, enabling bright single-molecular detection (Figure 1.12A). Recent
developments to this method have made it fast, multiplexed, and even high throughput (Battich et al.,

2013; Levsky et al., 2002; Shaffer et al., 2013).

In 2016, Tsanov et al. made this method more affordable by developing single molecule inexpensive FISH
(smiFISH), a method that uses unlabelled primary probes along with a secondary detector oligonucleotide
that is fluorescently labelled (Figure 1.12B) (Tsanov et al., 2016). As the gene-specific probes are
unlabelled, they can be synthesised at a low cost, increasing the number of probes that can be used,
resulting in an increased detection efficiency. The detector oligonucleotide is also labelled on both ends,
doubling the detection intensity. smiFISH can also be used to visualise different targets simultaneously

based on the fluorophore label of the secondary detector oligonucleotides (Tsanov et al., 2016).

Live-cell RNA tracking

Over the years, multiple methods have been developed for better visualisation and tracking of RNA
movements in living cells. These genetic-based strategies usually involve an RNA of interest engineered

with a genetic tag insertion that can be recognised by fluorescently labelled RBPs or small molecules.

The MS2 system was the first method published and successfully used to track single mRNA molecules in
multiple organisms and cell types (Figure 1.13A) (Bertrand et al., 1998; Park et al., 2014). It is based on a
high-affinity interaction of the MS2 coat protein (MCP) from bacteriophages with a specific 19nt MS2 RNA
hairpin. A transgene is generated containing multimerised MS2 hairpins derived from a MS2 phage
genome regulatory element and inserted into the 3’ UTR of the mRNA of interest. These hairpins have
multiple MS2-binding sites (MBS) that can be recognised by a green fluorescent protein (GFP)-fused MCP
RBP expressed from another transgene (Bertrand et al., 1998). One advantage of this system is the
capability to endogenously express both, the tagged mRNA target and the fluorescent marker protein
binder, allowing for a more physiological experimental context. However, multiple drawbacks also exist,
such as the time-consuming nature of generating a transgenic system, as well as the size of the MS2-
fusion tag along with the hairpins on the RNA interfering with the normal functioning and localization of

the mRNA.

Due to high background produced in this system by the unbound protein, modifications have been made
to the binder RBPs, utilising fused photoactivatable GFP or fluorescence complementation approaches

by using a split-GFP which only on dimerisation can fluoresce (Cody et al., 2013; B. Wu et al., 2014).
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Figure 1.13: RNA visualisation methods in living cells. (A) An RBP/coat protein fused to a fluorescent
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protein (FP) binds to hairpin arrays engineered into the 3" UTRs of transcripts. (B) RNA aptamers are added
to an RNA of interest, and small molecules on binding to the aptamers emit fluorescence. (C) Unbound
probes exist as a hairpin with a fluorophore (F) in the vicinity of a quencher molecule (Q). On binding to
target RNAs, the quencher moves away, releasing the fluorophore and enabling its fluorescence. (D)
Inactivated CRISPR/Cas fused to a fluorescent protein (FP) can recognise target transcripts via the guide
RNA, enabling fluorescence of the transcript. Adapted from (Pichon et al., 2018; and Taliaferro, 2019).
Created with BioRender.com.

RNA aptamers, another form of nucleotide-base probes, are short, single stranded oligonucleotides that
can also bind specific target molecules (Figure 1.13B). Paige et al. identified an aptamer named Spinach
which emits a fluorescence similar to GFP only on binding of a specific small-molecule fluorophore (Paige
et al., 2011). In this system, the reporter and probe are present on the same oligonucleotide that can be
added to the mRNA of interest (Paige et al., 2011). Several RNA aptamers are currently available with a
variety of spectral emissions, ranging from blue to red, that have been further enhanced for binding
efficiency as well as strength of fluorescence, allowing the possibility for multiplexing mRNA targets for
simultaneous visualisation (Dolgosheina et al., 2014; Paige et al., 2011). Similar to the MS2 system, RNA

aptamers could potentially impede mRNA function or localization.
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Molecular beacon (MB)-based imaging of single mRNA in living cells was first described in 2003 by Bratu
et al. where they labelled oskar mRNA in Drosophila oocytes (Figure 1.13C) (Bratu et al., 2003). This
method reduces background signal as the MB is a DNA probe with one end linked to a fluorophore, and
the opposite end to a quencher. The unbound probe is folded into a hairpin structure, inhibiting
fluorescence due to the interaction of the fluorophore and quencher. However, upon recognition of the
target mRNA, the probe stretches out while annealing, enabling fluorescence due to the separation of
the fluorophore and quencher. Initially, MB-based imaging utilised the genetic modification of an mRNA
target to add an MB-tag. This tag contains multiple copies of one sequence that are recognised by the
MBs, unquenching the fluorophore, thereby enabling fluorescence (Vargas et al., 2005). Alternatively,
distinct MBs can be used to label different parts of an unmodified endogenous mRNA, directly labelling

the mRNA without the need of genetic modification (Mao et al., 2020; Turner-Bridger et al., 2018).

In 2016, Nelles et al. described an RNA-targeting Cas9 (RCas9) to recognize unmodified endogenous
MRNAs for live cell tracking (Figure 1.13D) (Nelles et al., 2016). As most RNA targeting methods, like those
mentioned above, rely on the incorporation of an exogenous tag, the use of a nuclease-inactive
CRISPR/Cas9 to bind specific RNAs in a nucleic-acid-programmed manner, allows for endogenous RNA
tracking without genetic engineering of a cell. Utilising a nuclear-localized RCas9 along with guide RNAs
targeting different mRNAs, they observed endogenous RCas9-GFP-mRNA localization outside the nucleus,
that was comparable to the FISH signal for that specific mRNA (Nelles et al., 2016). This method allows
for the live cell tracking of mRNA without interfering with normal RNA metabolism, and reduced
background signal as unbound RCas9 is restricted to the nucleus (Nelles et al., 2016). Similarly, Abudayyeh
et al. described the use of a catalytically inactive Cas13a (dCas13a) fused to a fluorescent protein that

targets an mRNA of interest using specific guide RNAs (Abudayyeh et al., 2017).

1.3.2 NGS-based and high-throughput methods

Classically, researchers explored only one transcript at a time, investigating the mechanisms regulating
its localization within a cell. These approaches included systematically testing the 3" UTR sequences of
the target mRNAs for the ability to localize a reporter transcript. This was followed by progressively
decreasing the length of the 3’ UTR to identify a minimal element sufficient for localization. The sequence
of this minimal element could provide information regarding the secondary structure, and potential RBPs
that can bind to it. However, regardless of the success of this approach, it only revealed the zipcode or
localization mechanisms for single transcripts, and could not be generalised to a larger group. Hence,
high-throughput methods were developed that could assess RNA localization on a global scale. Similarly,
high-throughput methods were also developed to identify the subcellular translatome, to investigate

local translation. A few methods have been briefly described in the following sub-chapters.
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Cellular separation-based systems for local transcriptome analysis

In order to understand RNA localization mechanisms and their local functions, we first need to elucidate
the local transcriptome of a cell. Multiple techniques have been developed to isolate and analyse the
subcellular transcriptomes, most of which utilise different variations of cellular fractionation coupled with
RNA sequencing. Sequencing is followed by analysis to identify the enrichment and localization of specific

transcripts between the different subcellular compartments.
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Figure 1.14: Cellular separation methods for local transcriptome analysis. (A) Cells like neurons, that
have long and thin projections, can be grown on microporous membranes, such that the soma remains
on the top, while the projections grow through the pores. The soma and neurites can be mechanically
separated from the top and bottom of the membrane. (B) Neurons can also be grown on microfluidic
devices, such that the axons grow through the narrow channels to the opposite side, hydrostatically
separating them from the soma. The soma and axon compartments can be isolated separately for
downstream analysis. (C) Laser capture microdissection can be used to dissect out subcellular
compartments of cells, such as neuronal growth cones; or dissect out cellular compartments from a tissue
section, such as the somata and neuropil of neurons in hippocampal slices. Adapted from (Glock et al.,
3032; and Taliaferro, 2022). Created with BioRender.com.

Microporous membranes. Taliaferro et al. in 2016, and Zappulo et al. in 2017, were the first to use
microporous membranes for cellular fractionation of neurons (Figure 1.14A) (Taliaferro et al., 2016;

Zappulo et al., 2017). The neurons can be mechanically separated into the cell body (soma) and neurite
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fractions, followed by RNA extraction from both compartments. This RNA can then be analysed via high-
throughput sequencing, resulting in a list of transcripts that are significantly enriched or more abundant

in either compartment.

Depending on the size of the cells, they can be grown on membranes with pores usually between 1 to 3
pum in diameter. As the neurons develop, the pores are just big enough to allow the neurites to grow
through, while the soma is restricted to the top of the membrane. Via pipetting or scraping the soma on
the top, the soma can be mechanically removed, while the neurites remain on the bottom of the
membrane. RNA is then extracted from the separated soma and neurite compartments (Ludwik et al.,

2019).

Microfluidic culture systems. In microporous membranes, both axons and dendrites can grow through
the pores, making it impossible to differentiate the transcripts from either structure. In order to provide
a better spatial resolution of axonally localized transcripts, microfluidic culture systems were developed

(Figure 1.14B).

Taylor et al. in 2005 described a microfluidic culture platform to polarize the growth of neuronal axons,
hydrostatically separating the soma and dendrites, from the axon (Taylor et al., 2005). As this method
allows for exact measurement of axonal growth, the distances can be adjusted to allow for precise
separation of the axons at a specific distance from the soma (Taylor et al., 2005). This system has been
used to identify localized transcripts in different mouse and human neurons (Briese et al., 2015; Taylor et

al., 2009).

Laser capture microdissection. If culturing of cells is not an option, tissue sections of a region of interest
have been utilised. When the cellular region of interest can be easily identified via microscopy, laser
capture microdissection can be used to directly dissect this region out of a cell or tissue (Figure 1.14C).
During this method, a targeted laser is used to remove the region of interest, followed by RNA extraction

and analysis.

Zivraj et al. used laser capture microdissection to study the transcriptome of the neuronal growth cone
(Zivraj et al., 2010). Cajigas et al. elucidated the local transcriptome of the synaptic neuropil via dissection
of the soma and neuropil segments from mouse hippocampal slices, followed by RNA analysis (Cajigas et
al., 2012). Although this is a precise technique that also allows for subcellular transcriptomic analysis
within tissue sections, the amounts of RNA recovered are small, requiring specialized library and

sequencing protocols.
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Subcellular Transcriptomics via Proximity Labelling

Since cellular fractionation methods include all RNAs in a spatially specific compartment, regardless of
their actual interaction, multiple proximity labelling techniques have been developed that specifically
label RNA populations within a spatially defined region within a living cell. These labels can be used as
handles to purify and analyse these specific RNAs. As described in earlier chapters, RNA localization is
tightly linked to the RBPs that bind and transport them. Proximity labelling methods utilise this interaction

of RNAs and proteins.

Proximity labelling methods were first developed to identify protein-protein interactions at a specific site,
for example, newly translated transcripts at the ER surface via an Escherichia coli-derived BirA biotin ligase
(Jan et al., 2014). Similarly, the APEX system, an engineered ascorbate peroxidase from soybean,
catalyses the biotinylation of biomolecules in the vicinity of the APEX enzyme, with a radius of
approximately 20nm. It was used by Rhee et al. to map the proteomic composition of the mitochondria
(Rhee et al., 2013). However, to study the transcriptomic composition of subcellular regions, Kaewsapsak
et al. combined the APEX labelling system with RNA-protein crosslinking, called APEX-RIP (Kaewsapsak et
al., 2017). APEX2, the improved derivative, was fused to proteins that very specifically localize to the
mitochondria or ER. After APEX-catalysed biotinylation on addition of hydrogen peroxide, followed by
chemical crosslinking, the crosslinked proteins and RNAs can be affinity purified via a streptavidin
pulldown, and the transcripts analysed via high-throughput sequencing (Kaewsapsak et al., 2017).
Although APEX-catalysed activated biotin-phenol biotinylates proteins, it also directly labels RNA on
guanosine residues. So, Fazal et al. utilised this property to obviate the need for crosslinking (APEX-Seq),

and identified local transcriptomes at or near multiple organelles (Fazal et al., 2019).

CAP-seq is another proximity-labelling technique that is instead optically controlled via the miniSOG2
enzyme (P. Wang et al., 2019). Similar to APEX, miniSOG2 localization to subcellular regions is controlled
via specific marker proteins that are genetically fused to it. On light-activation, transcripts in proximity to
miniSOG2 had their guanosine nucleobases converted into products of photo-oxidation that could
crosslink with propargylamine, resulting in their alkylation. These transcripts were extracted and then
biotinylated in vitro via click chemistry, and finally analysed by high-throughput sequencing (P. Wang et
al., 2019). Although CAP-seq is similar to the APEX2 system, CAP-seq requires longer labelling times (20
minutes) compared to APEX2 (1 minute), suggesting APEX2 as the method of choice for studying fast

biological processes.

A recent proximity-labelling technique, Halo-Seq, was developed by Engel et al. (Engel et al., 2022).
Following irradiation of a small molecule dibromofluorescein (DBF), reactive species are produced that

label proximal RNA. Incorporation of DBF into a Halo ligand controls its location within the cell. Utilising



44

a spatially restricted protein genetically fused with the Halo Tag, DBF localization is restricted. On
activation of DBF, the labelled transcripts are also alkylated and then biotinylated in vitro (Engel et al.,

2022).

Although these techniques have expanded our ability to profile local transcriptomes, some regions are

still inaccessible due to lack of a bait protein that is specifically localized to one region.

Spatial transcriptomics

Most methods for local transcriptomics lose spatial resolution, including positional information within a
tissue. In 2016, Stahl et al. described a new method of using a tissue section on reverse transcription
primers containing unique positional barcodes to map the spatial distribution of RNA expression within
the tissue section, allowing for reconstruction of the tissue morphology along with the transcriptomic

patterns (Stahl PL et al., 2016).

Spatial transcriptomic methods can be categorized into Next Generation Sequencing (NGS)-based, as
described by Stahl et al., and sequencing combined imaging-based methods such as in situ sequencing
(ISS) using patterned DNA-barcoded arrays to which transcripts are amplified and sequenced in a tissue
section (Rodriques et al., 2019), and global in situ hybridization (ISH) in which imaging probes are
hybridized sequentially in a tissue section (K. H. Chen et al., 2015; Lubeck et al., 2014). Chen et al. even
developed Stereo-seq, an approach combining DNA nanoball-patterned arrays and in situ RNA capture
and library generation, allowing up to a 400 unique barcode combination within a cell (A. Chen et al.,
2022). Using this method, they mapped the spatiotemporal transcriptomic patterns during mouse

organogenesis (A. Chen et al., 2022).

Identification of RNA localization regulatory elements

All the above techniques can be used to identify the different transcripts localized to subcellular
compartments, but do not give us direct information on which regulatory elements helped them get

there.

As explained in chapter 1.2.1.2, RNA localization regulatory elements are usually present within the
mRNA 3’ UTR, and regulated via binding of RBPs. Due to their short, degenerate sequence that usually
require certain secondary structures for RBP recognition and binding, it is difficult to computationally

predict and validate cis-elements. To identify RNA binding sequences in vivo, many methods combining
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crosslinking with RBP immunoprecipitation followed by high-throughput sequencing were developed,
such as RIP-Seq (RNA immunoprecipitation), HITS-CLIP (High-throughput sequencing of RNA isolated by

crosslinking immunoprecipitation), and PAR-CLIP (Photoactivatable-Ribonucleoside-Enhanced CLIP).

The perturbation of specific RBPs followed by analysis of the local transcriptome was also used to identify
mislocalized transcripts. These transcripts might contain a common sequence bound by the perturbed
RBP, suggesting the presence of a localization element. This approach was used for a few RBPs, elucidating
the transcripts whose localization is affected by them. For example, analysis of the local transcriptome in
neurons of FMRP-null mouse, resulted in the identification transcripts that require FMRP for neuritic
transport (Goering et al., 2020). Further analysis of these transcripts showed an enrichment of 3’ UTR G-

quadruplex sequences, identifying a localization regulatory element (Goering et al., 2020).

However, all these methods are labour intensive and/or require prior knowledge of specific RBPs.

sequency containing a localisation element
I 1
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Calculate abundance of
oligonucleotides to identify
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Figure 1.15: MRPA design and application. Fragments tiled across the 3’ UTRs of transcripts of interest
are synthesised and cloned into reporter constructs. This generates a library of reporter constructs
differing only by the inserted tile sequence. This library is expressed in a cellular system, followed by
separation into different subcellular compartments. The reporter RNA is extracted from both
compartments, and analysed via RNA-Seq. Localized tiles from each 3’ UTR showing enrichment in one
compartment in comparison to the other tiles from the same transcript, suggest the presence of a
localization element within those tiles whose sequence can be identified and validated. Adapted from
(Mendonsa et al., 2023; and Taliaferro, 2022). Created with BioRender.com.
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High-throughput or massively parallel reporter assays (MPRAs) were initially developed to identify
regulatory elements that affect transcript stability and translation (Elemento et al., 2007; Lubelsky &
Ulitsky, 2018; Rabani et al., 2017; Yartseva et al., 2017), and recently to study the localization of linear
and circular RNAs due to sequence elements (Ron & Ulitsky, 2022). These assays allow for the dissection
of RNA metabolism for thousands of sequences in parallel. Generally, a library is generated that contains
a base construct that is varied to contain one of thousands of sequences. Any differences observed can

therefore be linked to the inserted sequence, suggesting the presence of a regulatory element.

MPRAs have recently been developed for the purpose of RNA localization element identification (Figure
1.15). Three studies, including my research, utilised this method in neuronal systems (Arora et al., 2022;
Mendonsa et al., 2023; Mikl et al., 2022). 3’UTRs from a pool of transcripts were fragmented and inserted
into a reporter construct to generate a library of reporter transcripts. This library was expressed in
neuronal cells, followed by their separation into soma and neurites from microporous membranes. RNA-
Seq analysis elucidated fragments that were more abundant in a specific compartment, containing

putative localization regulatory elements that were validated using different methods. | will further

elaborate on the design and use of MPRAs to identify RNA localization elements in the general discussion.

Global analysis of translation via NGS

Many studies that used quantitative proteomics and transcriptomics on a global scale highlight the low
correlation between mRNA and protein levels in different biological systems, suggesting post-
transcriptional regulation of gene expression (Dermit et al.,, 2017). Multiple methods have been
developed to quantify translation, using mRNA association with translating ribosomes as a proxy to

estimate the rates of translation. A few methods to study global translation are described below.

Ribosome profile (Ribo-Seq), developed by Ingolia et al. in 2009, captures a snapshot of translation on a
genome-wide scale, with position sensitive nucleotide resolution (Figure 1.16A) (Ingolia et al., 2009). In
this method, translation is stopped with the use of cycloheximide, an inhibitor of ribosome translocation,
rapid detergent-based lysis, or flash-freezing. The mRNA-ribosome complexes are subjected to nuclease
footprinting, resulting in a monosome population containing 20-30nt ribosome protected mRNA
fragments (RPFs). Once these RPF containing monosomes are recovered via sedimentation, the RPFs are
purified and analysed via RNA-Seq. These RFP sequences can be identified and quantified, providing us

with the exact identity of all translating open reading frames (ORFs) at a global level (Ingolia et al., 2012).

Ribo-Seq has also revealed the translation of noncanonical ORFs, including translation from non-AUG start

codons or alternative start sites, overlapping ORFs, and instances where the stop codon is bypassed; as
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well as translation of upstream ORFs (UORFs) and short ORFs (sORFs) present in previously assumed non-
coding RNAs (Dunn et al., 2013; Ingolia et al., 2011, 2019). As Ribo-Seq combined with RNA-Seq captures
an instant snapshot of translation with extreme sensitivity and range, this method is ideal for
quantification of temporal translation changes. Ribo-Seq has also been adapted over the years to resolve

the different ribosome functional states observed during translation elongation (C. C. C. Wu et al., 2019).
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Figure 1.16: Methods for global analysis of translation via NGS. (A) In Ribo-Seq, cells are lysed and
translating ribosomes are purified via sedimentation. Unprotected RNA regions are degraded via nuclease
treatment, resulting in 20-30nt ribosome protected fragments (RPFs) called ribosome footprints. These
footprints are used to generate a library, followed by RNA-Seq and analysis. The read densities obtained
after sequencing, can be used to identify individual ORFs, and quantify translation rates. These footprint
reads have a distinctive three nucleotide periodicity, indicative of translocation of the ribosome
throughout the ORF length. (B) TRAP-Seq allows for ribosome purification via immunoprecipitation of
epitope tagged ribosomal proteins stably expressed in cells in vitro or transgenically in a specific cell-type
in vivo. These purified ribosomes then follow a similar protocol as in Ribo-Seq, including nuclease
treatment, library preparation, and RNA-Seq. Adapted from (Dermit et al.,, 2017). Created with
BioRender.com.
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Heiman et al. developed translating ribosome affinity purification-sequencing (TRAP-Seq) as an
alternative to ribosome sedimentation as in Ribo-Seq (Figure 1.16B) (Heiman et al., 2014). TRAP-Seq uses
ribosome proteins that are epitope tagged, enabling translating ribosome purification via
immunoprecipitation (Heiman et al., 2014). An interesting use of this method is the ability to
transgenically express epitope tagged ribosomal proteins in specific cell types in vivo, allowing us to

monitor cell-specific translation from an animal model (Thomas et al., 2012).

Recently, the labs of Oudenaarden and Cenik have taken Ribo-Seq a step further, adapting the method
for the quantification of translational dynamics at the single cell level (Single-cell Ribo-seq), enabling
scientists the technology to elucidate the contribution of translation to cellular diversity in an organism

without the need for genetic engineering (Tonna et al., 2021; Vanlnsberghe et al., 2021).

Along with cellular separation, Zappulo et al. also used Ribo-Seq to identify local translational changes in
mouse embryonic stem cell derived neurons, to elucidate the relationship between the local
transcriptome and proteome (Zappulo et al., 2017). Similarly, other labs have utilised a combination of
different cellular separation methods (microdissection or microfluidic devices) with Ribo-Seq, to identify
the local translatome (Glock et al., 2017, 2021). On the other hand, Jan et al. also adapted Ribo-Seq to
study the local translatome by adding a proximity-specific adaptation - proximity-specific Ribo-Seq (Jan
et al., 2014). Rather than the use of an epitope tag as in TRAP-Seq, they tagged ribosomal proteins with a
biotin acceptor peptide, called the Avi Tag. Along with the targeting of a biotin ligase, BirA, to a specific
subcellular compartment, specific ribosomes in the vicinity can be biotinylated through a biotin pulse,

followed by a streptavidin purification and Ribo-Seq (Jan et al., 2014).

Regardless of how brilliant these methods are, the low starting materials combined with their cost, and
long experimental and analysis times, add to its drawbacks. Nevertheless, these methods have added

enormously to our knowledge of RNA metabolism and the proteome.

Proteomics-based analysis of translation

As mentioned above, Ribo-Seq and its adaptations use mRNA association with ribosome as a proxy for
translation. Alternatively, proteomics-based methods have been developed to assess translation via the
direct identification and quantification of nascent peptides. These methods include the labelling of

nascent proteins combined with their purification and quantification via mass spectrometry (MS).

Pulsed-SILAC (p-SILAC) developed by Selbach et al. utilised the stable isotope labelling of amino acids in
culture (SILAC) to metabolically label newly synthesised proteins (Figure 1.17A) (Selbach et al., 2008). As

p-SILAC uses a pulse of stable isotopologues of arginine (Arg) and lysine (Lys), the newly synthesised
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proteins are labelled at the time of the pulse. The cells are initially cultured in media containing unlabelled
‘light” Arg and Lys. For the duration of the pulse, the media is changed to include ‘medium’ (Arg® and Lys*)
or ‘heavy’ (Arg!® and Lys?) labelled SILAC amino acids. The samples can then be harvested, combined and
processed together, followed by peptide analysis using liquid chromatography and tandem MS (LC-
MS/MS) (Selbach et al., 2008). The proteins containing the labelled amino acids are then identified and
quantified, providing information regarding translation rates in mammalian cell cultures, and how protein
translation contributed towards cellular protein steady-state levels (Schwanhiiusser et al., 2011). Since
the uptake of pulsed amino acids takes hours as they need to be conjugated to tRNAs before
incorporation into nascent peptides, p-SILAC cannot be used for temporal resolution of translation
dynamics. However, the biggest advantages of this approach are the low sample required, and minimal
sample processing without any biochemical purification, enabling quantification of translation dynamics

in subcellular fractionations (Dermit et al., 2017).
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Figure 1.17: Methods for proteomics-based global analysis of translation. (A) P-SILAC directly quantifies
the differences in rates of newly synthesised proteins via LC-MS/MS by comparing intensity ratios of the
SILAC pulsed labelled nascent proteins, K*/R®vs. K&/R. The unlabelled proteins (K°/R°) are not analysed.
(B) BONCAT uses a similar concept as p-SILAC, instead using non-canonical amino acids — the methionine
analogue azidohomoalanine (Aha), containing an active azide (N3) moiety. Pulse labelled Aha proteins are
covalently bound to a tag, like biotin, using click chemistry, enabling streptavidin pulldown of the proteins
followed by identification via LC-MS/MS. (C) Variants of the puromycin antibiotic can be used for labelling
and purification of newly synthesised proteins. In PUNCH-P, post lysis, the translating ribosomes are
purified via sedimentation, followed by labelling of the newly synthesised proteins in vitro, using a Biotin-
PURO conjugate. The labelled nascent proteins are purified using streptavidin, and identified via LC-
MS/MS. Adapted from (Dermit et al., 2017; and Gamarra et al., 2021). Created with BioRender.com.
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Another metabolic labelling method to assess global translation is bio-orthogonal non-canonical amino
acid tagging (BONCAT) (Figure 1.17B) (Dieterich et al., 2010). Instead of using stable isotopologues,
BONCAT labels nascent proteins with pulses of non-canonical amino acids. Dieterich et al. used a
methionine analogue containing an active azide moiety, azidohomoalanine (Aha), that incorporates into
nascent proteins instead of the canonical counterpart Methionine, due to some aa-tRNA synthetases
having a permissive nature (Dieterich et al., 2006). The incorporated amino acids can also be coupled to
affinity tags like biotin via Click chemistry, or to fluorescent compounds as used in fluorescent non-
canonical amino acid tagging (FUNCAT), allowing the visualization of protein translation (Dieterich et al.,
2010). The biotin labelled proteins can then be purified and quantified via LC-MS/MS. A major limitation

of these methods is the low affinity of non-canonical amino acids to aa-tRNA synthetases.

The antibiotic puromycin is an alternative method to label nascent proteins. Produced by the bacterium
Streptomyces, Puromycin in an aminonucleoside that inhibits translation elongation. Puromycin
strongly resembles the 3’ terminal end of the conjugate of tyrosyl-tRNA, providing it with the ability to
occupy the ribosome A-site during translation elongation, and incorporating non-selectively into the
nascent peptide chain via the peptidyl-transferase enzyme. Since the peptidyl chain containing puromycin
cannot incorporate more amino acids, translation is prematurely terminated, releasing the
puromycinylated peptide from the translating ribosome (Yarmolinsky & de La Haba, 1959). These
puromycinylated newly synthesized protein can be directly visualised or detected via microscopy (Puro-
PLA (Tom Dieck et al., 2015)), western-blotting, or fluorescence-activated cell sorting (FACS) with an anti-
puromycin antibody (Schmidt et al., 2009). Alternatively, for global profiling and quantification of newly
synthesized proteins, puromycin-associated nascent chain proteomics (PUNCH-P) uses Biotin-PURO, a
biotinylated variant of puromycin, followed by LC-MS/MS (Figure 1.17C) (Aviner et al., 2013). As low
concentrations of puromycin can be rapidly incorporated into nascent peptides in a timescale of minutes,

this method can be used for temporal resolution of translation dynamics (Dermit et al., 2017).
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2. Aims

The present thesis is focused on investigating two crucial questions in the field of neurodegeneration and

RNA localization in neurons.

Cis-regulatory elements in mRNAs mediating localization

In the early 1990s, Rob Singer proposed that RNA localization in cells is regulated by cis-acting elements
in the 3' UTR, referred to as "RNA zipcodes". These zipcodes recruit RNA Binding Proteins (RBPs) to
facilitate localization of mRNA molecules. Decades of research have shown that mRNAs are localized and
translated in the distal compartments of neurons such as dendrites and axons, providing an effective
system to study RNA localization. However, very few zipcodes have been identified, regardless of the

localization of hundreds of mRNAs to the neurites.

Therefore, | aimed to characterise neuronal zipcodes that were identified utilising high-throughput
assays. Our lab developed a novel neuronal zipcode identification protocol (N-zip) to identify zipcodes
across hundreds of 3' UTRs all at once. The combination of this protocol and spatial transcriptomics of
mouse primary cortical neurons led to the identification of the /et-7 binding site and (AU)» motif as novel
zipcodes. My main goal was to understand the functional mechanisms of these zipcode-containing
transcripts. The resulting analysis revealed the involvement of trans-acting factors (i) let-7, a miRNA
involved in the miRISC degradation complex, and (ii) HBS1L, an RBP involved in mRNA quality control
pathways, and showed that /et-7 miRNA and HBS1L RBP mediated localization by destabilizing target

mMRNAs in the soma, leading to increased transcripts in the distal neurites.

Role of mutations in aminoacyl-tRNA synthetases in Charcot-Marie-Tooth disease

In many neurological disorders, localization and local translation of specific transcripts is affected,
contributing to the onset and progression of the disease. The study focused on investigating Charcot-

Marie-Tooth (CMT) disease type 2D, caused by mutations in the glycyl-tRNA synthetase (GARS) gene.

My main aim was to understand the mechanisms by which translation is affected in CMT2D. Using Ribo-
Seq and other molecular biology assays, | explored the effects of tRNA®Y sequestration by mutant GARS.
Further analysis also revealed a secondary mechanism of translational repression via the activation of the

Integrated Stress Response (ISR).



52

3. Massively parallel identification of mRNA localization
elements in primary cortical neurons

Samantha Mendonsa*, Nicolai von Kiigelgen*, Sayaka Dantsuji*, Maya Ron*, Laura Breimann, Artem
Baranovskii, Inga Lodige, Marieluise Kirchner, Meret Fischer, Nadja Zerna, Lucija Bujanic, Philipp Mertins,
Igor Ulitsky & Marina Chekulaeva

* These authors contributed equally

This chapter was published on 16 January 2023:
Nature Neuroscience (2023)

Volume 26 Issue 3, pages 394-405

DOI: 10.1038/s41593-022-01243-x

Link: https://doi.org/10.1038/s41593-022-01243-x

Extended data for this publication is detailed in Appendix I.


https://doi.org/10.1038/s41593-022-01243-x

53

nature neuroscience

Article

https://doi.org/10.1038/s41593-022-01243-x

Massively parallel identification of
mRNA localization elements in primary

cortical neurons

Received: 14 December 2021

Accepted: 1 December 2022

Published online: 16 January 2023

® Check for updates

Samantha Mendonsa ® 2%, Nicolai von Kiigelgen ® 25, Sayaka Dantsuiji'®,
Maya Ron®?, Laura Breimann®'#, Artem Baranovskii', Inga Lodige"',
Marieluise Kirchner ®°, Meret Fischer', Nadja Zerna', Lucija Bujanic',
Philipp Mertins ®°, Igor Ulitsky ® 2

& Marina Chekulaeva®'

Cells adopt highly polarized shapes and form distinct subcellular

compartments in many cases due to the localization of many mRNAs to
specificareas, where they are translated into proteins with local functions.
This mRNA localization is mediated by specific cis-regulatory elements
inmRNAs, commonly called ‘zipcodes’. Although there are hundreds of
localized mRNAs, only a few zipcodes have been characterized. Here we
describe a novel neuronal zipcode identification protocol (N-zip) that can
identify zipcodes across hundreds of 3’ untranslated regions. This approach
combines a method of separating the principal subcellular compartments
of neurons—cell bodies and neurites—with a massively parallel reporter
assay. N-zip identifies the let-7 binding site and (AU), motif as de novo
zipcodes in mouse primary cortical neurons. Our analysis also provides,
to our knowledge, the first demonstration of an miRNA affecting mRNA
localization and suggests a strategy for detecting many more zipcodes.

Delivery of mRNAs to specific subcellular locations is a key mecha-
nism to produce localized pools of proteins. This process occurs
in organisms as diverse as yeast, plants, insects and vertebrates
(reviewed inref."). Itis particularly prominentin highly polarized cells,
suchas oocytes, migrating cells and neurons. For example, the devel-
opment of the embryonic body axesin the Drosophila oocyte relies on
the asymmetric localization of four maternal mRNAs: gurken, bicoid,
oskar and nanos (reviewed in ref."). Neuronal functions also depend
on specific patterns of mRNA localization to cell bodies (soma)
and extensions (neurites). For example, in developing neurons, locali-
zation of B-actin mRNA to growth cones plays an essential role in
axon guidance®’.

The localization is thought to be mediated by cis-regulatory ele-
ments (‘zipcodes’) that are usually found in mRNA 3’ untranslated
regions (UTRs)*. Zipcodes are bound by specific RNA-binding proteins
(RBPs) that link their targets to transport machinery or regulators of
mRNA stability and direct mRNAs to the sites of function. A few zip-
codes and their bound RBPs have been described so far. Localization
of B-actin is mediated by a 54-nucleotide (nt) zipcode, which targets
mRNA to the cell periphery®. Zipcode-binding protein 1 (ZBP1) was
identified asabinder of the S-actin zipcode, playing arolein both locali-
zation and translational control®’. The cytoplasmic polyadenylation
element (CPE) andits binding protein CPEB also facilitate transport to
dendrites of severalmRNAs, including Map2 (microtubule-associated
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protein 2)® and Bdnf (brain-derived neurotrophic factor)’. Localiza-
tion of other transcripts with essential functions in neurites, such as
CaMKlla (Ca*/calmodulin-dependent protein kinase Il subunit ),
Arc (activity-regulated cytoskeleton-associated protein)" and Mapt
(microtubule-associated protein tau)®, was also reported to depend
onsequencesintheir3’UTRs.

High-throughput analyses have demonstrated specific localiza-
tion patterns for hundreds to thousands of mRNAs in diverse organisms
and cell types'> . Presumably, many of these events rely on a similar
mechanism, but, to date, only afew zipcodes have been characterized.
Here we report the development of a method to systematically map
neuronal zipcodes transcriptome-wide. Our approach combines a
massively parallel reporter assay (MRPA) with the isolation of neuronal
subcellular compartments: soma and neurites. We identify the let-7
binding site and (AU), motif as de novo zipcodes in mouse primary
corticalneurons (PCNs). To our knowledge, our work provides the first
demonstration of an miRNA affecting mRNA localization.

Results

Development of the neuronal zipcode identification protocol
To perform an unbiased transcriptome-wide analysis of zipcodes, we
developed the neuronal zipcode identification protocol (N-zip). This
combines MPRA? with a neurite/soma fractionation scheme estab-
lished previously***? (Fig. 1a). As the input for N-zip, we selected 99
transcripts localized to neuritesinmouse PCNs (Extended Data Fig. 1a)
and at least one other published dataset generated from primary
neurons: dorsal root ganglia, cortical, hippocampal or motor neu-
rons?°*?8731 To narrow down regions containing potential zipcodes,
we designed a pool of 4,813 oligos, 75-110 nt in length, tiled across 3’
UTRs of selected neurite-enriched transcripts with 15-25-nt offset
(Supplementary Table1). The oligos were cloned into the 3’ UTR of GFP
reporter, and the resulting pooled lentiviral library was delivered into
PCNs. Infected neurons were cultured on amicroporous membrane so
thatsomastayed on top of the membrane, and neurites grew through
the pores on the lower side”. We isolated neurites and soma, carried
out RT-PCR and prepared amplicon sequencing libraries, referred to
asN-zip libraries. Western blotting confirmed the separation efficiency
between neurites and soma (Extended Data Fig. 1b).

Theterm‘mRNA localization” has been used in two different ways:
tosignify the mere presence of mRNA in neurites and as an enrichment
of mRNAin neurites versus soma. Because enrichment points toactive
localization, we focus on transcripts enriched in neurites. Our analysis
of triplicate N-zip libraries identified 65 neurite-localized tiled frag-
mentsor tiles (Supplementary Table 1and Fig. 1b). These tiles mapped
to 33 out of 99 transcripts included in the library. For example, we
detected a neurite localization of tiles 7-10 from Mcf2l (Mcf2[-7-10),
which encodes the guanine nucleotide exchange factor for CDC42 and
RHOA. This protein mediates the formation and stabilization of the
glutamatergic synapses and is associated with intellectual disability
and autism™. Similarly, we observed a neuritic enrichment of Utrn-61,
which encodes a component of a dystrophin glycoprotein complex.
This complex links the actin cytoskeleton to the extracellular matrix
and plays a role in forming neuromuscular junctions®. Among other
transcripts with a neurite-localized tile were cell growth and survival
regulators Rassf3 (ref.**) and Cflar® as well as Cox5b, which encodes a
mitochondrial enzyme.

Neural stimulation was reported to enhance localization of certain
mRNAs (reviewed inref."). Such stimulation modulates the depolariza-
tion of neurons; therefore, we decided to analyze how depolarization
affects localization of the N-zip reporter library. For that, we treated
PCNs, grown on a microporous filter, with potassium chloride (KCI)
(Extended DataFig.2a). Asaproofthat cellsresponded to the depolar-
izing stimulus, we showed anincrease in levels of c-Fosand Egr1, whose
expression is triggered by depolarization® (Extended Data Fig. 2b).
We then prepared N-zip libraries from such depolarized and control

non-depolarized neurons. Depolarization affected localization of 123
tiles from 51 transcripts (DESeq2 adjusted P < 0.05 for difference in
neurites/somaratios), out of which 55became more neurite-enriched
and 68 became more soma-enriched. Curiously, among them were
transcripts encoding ribosomal proteins and AdcyI (adenylyl cyclase
type1), which plays an essential role in synaptic plasticity” (Extended
DataFig. 2c).

We performed acomprehensive motifanalysis on neurite-localized
tiles using the XSTREME tool from the MEME suite®*. Among identified
motifs, there were UYYCUACCUCAGA (Y: pyrimidine, C or U), AU-rich,
GU-rich and C-rich motifs (Extended Data Fig. 3a). Further sequence
analysis showed that neurite-localized tiles have no bias in GC content
and a low tendency to form secondary structures (Extended Data
Fig. 3b). Curiously, Gene Ontology (GO) term analysis showed that
transcripts with neurite-localized tiles are linked with local neuronal
structures and processes, such as synapse, actin cytoskeleton and cell
polarity (Extended Data Fig. 3c).

To fine-map the sequences that mediate localization, we per-
formed extensive mutagenesis of 16 neurite-localized fragments. We
generated a secondary N-zip library with 6,266 sequences (Fig. 1a). In
these cases, we (1) introduced every possible single point mutation;
and (2) mutated G < C and A « U within 2-nt, 5-nt and 10-nt windows
(Supplementary Table 2). This analysis identified two specific motifs
required for localization to neurites: CUACCUC and (AU),, (Fig. 2).
Notably, both motifs were also identified in our motif analysis of the
tiled library (Extended Data Fig. 3a).

Mutationsin CUACCUC shifted the localization of Cflar-14, Mcf2l-7
and Utrn-61toward soma. Any mutation of (AU)gin Rassf3-91 markedly
reduced neurite enrichment. Similarly, the Cox5b-6 (AU), motif was
essential for localization, with contributions from flanking U and A
bases and from an additional (U),, stretch. This latter region could
tolerate mutations to A but not to G or C. The results of single point
mutations were confirmed by mutagenesis of 2-nt, 5-nt and 10-nt win-
dows (Extended Data Fig. 4a).

Inboth the original and the secondary library, (AU), was associated
with neurite localization for n > 6. In the original library, these motifs
were also found in Map2-29-32, Ppp1r9b-56-59, Shank3-58-60 and
Tmcc2-36-39 tiles, and some showed conservationin other mammals
(Extended Data Fig. 4b). Curiously, in some cases, our mutagenesis
introduced CUACCUC and (AU), stretchesinto heterologous sequences
(Extended Data Fig. 5). These artificially created motifs resulted in
neuriticlocalization of the fragment, showing that these motifs are not
only necessary but also sufficient for localization to neurites.

Let-7 directs localization of its target mRNAs to neurites
Analysis of miRbase® showed that the CUACCUC motif, which we identi-
fied asadenovozipcodeinN-zip (Fig. 2), represents the binding site for
the seed of the let-7 miRNA family (Fig. 3a, top). miRNAs regulate gene
expression by pairing with complementary sitesin their target mRNAs;
thisrecruits acomplex of proteins that destabilizes the mRNAs*’. The
miRNA seed isaconserved sequence at positions 2-7 from the miRNA
5’ end, whichbinds to target mRNAs via a perfect base-pairing. Indeed,
every point mutationin CUACCUC affected localization of tiles contain-
ing this motif (Fig. 2b). Thisis to be expected from an miRNA seed site
but not from a consensus RBP motif. Furthermore, in mouse brain, the
position of CUACCUC in Utrn-61 matched the summit of a cross-linking
immunoprecipitation (CLIP) peak for AGO2 (ref. *'), which is the core
component of the miRNA repression complex (Fig. 3a, bottom).

To confirmthat thelet-7 binding sitesin Cflar-14, Mcf2l-7 and Utrn-
61 are functional, we performed a luciferase reporter assay (Fig. 3b).
As a positive control, we used a reporter bearing the Hmga2 3’ UTR
(Hmga2-wt), a validated let-7 target*’. Endogenously produced in
Hela cells, let-7 repressed Hmga2-wt >5-fold compared to a mutant
version lacking let-7 sites (Hmga2-mut). We generated analogous
luciferase reporters bearing the tested tilesin their 3’ UTRs (Mcf2l-wt,
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localization of RNAs to neurites are identified. (6) An extensive mutagenesis
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to neurites are shown. The data are presented as in Fig. 1b. The initial sequence
of mutagenized fragment is shown above the x axis, and introduced point
mutations are indicated with green (A), orange (C), yellow (G) and blue (U) dots.
The gene name and tile number are shown above the plot.

Cflar-wt and Urtn-wt). As negative controls, we mutated let-7 seeds in
the tested regions (Mcf2l-mut, Cflar-mut and Utrn-mut). Compared to
the mutated versions, the Mcf2l-wt with three let-7 sites was repressed
aboutfive-fold, the Cflar-wt with two let-7 sites about four-fold and the
Utrn-wtwithasinglelet-7 site about 1.7-fold. These data confirmed that
thelet-7 sitesin the analyzed tiles are functional.

We next wondered whether other let-7 targets localize to neurites.
To test this, we examined the frequency of let-7 sites across differen-
tially localized transcriptsin our N-zip libraries. Consistent with the role
of let-7 binding sitesin mRNA localization, we observed an enrichment
of transcripts bearing let-7 7mer seeds in neurites (black line, Fig. 3¢)
compared to transcripts without let-7 seeds (gray line). The effect was
even stronger for extended 8mer seeds (red line).

Next, we examined iflet-7sites also contribute to the localization
ofendogenous mRNAs. We detected anenrichment of let-7 site-bearing
endogenous transcripts in neurites, the degree of which depended on
the number of let-7 sites (gray line: nossites, yellow line: one site, red line
>1site; Fig. 3d and Supplementary Table 3). This let-7 site-dependent
shiftin localization was less profound for endogenous mRNAs than
for N-zip reporters, probably because other regions in endogenous
full-length 3’ UTRs contribute to their localization.

Our global analysis of miRNA seeds in N-zip libraries revealed that
let-7 sites were enriched compared to sites of other miRNAs in neurites

(Fig. 3e). To investigate the potential underpinnings of this specific-
ity, we analyzed miRNA expression levels by small RNA sequencing
(RNA-seq). We found that let-7 is the most abundant miRNA in PCNs
(>30% of allmiRNA reads; Fig. 4a and Supplementary Table 4), explain-
ing the preferential influence of let-7 on the neurite-enriched transcrip-
tome. Giventherole of miRNAs in mRNA stability, we compared levels
of N-zipreporters with let-7 sites with those in which let-7 sites had been
mutated. Mutations of let-7 sites stabilized N-zip reporters, and this
effect was stronger in somathaninneurites (Fig. 4b, compareblue and
green boxes). These data suggest that let-7 promotes the enrichment
ofitstargets in neurites by destabilizing them more potently in soma.
To experimentally test this hypothesis, we perturbed mRNA degrada-
tion by expressing a dominant negative mutant of deadenylase CAF1
(dnCAF1)*. Expression of dnCAF1 led to stabilization of let-7 targets,
compared with control GFP-expressing PCNs (Extended Data Fig. 6a,
compare white and red boxes). We thenisolated somaand neurites and
analyzed changes in mRNA localization upon dnCAF1 expression by
RNA-seq. Consistently with our model that let-7 promotes the enrich-
ment of its targets in neurites through regulation of their stability, let-7
targets shifted to soma, compared with transcripts lacking let-7 sites
(Extended DataFig. 6b).

Because levels of let-7 were similar in neurites and soma, we
next used proteomics to examine the levels of proteins involved in

Nature Neuroscience


http://www.nature.com/natureneuroscience
http://www.nature.com/natureneuroscience

Article

57
https://doi.org/10.1038/s41593-022-01243-x

2 :C;) (é let-7¢
¢ .
Pt
3-UUGG GAUGGAGU-5"

I¥N Ty
AGAGCCAUGAUCACCUUUCUACCUCAGAAC

Utrn 3" UTR
112, 102,500 12,102,000
I -1.408 AGO2 CLIP
P 0 Brain

Mammal
conservation
(PhyloP)
c 1.0 A -
P=1.6x10"
c 987 P=14x10"
K] ; :
@ 0.6 P
o '_ N
= =
® 0.4+ i let-7 seed sites
3 .
g No sites
3
O 027 o — 7m (64)
—i — 8m (21
ol o @
i : T T !
-2 -1 0 1 2
1
Soma log,FC Neurites
e L]
B let-7-5p/miR-98-5p
6 - miR-203-3p.1,
miR-101a-3p.2/101b-3p.1/101b-3p.2
miR-101-3p.1"
= ; .
=% 4 miR-144-3p . .
[)) . 4 .
o miR-202-5p
I .
4 iR-199-3p * .
2 mi P ‘- .".
q RN o,
. % a:: -y
0- T ‘\"- 1
-1 6] 1
1
Soma log,FC Neurites

Fig. 3 |Let-7 binding sites direct mRNA localization to neurites in PCNs.

a, Neurite-localized motif CUACCUC is abinding site for let-7. Top: base-paring
between let-7c and Utrn-61tile predicted by mfold®*’. Bottom: UCSC genome
browser view showing coverage of AGO2 HITS-CLIP reads in mouse brain* (upper
track) around let-7 seed in Utrn-61 (highlighted in blue). Lower track shows
sequence conservation (PholyP). b, Validation of functionality of let-7 sites in
Cflar-14, Mcf2l-7 and Utrn-61in luciferase reporter assay. Indicated reporters
were transfected in HeLa-rtTA cells: Renilla luciferase (RL) and firefly luciferase
(FL) are produced from the same vector, withindicated N-zip tiles, either with
wild-type (wt) or with mutated (mut) let-7 sites, inserted downstream of RL.

As a positive control, analogous reporters with Hmga2 3’ UTR (hmga2-wt and
hmga2-mut) were used. For each reporter pair, RL activity was normalized to that
of FLand presented as a percentage of luciferase activity produced by mutated
reporter. Individual biological triplicates (colored dots, n = 3) are plotted.
Statistical significance of differences between wild-type and mutated reporters
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were computed by two-sided t-test and shown on the plot. ¢, N-zip mRNAs with
let-7 sites are enriched in neurites of PCNs. Cumulative distribution function
(CDF) showing fractions of mRNAs (y) plotted against neurite/soma enrichment
(x) for transcripts with no let-7 sites (gray), at least one 7mer (black) or 8mer
let-7 site (red). The number of detected tiles with indicated let-7 sites is shown
inthe legend. Pvalues were computed with two-sided Wilcoxon rank-sum test.
d, Endogenous mRNAs with let-7 sites are enriched in neurites of PCNs. The data
are plotted, and Pvalues were computed as in ¢ for transcripts with no (gray),
one (yellow) or more than one (red) let-7 sites. e, Let-7 sites are enriched in
neurite-localized mRNAs in PCNs. Volcano plot showing the mean neurite/soma
enrichment of tiles containing 7mer matches to the seeds of individual miRNA
families in N-zip mRNAs. miRNAs with statistically significant enrichmentin
one of the compartments (P < 0.05, two-sided t-test) are labeled in red (neurite-
enriched) and blue (soma-enriched).
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by small RNA-seq. b, Mutations of let-7 binding sites lead to a stronger increase
of N-zip mRNA reporter levels in soma. Box plots showing changesin the
normalized expression levels between tiles that containintact let-7 seed sites
(wtlet-7) and tilesin which let-7 seeds were mutated (mutated let-7). In the
mutated tiles, at least one let-7 seed site was lost. The data are shown separately
for eachtile (asindicated on x) and each subcellular compartment (green:
neurite, blue: soma). Pvalues, computed with two-sided Wilcoxon rank-sum test,
are shown above the plots (n =3 independent biological replicates). Box plot
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somatic enrichment of the core components of the miRNA repression complex
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markers (green) and histones as soma markers (blue) to confirm the efficiency of
the separation of somaand neurites.

miRNA-mediated regulation. This analysis showed that the core com-
ponents of the miRNA repression complex (AGO and TNRC6 family
members) are enriched in soma (Fig. 4c, orange, and Supplementary
Table 5). These data explain a higher let-7 activity in soma and the
enrichment of let-7 targets in neurites.

To experimentally confirm therole of the miRNA pathway inmRNA
localization, we combined N-zip with Ago2 depletion using short hair-
pinRNA (shRNA). RT-qPCR and western blot confirmed a~70% deple-
tion of Ago2 (Fig. 5aand Supplementary Table 3). We next analyzed how
the enrichment of let-7 targets in neurites changes upon Ago2 deple-
tion. Compared to N-zip tiles without let-7 sites (zero let-7 sites; Fig. 5b),
let-7 targets shifted toward soma, an effect whose degree depended on
the number of sites (compare zero with one, two and three let-7 sites).

Wethen decided to analyze the effect of Ago2 deletion onthe locali-
zation ofendogenous mRNAs, using mRNA-seq analysis of neurites and
soma. Compared with mRNAs that did not contain let-7 sites (gray line,
Fig. 5c), let-7 targets shifted their localization toward the soma upon
Ago2 depletion (yellow line: one let-7 7mer seed match; red line: two
or more let-7 7mer seed matches).

Tovalidate the effect of Ago2 depletion on the localization of let-7
targets, we constructed GFP reporters with one of the tilesbearing let-7
bindingsitesintheir3’ UTR: Cflar-14, Mcf2[-7 or Utrn-61. We used a GFP
mRNA without tile sequences (GFP) as a negative control. Upon Ago2
depletionor treatment with ascrambled shRNA, we transduced these
reportersinto PCNs and performed single molecule inexpensive FISH
(smiFISH)** with GFP-specific probes. Primary cortical cultures are
heterogenous and show high variability in reporter expression levels;
therefore, to quantify mRNA localization, we compared the signal in
the proximal part and in the distal part of neurites within individual
neurons (Fig. 5d and Extended Data Fig. 7). Reporter localization in
smiFISH recapitulated the results of N-zip. In particular, the incorpo-
ration of let-7-bearing tiles in GFP reporters shifted their localization
toward distal neurites (Fig. 5d, compare GFP with Cflar, Mcf2l and
Utrn, gray boxes). Moreover, Ago2 depletion reduced localization of

let-7 reporters to neurites, supported by significantly higher proximal
versus distal signal in Ago2-depleted neurons (red) thanin scrambled
control (gray). Notably, the GFP reporter without let-7 binding sites
(‘GFP’) was not significantly affected by Ago2 depletion.

Given the enrichment of the protein components of the mRNA
repression complex in soma (Fig. 4b), we decided to explore if other
miRNAs might also affect mRNA localization. We analyzed the fre-
quency of miRNA seeds across differentially localized N-zip reporters
and endogenous mRNAs. Consistently with our finding thatlet-7 is the
mostabundant miRNA in PCNs (Fig. 4a), the let-7 seed was the only one
with statistically significant enrichment in neurite-localized mRNAs
(Extended Data Fig. 6¢). However, we also detected a modest effect
for a few other abundant miRNAs, including miR-154, miR-342 and
miR-24 (Extended Data Fig. 6¢,d and Supplementary Table 4). These
data suggest that other miRNAs have the potential to contribute to
mRNA localization, and the ultimate effect may depend on the miRNA
expression profiles inindividual cell types.

(AU),-containing mRNAs recruit HSB1L protein to localize to
neurites
Our N-zip analysis identified (AU), as a de novo zipcode. We next ana-
lyzed how the length of (AU), affected mRNA localization. We found
that N-zip reporters with =6 AU repeats were enriched in neurites
(Fig. 6a). Similarly, endogenous mRNAs with =6 AU repeats in their 3’
UTRs (red line, Fig. 6b) were shifted to neurites compared to transcripts
with fewer or no AU repeats (gray line). The effect was weaker for endog-
enous transcripts than for N-zip reporters, presumably due to other
regulatory sequencesin the full-length 3’ UTRs. Strikingly, transcripts
with =5 AU repeats were enriched also in neurites of neuroblastoma
lines®” (Extended Data Fig. 8a), suggesting that the role of this motif
inmRNA localization is conserved in multiple cell types.

We next examined how (AU), affects transcript levels in soma
and neurites. Mutations of (AU), stabilized N-zip reporters, and this
effect was stronger in soma than in neurites (Extended Data Fig. 8b,
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Fig. 5| Localization of let-7 targets to neurites requires AGO2. a, Efficient AGO2
depletionin PCNs. Ago2 expression levels in Ago2-depleted and control scrambled
shRNA samples were quantified by RT-qPCR, normalized to Gapdh, and plotted
onyasindividual biological triplicates (colored dots, n = 3). Pvalue was computed
by two-sided t-test. Western blotting against AGO2 and ACTB (loading control)
isshown below the plot. b, Ago2knockdown shifts N-zip reporters with let-7 sites
toward soma. Box plots showing changes in neurite/soma enrichment between
Ago2-depleted and scrambled samples (y) as a function of the number of let-7 sites
inthe N-zip reporter tiles (x). Pvalues were computed using two-sided Wilcoxon
rank-sumtest (n = 3independent biological replicates). ¢, Ago2knockdown in
PCNs shifts endogenous let-7 targets toward soma. Cumulative distribution
functions (CDFs) showing fractions of endogenous mRNAs with no let-7 sites
(gray), onelet-7 site (yellow) and more let-7 sites (red) (y), plotted against changes
in neurite/soma enrichment upon Ago2 knockdown (x). Pvalues were computed

using two-sided Wilcoxon rank-sum test. d, smiFISH validates the role of AGO2 in
thelocalization of let-7 targets. PCNs were transduced with either Ago2-targeting
(red) or scrambled shRNAs (gray) and one of the GFP-encoding reporters:

let-7 reporter bearing Cflar-14, Mcf2l-7 or Utrn-61tile downstream of GFP or a
negative control without let-7 sites (GFP). Representative smiFISH images (left):
GfpRNA, yellow; GFP protein (serving to outline cell borders), magenta; scale
bar, 5 um. Circled are Gfp RNA spots quantified using the RS-FISH Fiji plugin®..
Representative images for Mcf2l and Utrn reporters are shown in Extended Data
Fig. 7. smiFISH quantification (right): the box plots show ratios of the Gfp signal
inproximal (0-30 pm) versus distal part of neurites (30 pm up to 100 pm); points
show ratios for individual neurons. The number of quantified neurons (biological
replicates) isindicated below the box plots. Pvalues were computed with Welch’s
adaptation of t-test (two-sided) at 95% confidence interval and adjusted for
multiple comparisons using the Benjamini-Hochberg method.

compare blue and green boxes). Asin the case of let-7 targets, expres-
sionof dnCAF1led to stabilization of mMRNAs containing >6 AU repeats
(Extended Data Fig. 6a, compare white and red boxes; P <10 for both
tiles). Moreover, transcripts with a long AU stretch shifted toward
soma, when compared with mRNAs carrying short or no AU repeats
(Extended Data Fig. 8c). These data suggest that, similarly to let-7
sites, (AU),, mediates enrichment of transcripts in neurites primarily
by destabilizing them in soma.

Next, we decided to investigate the RBPs that are recruited by
(AU),and might mediate its localization. Analysis of known RBP motifs
suggested that (AU), could be bound by RBMS1and RBMS3 (Extended
Data Fig. 3a). However, the binding motif for these proteins contains
only three AU repeats*®, which is insufficient for mRNA localization
(Fig. 6a). To identify more plausible (AU), interactors, we used RNA
affinity capture* combined with proteomics (Extended Data Fig. 8d).

This analysis identified 23 proteins as significantly enriched in com-
plexes formed on (AU)s RNA, compared with a negative control with
mutated (AU)g (false discovery rate (FDR) 5%; Fig. 7a and Supplemen-
tary Table 6). Among them were HBSI-like protein (HBSIL), critical for
cerebellar neurogenesis*®, and neuronal members of the ELAV-like
(nELAVL) family, with the rolesin learning and memory*.

HBSIL and nELAVLs were reported to have opposite effects on
mRNA fate: HBSIL is an mRNA decay factor’®*', whereas nELAVL pro-
teins stabilize bound mRNAs by preventing their association with
destabilizing proteins®’. As localization of (AU),-containing mRNAs to
neuritesis dueto their preferential destabilizationin soma (Extended
DataFig.8b,c), HBS1Lisaplausible player in this mechanism. Thus, we
depleted HbsIlwith an shRNA (Fig. 7b) and examined how this deple-
tion affected localization of (AU),-containing transcripts by mRNA-seq
ofisolated neurites and soma. Remarkably, HbsIl depletion shifted the
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Fig. 6| (AU), motif-containing mRNAs localize to neurites of PCNs.

a, Box plot showing neurite/soma enrichment (y) as a function of the maximal
length of the (AU), stretch length in the tiles in original N-zip (left plot) and
mutated N-zip (right plot) mRNA libraries (x). The additional x axis shows the
number of tiles and the number of genes that these tiles were derived from (in
parentheses), in which AU stretches of the indicated length were found. Pvalues

were computed using two-sided Wilcoxon rank-sum test (n = 3 independent
biological replicates). b, Cumulative distribution functions (CDFs) showing
fractions of endogenous mRNAs with (AU), s (gray) and (AU),_gstretches (red),
as measured by mRNA-seq (), plotted against neurite/soma enrichment.
Pvalue was computed using two-sided Wilcoxon rank-sum test.

localization of transcripts with along (AU), motif (red line, Fig. 7c, and
Extended Data Fig. 8e) toward soma, compared with transcripts with
ashortorno (AU), (gray line). In contrast, the same approach applied
to nELAVL-depleted neurons (Extended Data Fig. 8f) showed no cor-
relation between the length of (AU),, and changes in mRNA localization
(Extended DataFig.8g). Depleting Hbs1!/also changed the localization
of N-zip reporters in a manner dependent on (AU), length (Extended
DataFig. 8h). Thus, these data confirmed the role of HBS1L inlocaliza-
tion of (AU),-containing transcripts in PCNs.

To validate the effect of HbsIl depletion on localization of
(AU),-containing transcripts by smiFISH**, we generated GFP report-
ers with one of (AU),-carrying tiles in their 3’ UTR (Map2 and Rassf3,
Fig. 7d, and Extended Data Fig. 9). As a negative control, we used a
GFP construct without any tile in the 3’ UTR (GFP). Quantification of
the signal from GFP-specific probes in the proximal and distal part of
neurites showed thatincorporation of (AU),-bearingtilesin GFP report-
ers shifted their localization toward distal neurites (Fig. 7d, compare
GFP withMap2 and Rassf3, gray boxes); also, Hbs1l depletion reduced
localization of (AU), reporters to neurites (Fig. 7d). Indeed, proximal
versus distal signal was significantly higher in Hbs1l-depleted neurons
(red) thanin the ones treated with scrambled control (gray). Consist-
ently with the role of (AU),, such an effect was not observed for the
control GFP reporter.

Discussion

Although hundreds to thousands of mRNAs localize to neurites* >, in
most cases the mechanisms and biological functions of such localiza-
tion remain to be understood. Here we present an MRPA?***-based
method, N-zip (Fig. 1a), to find zipcodes involved in mRNA localization
in neurons. Identifying zipcodes makes it possible to manipulate the
localization of specific mMRNAs and test their biological roles. Using this
method, we analyzed 99 neurite-localized transcripts. For one-third of
them, we identified tiles localized to neurites of PCNs (Fig. 1b). Curi-
ously, these transcripts with neurite-localized tiles are associated with
local neuronal structures and processes, such as synapse and actin

12-25
’

cytoskeleton organization (Extended Data Fig. 3c). Our further analy-
sis of neurite-localized tiles identified several motifs (Extended Data
Fig.3a), two of which— let-7 binding site and (AU),—we characterized
indetail and demonstrated their roleinmRNA localizationin PCNs. We
found these two motifsin15 of the 33 transcripts with aneurite-enriched
tile, suggesting that additional mechanisms of localization remain to
be characterized in future studies.

mRNA localization can be achieved via different mechanisms.
First, mRNAs can be transported along cytoskeletal fibers with the
help of motor proteins. In addition, localization can be attained by
degrading mRNAsin other regions where they should not be on hand.
Notably, whereas the first mechanism generates an mRNA localiza-
tion pattern by increasing mRNA concentration in one subcellular
compartment, the latter achieves the same outcome by decreasing
mRNA concentration in another compartment. For example,
localization-dependent mRNA degradation has been described for
Hsp83 and nanos. Their mRNAs are degraded throughout Drosophila
eggs viathe Smaug-mediated recruitment of deadenylation complex
but remain stable at the posterior pole***, Previous studies reported
local processing of miRNAs*® and modification of the components of
the miRNA pathway in response to synaptic activity’ . However, to our
knowledge, localization-dependent degradation of mMRNAs by miRNAs
hasnotbeen previously described. Given the known role of miRNAs in
mRNA degradation (reviewed in ref. *), it seems highly likely that this
could be used as amechanism to establish pools of specific mRNAs in
some areas of the cell by degrading them in others. N-zip identified
the binding site for an miRNA—let-7—as a zipcode (Fig. 1b2). Let-7 is
the most abundant miRNA in the mammalian brain®**** (Fig. 4a) and
isinvolved in neuronal differentiation®?, regeneration®** and synapse
formation®*°, Our results point to a new neuronal function forlet-7in
mediating mRNA localization.

Relatively moderate effects of miRNAs on their targets (-1.3-fold
downregulation on average®®) may enable many mRNA molecules
to escape degradation by miRNAs in soma and localize to neurites.
Intriguingly, let-7 was equally abundant in the neurites and soma of
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Fig. 7| HBS1L binds (AU), motif to direct mRNA localization to neurites of
PCNs. a, (AU), motif binds HBSIL and nELAVL proteins. Volcano plot showing
proteins enriched in (AU)s-GRNA chromatography. —log,, Pvalues (y, two-sided
t-test with equal variance) are plotted against log,FC of LFQ values between
(AU)g and mutant RNA pulldowns (x). Proteins with significant g value (FDR < 5%
using Benjamini-Hochberg correction) are marked in red. b, RT-qPCR (top)
and western blotting (bottom) show an efficient HBSIL depletion with shRNA in
PCNs. HbsIl expression levels for HbsIl-depleted and control scrambled shRNA
samples, normalized to Gapdh (AC,), are plotted on y as individual biological
triplicates (colored dots, n = 3). Pvalue was computed by two-sided ¢-test.
Western blotting showing the expression of HBSIL protein in both samples

is provided below the RT-qPCR plot. ACTB was used as a loading control in
western blotting. ¢, Depletion of Hbs1lin PCNs shifts (AU),-containing mRNAs

toward soma. Cumulative distribution functions (CDFs) showing fractions of
endogenous mRNAs with no or short (AU), stretch (n = 0-5, gray) and along (AU),,
stretch (n > 5, red), as measured by mRNA-seq (), plotted against changesin
neurite/somaenrichment upon HbslIl depletion (x). Pvalue was computed using
two-sided Wilcoxon rank-sum test. d, smiFISH validates the role of HBS1L in the
localization of (AU),-containing reporter. Representative smiFISH images (left)
and quantification of smiFISH signal (right) are shown. PCNs were transduced
with either HbsIl-targeting (red) or scrambled shRNAs (gray) and one of the
GFP-encodingreporters: (AU), reporter bearing Map2-30 or Rassf3-91tile
downstream of GFP or a negative control without (AU), (GFP; Methods). The data
were analyzed and presented asin Fig. 5d. The same set of neurons was used asa
negative control (GFP reporter with scrambled shRNA) in both smiFISH panels.
Representative images for Rassf3 reporter are shown in Extended Data Fig. 9.

PCNs (Fig. 4a), raising the question about the mechanism underpin-
ning the higher let-7 activity in soma. One explanation came from
our proteomic analysis, which has shown that protein components
of miRNA machinery are enriched in soma (Fig. 4c), leading to lower
levels of let-7 targets in soma (Fig. 4b).

It remains to be understood how such mRNAs, regulated via dif-
ferential stability, are transported into neurites. Inlong and thin neu-
rites, diffusion seems unlikely to suffice in transporting mRNAs at
hundreds of micrometers. It is tempting to speculate that they may
be transported with the help of motor proteins. In the simplistic view
of motor-dependent transport, RBPs recognize specific localization

elements in mRNA and tether them to motor proteins for transport
(reviewed in ref."). However, in vivo, this process appears to be more
complex, involving the formation of higher-order messenger ribonu-
cleoprotein (MRNP) transport granules. Such granules can be formed
through phase separation and contain numerous mRNAs and RBPs
co-transported withalimited set of motor proteins (reviewed in ref. ).
Non-selective inclusion of mRNA in such granules may facilitate their
transport to neurites, whereas selective mRNA degradation would
generate an mRNA gradient across the cell.

We identified (AU), as another de novo zipcode in PCNs. (AU),
is found in important neuritically enriched mRNAs, including Map2
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and Shank3 (Supplementary Table 1and Extended Data Fig. 4b). RNA
affinity capture showed that (AU), is bound by an mRNA decay factor
HBSI1L and nELAVL proteins (Fig. 7a), both having important functions
in neuronal development***’, Based on RIP-Chip and SELEX experi-
ments’’, ELAVL proteins bind AU-rich elements (AREs), including UUU-
AUUU and its variations. AREs bear some resemblance to (AU),, which
may explain detection of nELAVLs among (AU), interactors. However,
nELAVLs stabilize theirbound mRNAs (reviewed inref.*?), whereas our
analysis showed that localization of (AU)-containing transcripts is
mediated by selective mRNA destabilization (Extended Data Fig. 8b,c).
Indeed, depletion of nNELAVLs did not decrease neurite enrichment of
(AU),-containing transcripts (Extended Data Fig. 8f,g).

Our depletion experiments showed that HBS1L mediated localiza-
tion of (AU),-containing mRNAs (Fig. 7b—-d and Extended Data Fig. 8e,h).
HBSIL isinvolved in mRNA quality control pathways, including No-Go
and Nonstop decay, that degrade mRNAs with stalls in translation
elongation (reviewed in ref. ”*). HBS1L belongs to the GTPases family
andis homologous to translation elongation and termination factors
eEF1and eRF3. In this study, we uncovered the role of HBSIL in the
localization of (AU),-containing transcripts via selective degradation
in soma. It remains to be understood how it is recruited to (AU), to
trigger mRNA degradation.

Parallel studies*’? describe similar approaches to identifying
zipcodes in neuroblastoma cell lines. We detected no overlap with
theresults of Arora et al.”?, most probably because their MRPA library
included only eight neurite-localized transcripts. Our analysis of
the Mikl et al.* data showed that the (AU), motif is linked to mRNA
localization not only in cortical neurons but also in neuroblastoma
lines (Extended Data Fig. 8a). Moreover, binding motifs for CELF/
BRUNOL and PCBP family members, identified among the binders
of the neurite-localized synthetic sequence by Mikl et al.**, were
also overrepresented in neurite-localized N-zip tiles (Extended Data
Fig. 3a). Both CELF/BRUNOL and PCBP protein families are broadly
involved in RNA metabolism. Curiously, CELF/BRUNOL is involved in
localized translationin Drosophila oocyte””. In contrast, let-7 binding
sites functionas zipcodesin PCNs (Fig. 3¢,d) but notin neuroblastoma
lines. Thisislikely due to differences inlet-7 expression levels between
primary neurons and neuronal cell lines™. This example illustrates
the merits of using primary cells to identify functional elements with
biological rolesin vivo.

N-zip has also identified and refined several previously known
zipcodes. Forexample, the CPE was reported to facilitate mRNA trans-
port to dendrites and play a role in Map2 (ref.®) and Bdnf (ref. °) locali-
zation. In line with that, CPE-containing tiles in Map2 (tiles 4-6) and
Bdnf (tile 1) were neurite-localized in N-zip (Extended Data Fig. 10).
Asagroup, tiles containing CPE in the last 30 bases tended to become
more neurite-enriched upon depolarization (P=7.7 x10™).In contrast,
no effect was observed when considering the whole tile (P = 0.41),
suggesting that CPE is more functional when located closer to
the polyadenylation signal, consistent with previous literature’.
Moreover, we identified the second localization element in Bdnf
(tile 56; Extended Data Fig. 10) within the region previously shown
to contribute to dendritic localization of Bdnf”’. We also found that
tile 31in the neuritically localized isoform of Cdc42 (ref. ) is sufficient
for localization.

Curiously, depolarization activated localization of tiles mapping
to transcripts with essential functions in neurites, including mRNAs
encoding ribosomal proteins (Extended Data Fig. 2). Localization of
these transcripts to neurites is conserved across multiple types of neu-
rons*, hinting to their importance in local translation. Indeed, newly
translated ribosomal proteins provide for ribosome maintenance in
neurites’>”’, Localization of mRNAs encoding for different ribosomal
proteins may also generate specialized pools of ribosomes translating
localtranscriptome. Inaddition, depolarization stimulated localization
ofatilefromAdcyl, encoding an enzyme that catalyzes the formation

ofthe signaling molecule cAMP and plays an essential role in memory
andlearning®.

Itshould be noted that N-zip is limited to the detection of relatively
short (<150-nt) zipcodes. For example, the zipcode of Arc, containing a
350-ntregion”, istoo long to be mapped by N-zip. Zipcodes consisting
of multiple motifs residing in different 3’ UTR parts and those depend-
entonsplicingare also not detectable in our currentimplementation
of N-zip. A further limitation is that we are studying the activity of
zipcodes in a fixed backbone, and different backbones, along with
their length, GC content and splicing status, can have variable effects
on the activity of individual tiles**. Our mutagenesis approach can
detect zipcodes that are disrupted by mutations of single nucleotides
orlongerkmers, butitislimitedin the detection of redundantly acting
zipcodes. Lastly, the activity of individual zipcodes candepend on the
developmental stage and neuronal activity.

Let-7 binding sites and (AU), motifs help localize both exogenously
introduced N-zip reporters and endogenous mRNAs, but the effect is
stronger for N-zip reporters. The likely reason is that the full-length
3’UTRs of endogenous mRNAs are longer and potentially carry addi-
tional regulatory elements that may exercise afiner control over mRNA
localization. It can also affect the distance between the elements and
the poly(A) tails. The ultimate localization of these mRNAs is a combi-
natorial result based on multiple regulatory sequences. In support of
this, asingle 3’ UTR often harbors sequences that promote and inhibit
neurite enrichment (Fig. 1b). In summary, N-zip allows decoding the
combinatorial effects that regulate mRNA localization by zooming in
onshorter sequences with specific rolesinlocalization. Thisis a crucial
step toward unraveling how a finite number of patterns produce many
types of polarized cells and help themadapt to challenges and changes.
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Methods

Ourresearchcomplies withall relevant ethical regulationsand hasbeen
approved by the Max Delbriick Center (MDC) for Molecular Medicine
and the German regulation authority: das Landesamt fiir Gesundheit
und Soziales (LAGeSo).

Experimental models

TheHelLa-rtTA cell line used for luciferase reporter assay was obtained
from Kai Schoenig (ZIMannheim)®?, and the 293T cell line used for len-
tivirus production was obtained from the MDC. Male and female Mus
musculus embryos (embryonic day 14 (E14)) or neonatal pups (P0O) of
the C57BL/6) strain, obtained from the MDC mouse facility, were used
to prepare cortical neuron cultures. The number of animals dissected
for each experiment was defined by the number of neurons required
for plating (see ‘PCN culture and lentiviral transduction’ subsection)
and calculated based on the expected yield of 5 x 10° neurons per pup.

PCN culture and lentiviral transduction

PCN culture, separation on somaand neurites and lentivirus prepara-
tion were done as described previously®. In short, cortical neurons
were isolated from E14 or PO pups and co-cultured with astrocytes®.
For separation on neurites and soma, 1 x 10° cells per cm? neurons
were plated on double-coated (poly-D-lysine and laminin) cell inserts
(Millicell six-well PISP30R48, Millipore). Soma was dissociated from
the top of inserts by intensive washes with cold PBS and spinning at
5,000g and 4 °C for 1.5 minutes. For neurites isolation, cotton swabs
were used to remove the remaining soma from the top of the insert,
and the membrane with attached neurites was used for protein or RNA
isolation. For protein lysates, neurites and somawerelysed in8 Murea
and 0.1 M Tris-HCI pH 7.5. TRIzol reagent (Thermo Fisher Scientific)
was used for RNA isolation.

To preparelentiviral particles, 293T cells growing in10-cm dishes
were transfected using polyethylenimine (PEI) with 10 pg of the enve-
lope (Addgene, 12259), packaging (Addgene, 12260) and transfer plas-
mids in the ratio 1:1:2. The next day, the medium was exchanged to
10 ml of DMEM without FBS. Seventy-two hours after transfection,
the lentivirus-containing medium was cleared from cell debris by
centrifugation at 500g for 5 minutes and concentrated at 4 °C for
4-24 hours using 3 volumes of Lenti-X concentrator (631232, Takara
Bio). Viral particles were collected by centrifugation at 1,500g and
4 °C for 45 minutes and resuspended in 200 pl of cold PBS. Virus was
applied on cortical neurons between days in vitro 3 (DIV3) and DIV6,
and cells were collected at DIV9. For N-zip experiments, 70 pl of the
concentrated virus was added per 10° PCNs growing on a Millicell cell
insert (six-well) at DIVS. Preparation of the shRNA depletion samples
for RNA-seq of endogenous RNAs was performed similarly, with30 plof
the concentrated virus transduced. For shRNA depletion experiments
combined with N-zip libraries, 30 pl of shRNA virus was added to cells at
DIV3; the mediumwas changed at DIV5; and 70 pl of viral N-zip library
was added at DIVé6.

For depolarization experiments, PO PCNs were treated as
described previously®®. In brief, on DIVS, the cells were treated for
16 hours with 50 pM APV and 10 pM CNQX to block NMDA and AMPA
receptors. Neurons were then stimulated with a final concentration of
55 mM KCl using 3x KCI depolarization solution (170 mM KCl, 10 mM
HEPES pH 7.4, 1 mM MgCl, and 2 mM CacCl,). RNA for RT-qPCR and
N-zip library preparation was collected from cells before depolariza-
tion (control samples) and after sustained 3-hour depolarization. The
experiment was performed in biological triplicates.

Luciferase reporter assays

Human HeLa-rtTA cells expressing reverse tetracycline-controlled
transactivator® were grown in DMEM with GlutaMAX supplement
(DMEM + GlutaMAX, Gibco) with 10% FBS and used in luciferase
reporter assay. Transfections were done in 96-well plates with PEI

using a 1:3 ratio of DNA:PEI. Cells were transfected with 1-3 ng of
FL/RL doxycycline-inducible let-7 reporter per well. Increasing
amounts of GFP-let-7 sponge (40, 60, 80, 100 and 125 ng per well)
were co-transfected, where indicated. GFP-encoding plasmid was
used as afiller, totop up each transfection to the same total amount of
DNA. Expression of luciferase reporters wasinduced with doxycycline
(1pg ml™?), and cells were lysed 24 hours after transfection. Luciferase
activities were measured with a homemade luciferase reporter assay
system as described previously®*. More specifically, 45 pl of FLuc rea-
gent (75 mM HEPES pH 8.0, 0.1 mM EDTA, 4 mM MgSO,, 530 uM ATP,
270 uM coenzyme A, 470 pM DTT and 470 pM luciferin) and 45 pl of
RLuc reagent (2.2 mM Na,EDTA, 220 mM K,;PO, pH 5.1, 0.44 mg ml™
of BSA, 1.1 M NacCl, 1.3 mM NaN; and 0.6 ug ml™ of coelenterazine)
reagents per sample were used to measure luciferase activities.

DNA constructs

FL/RL-hmga2-wt and FL/RL-hmga2-mut were previously described***,
For other let-7 reporters, we modified the same backbone with
bi-directional promoter for simultaneous expression of two genes,
pSF2.GFPLuc®. First, Renilla luciferase (RL) was PCR-amplified and
cloned into EcoRI/Notl-cut pSF2.GFPLuc, to substitute GFP with RLand
produce pSF2-FL/RL. Next, afragment containing the polyadenylation
signal was cloned into Notl site downstream of RL, to generate pSF2-FL/
RL-pA. Finally, synthetic oligos corresponding to Cflar-14, Mcf2l-7 and
Utrn-61tiles (Supplementary Table1) or their mutated versions (CTAC-
CTC ~» CCATCCCand CTACCTC > GATGGAG) were annealed and cloned
between Agel and Notl sites of pSF2-FL/RL-pA.

To generate a GFP-encoding plasmid, GFP open reading frame
(ORF) was PCR-amplified and cloned between Agel and EcoRl sites of
thelentiviral vector with synapsin I promoter (Addgene, 20945). Dur-
ing this cloning, the Agel site was destroyed, and anew Agel was intro-
duced on a PCR primer downstream of GFP. The resulting pLenti-GFP
construct was used to produce pLenti-GFP-Map2, pLenti-GFP-Cflar,
pLenti-GFP-Rassf3, pLenti-GFP-Mcf2l, pLenti-GFP-Utrn and pooled
N-zip lentiviral libraries. To generate pLenti-GFP reporters with N-zip
tiles in their 3’ UTR, the corresponding annealed oligonucleotides
(Supplementary Table 7) were cloned between Agel and EcoRl sites
downstream of GFP.

To produce (AU)g-boxB and (AU)gmut-boxB constructs for GRNA
chromatography, synthetic oligos corresponding to Rassf3-91tile or its
mutated version (ATATATATATATATAT > GTACATACATGTACAT) were
annealed and cloned between Kpnl and Nhel sites of pBS-Luc-boxB?.

pLKO-shAgo2 and pLKO-shHbsll were generated by cloning of
annealed oligonucleotides (Supplementary Table 7; shAgo2-fw and
shAgo2-rev, shHbsll-fw and shHbsllI-rev, correspondingly) into Agel
and EcoRI-cut pLKO1-puro vector (Addgene, 8453).

Westernblotting

Next, 5-10 pg of total protein was separated on a 10% Laemmli PAAG.
Proteins were transferred to the PVDF membrane and analyzed by
western blotting. The following primary antibodies were used: rabbit
anti-histone H3 1:5,000 (ab1791, Abcam), mouse anti-actin 1:4,000
(Sigma-Aldrich, A2228), mouse anti-neurofilament SMI312 1:10,000
(837904, BioLegend), rabbit anti-Hbs111:500 (H00010724-PW1, Abnova)
and mouse anti-Ago2/elF2C21:500 (H00027161-M01, Abnova). Western
blotimages showninFigs.5aand 7band Extended DataFig.1bhave been
cropped for presentation. Full-size images are presented in Source Data.

smiFISH probe design and preparation

To assay RNA localization of GFP reporter constructs, complemen-
tary 18-20-nt DNA probes against the ORF of GFP (24 probes) were
designed using the Biosearch Technologies Stellaris RNA FISH probe
designer tool (https://biosearchtech.com). All probe sequences
are provided in Supplementary Table 7. The reverse complement
of the X FLAP** sequence was added to the 5 end of each probe:
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CCTCCTAAGTTTCGAGCTGGACTCAGTG. The X FLAP oligo (CACT-
GAGTCCAGCTCGAAACTTAGGAGG), 5’ and 3’ end-labeled with Quasar
570, wassynthesized by Biosearch Technologies. X FLAP was hybridized
with the probe set using the following conditions: 2 pl of the probe
set (40 pmolintotal), 0.5 pl of 100 uM X FLAP, 1 pul of 10x NEB 3 buffer
and 6.5 pl of water were mixed and annealed in a thermal cycler as
described previously**: 85 °C for 3 minutes, 65 °C for 3 minutes, 25 °C
for 5 minutes and 4 °C hold. Annealed probes were stored at 20 °C.

smiFISH imaging

smiFISH was performed with GFPprobes onmouse PCNs (PO and DIV9)
cultured on15-mmglass coverslips as described previously**, withsome
modifications. The mediawas aspirated, and cells were washed with 1x
PBS. Cells were fixed with 4% paraformaldehyde (PFA) for 20 minutes at
roomtemperature and then rinsed twice with 1x PBS. Permeabilization
was done with 70% ethanol at 4 °C overnight. The cells were washed
with 15% formamide freshly prepared in 1x SSC buffer for 15 minutes
at room temperature. Then, 50 pl of hybridization mix (1 pul of FLAP
hybridized probes in 2x SSC, 10% formamide and 10% w/v dextran
sulfate) was added to each coverslip and incubated overnight at 37 °C
in a humid chamber. The cells were washed twice for 30 minutes with
freshly prepared15% formamide/1x SSC at 37 °Cin the dark. During the
second wash, DAPI nuclear stain was added (5 ng pl™). The cells were
washed twice more in 2x SSC, and the coverslips were mounted on a
glass slide with 10 pl of ProLong Glass mounting medium (Thermo
Fisher Scientific, P36980) without DAPI. Then, 3 x 3 tiled z-stackimages
wereacquired usinga Dragonfly 200 spinning disc confocal microscope
with ax63 oil objective and stitched using Fusion acquisition software.
Consistent laser intensity and exposure times were used across samples
to detect DAPI, EGFP protein and Quasar 570 (EGFP RNA).

smiFISH image analysis

The images were analyzed using radial symmetry-FISH (RS-FISH)®.. In
brief, maximum projections were performed using Fiji (ImageJ)®® for
EGFP and used to generate amask for soma and neurites using ilastik®
and manual curation using Fiji to generate masks for proximal neurite
(upto30 pmfromthe cellbody/soma) and distal neurite (30 pmuptoa
maximum of100 pm). The RNA foci were detected and quantified using
the RS-FISH Fiji plugin as described in Bahry et al.*’. The detections
were subsequently filtered using either the distal neurite or proximal
neurite masks using the mask filtering tool in RS-FISH. The RNA detec-
tions were normalized by area in their region. Scripts for smiFISH
image analysis can be found at https://github.com/LauraBreimann/
smFISH_neuron_analysis.

RNA extraction and qRT-PCR

For RT-qPCR analysis, RNA was isolated with TRIzol (Thermo Fisher
Scientific), treated with RQ1 DNase I and reverse-transcribed using
the Maxima first-strand cDNA synthesis kit (Thermo Fisher Scientific).
Ago2, Hbs1land Gapdh were quantified using sensiFAST SYBR No ROX
qPCR kit (Bioline). Homer and Snord15b were used to estimate the
efficiency of soma/neurite separation. See Supplementary Table 7 for
primer sequences. Relative expression levels were calculated using the
AAC, method with Gapdh as areference gene.

Invitro transcription, GRNA chromatography and mass
spectrometry
(AU)g-boxB and (AU)smut-boxB RNAs were generated using a T3 MEGAs-
cript in vitro transcription kit (Thermo Fisher Scientific, AM1338)
according to the manufacturer’s recommendations. The template
plasmids were linearized with HindlIl. RNA was purified using Agen-
court RNAClean XP beads (Beckman Coulter, A63987).

GRNA chromatography was performed as described previously®’
with the following modifications. First, 30 pg ml™ of GST-lambda
N fusion peptide was immobilized on 20 pl of a 50% slurry of

Glutathione Sepharose 4B (Amersham, 17075601) in binding buffer
(BB:20 mM Tris-HCI pH 7.5, 150 mM NacCl, 10% glycerol, 0.05% NP-40
and 0.4 mM) by incubating on an orbital rocker for 30 minutes at room
temperature. Beads were washed twice in 1 ml of BB and incubated
with 25 pmol of RNA ((AU)8-boxB and (AU)8mut-boxB) in 200 pl of
BB for1hourat4 °C. Thebeads were washed twice with1 ml of BB and
incubated with 3 mg of protein lysate prepared from PO mouse brain
(lysis buffer: BB with 0.5% NP-40) for 2 hours at 4 °C. The beads were
washed three times with 1 ml of BB, and bound proteins were eluted
with 0.15 pg of RNAse A in 60 pl of BB without NP-40 for 30 minutes
at 30 °C on an orbital shaker. Eluates were supplemented with 70 pl
0of 2.5 MNaOAC pH 5.0, 1 pl of GlycoBlue (Ambion) and absolute EtOH
up to 2 ml and incubated at 4 °C overnight. Proteins were recovered
by centrifugation at 18,000g and 4 °C for 30 minutes. Total protein
lysates from neurites and soma of PCNs were prepared as previously
described®. Eluates and total lysates were subjected to in-solution
digest using trypsin, and desalted peptides were subjected to liquid
chromatography-tandem mass spectrometry (LC-MS/MS) usinga Q
Exactive HF-X mass spectrometer coupled to an Easy nLC1200 system
(Thermo Fisher Scientific). MS data were processed with Max Quant
software (1.6.3.4) with peptide FDR cutoff at 1%. The resulting text files
were filtered to exclude reverse database hits, potential contaminants
and proteins identified only by site. For eluate samples, label-free
quantification (LFQ) intensity values were filtered for ‘minimum value
of 3’ in at least one group. Missing values were imputed with random
noise simulating the detection limit of the mass spectrometer. Dif-
ferential proteins were defined using two-sample Student’s ¢-test and
FDR-based significance cutoff. The DEP R package (version1.6.1)° was
used to analyze iBAQ protein intensity values from total proteome
data. Only proteins detected in at least half (three out of six) of samples
and not marked as potential contaminant or reverse sequence were
retained for analysis. Missing values were imputed using the ‘MinProb’
algorithm (random draws froma Gaussian distribution) with standard
settings, and values from each compartment were then normalized to
the median GAPDH intensity. Enrichment between compartments was
calculated using a generalized linear model (limma), and Pvalues were
FDR-corrected with the Benjamini-Hochberg method.

mRNA-seq and total RNA-seq libraries preparation

mRNA-seq libraries were prepared with TruSeq Stranded mRNA library
preparation kit (Illumina, 2002059) according to the manufacturer’s
recommendations. mRNA-seq was done in biological triplicates, using
100 ng of total RNA from neurites or soma per sample. RNA was sup-
plemented with ERCC spike-ins (Thermo Fisher Scientific, 4456740)
according to the manufacturer’s recommendations. Based on the
spike-ins, we estimate that ~4% of mRNA per PCN is contained in neu-
rites and the rest in soma. SLAM-seq library preparation and data
analysis are described elsewhere (E-MTAB-11572 and E-MTAB-11575,
https://github.com/melonheader/Stability). Total RNA-seq libraries
(Extended DataFig.1) were prepared using TruSeq Stranded total RNA
library preparation kit (20020596, lllumina). Libraries were pooled and
sequenced on Illumina NextSeq 500 or NovaSeq 6000 system with a
single-end 75-cycle or 150-cycle run.

N-zip libraries preparation

Togenerateapooled lentiviral library expressing fragments tiled across
3’ UTRs of neurite-localized transcripts, a pool of the corresponding
oligos (Supplementary Tables 1 and 2) flanked by adapter sequences
(TTCGATATCCGCATGCTAGC-tile-GATCGGAAGAGCACACGTCT) was
synthesized (Twist Bioscience or Agilent Technologies). Fragments
were PCR-amplified (see Supplementary Table 7 for primer sequences)
and cloned via Gibson assembly into Agel-cut pLenti-GFP downstream
of GFP, using Endura ElectroCompetent Cells (Lucigen, 60242-1).
Resulting pooled DNA libraries were used to produce lentiviral
particles and infect PCNs.
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RNA, isolated from neurites and soma of PCNs as previously
described®, was used to prepare N-zip libraries. In short, RNA was
reverse-transcribed into cDNA with a primer complementary to the
3’adapter flanking the tiles. Unique molecular identifiers (UMIs) were
introduced during the second-strand synthesis with a pool of primers
complementary to the 5 adapter flanking the tiles. Residual primers
were removed with an Exol/rSAP mix. The resulting double-stranded
DNA (dsDNA) was purified with AMPure beads, and the N-zip tiles were
PCR-amplified and barcoded. Libraries were pooled and sequenced
on Illlumina NextSeq 500 or NovaSeq 6000 system with a single-end
75-cycle or150-cyclerun.

Analysis of published RNA-seq datasets

Several transcriptome datasets from compartments of primary neu-
rons were acquired from published sources: raw datasets were down-
loaded from the Gene Expression Omnibus (GEO) database (GSE67828
(ref.?®), GSE66230 (ref.??) and GSE51572 (ref.”)) and analyzed using the
PiGxRNA-seq pipeline” (version 0.0.3) with default settings using the
Ensembl mouse genome assembly (GRCm38.p6, release 91); alterna-
tively, counts were taken from supplementary tables of studies that
either did not deposit raw data®® or did not use a standard RNA-seq
approach?°, Differential expression analysis between neurite and
soma compartments was performed using DESeq2 (ref. °). Addition-
ally, counts were normalized to transcripts per million (TPM) and
averaged for neurite and soma compartment within each dataset.

Analysis of PCN RNA-seq data

RNA-seq data from our PCNs were analyzed with the PiGx pipeline in
the same way as published datasets. Because genomic and intronic
reads were detected in the stranded library, a restricted set of genes
was chosen for analysis: strand-specific counts (sense and antisense)
aswell asintron counts were generated using a custom ht-seq-based”
Python script. Only genes with strong exon/intron and sense-strand/
antisense-strand ratios (log,(exon/intron) > 2.5 and log,(sense/anti-
sense) >2) were used for further analysis.

Selection of zipcode candidate 3’ UTRs
To select sequences for the first N-zip library, only genes with signifi-
cantenrichment (adjusted P < 0.05) in the analyzed primary neuronal
datasets were considered as candidates to generate alist of genes with
reliable neurite localization. This selection was further restricted to
genes for which anenrichment value could be calculatedin our PCN sys-
tem (log,FC not NA). Then, genes with (1) asignificant enrichmentinat
least four datasets; (2) median log,FC > 1; and (3) either mean log,FC > 1
or a positive log,FC value in all datasets were chosen. Additionally,
genes with a significant enrichment value in at least five datasets and
either median log,FC >1 or mean log,FC >1or a positive log,FC value
inall datasets were chosen as well.

This initial unbiased set of genes was then manually refined by
(1) excluding genes encoded by the mitochondrial genome as well as
some genes with the annotated nuclear or mitochondrial function
(Polal, Ezh2,Smc4, Cenpb, Pink1 and Ncl); (2) adding genes with aknown
zipcode or neurite localization sequence (Camk2a®, Actb®, Bdnf’,
Arc™, Cdc42 (ref. »), Map2 (ref. °°) and Bcl (ref. °’); (3) adding genes
that showed localization in non-primary* and in-house datasets as
wellasour PCN and fewer other primary datasets (Rab13, Net1, HmgnS,
2410006H16Rik, Pfdn5, Tagin2, Pfdnl and Cryab); and (4) restricting
the genes encoding for ribosomal proteins and translation factors to
asmaller subset with sufficiently large 3’ UTRs (Rplp2, Rpl12, Rpl39,
Rpl37,Rpl14,Rps28, Rpsa, Rps24, Rps23, Rpsi18, Eef1b2, Eeflal and Eeflg).

Design of the 3’ UTR tile library

The 3’ UTR sequences for all transcript isoforms of the chosen genes
were downloaded via Ensembl biomaRt. For each gene, the 3’ UTR
sequences fully contained in another isoform were removed, leaving

only the longest non-overlapping 3’ UTR sequences. For all genes with
multiple unique 3’ UTR sequences, we manually decided whichisoform
sequence(s) toinclude in the final set of sequences, based on annota-
tionand PCN genome browser tracks of the corresponding genes. For
Cflar and Cdc42, both alternative 3’ UTRs were included (and named
Cflar-1and Cflar-2, respectively, for Cdc42). For Hdac5 and Arhgaplia,
the different but overlappingisoforms were manually mergedintoone
sequence. This resulted in a final list of 99 3’ UTR sequences.

Eachof these sequences was then cutinto overlapping tiles cover-
ing the entire sequence. For sequences smaller than 500 nt, tiles with
75-nt size and 15-nt offset were designed. For sequences larger than
500 nt, tiles with 100-nt size with 25-nt offset were generated. Inboth
cases, any remaining sequence was added to the last tile while keeping
the maximum tile size below 80 nt or 110 nt, correspondingly. In addi-
tion, five control tiles with scrambled sequences were generated from
the first tile of Camk2a, Actb and Bcl each. The final set of 4,813 tiles
was ordered, including 3’ and 5’ adapter sequences (3": TTCGATATC-
CGCATGCTAGC; 5: GATCGGAAGAGCACACGTCT). The full sequences
areprovided in Supplementary Table 1.

N-zip data analysis

The sequenced reads were used to countindividual library tiles. We con-
sidered only R1reads that contained the TTCGATATCCGCATGCTAGC
adaptor sequence and extracted the UMI sequence preceding the
adaptor. Each read was then matched to the sequences in the library,
without allowing insertions or deletions. The output from this step was
atable of counts of reads mappingto eachlibrary sequence. The N-zip
libraries had 4.8 million mapped reads on average, and the mutagen-
ized N-zip had 1.9 million mapped reads on average. Only fragments
with at least 20 reads on average were used in subsequent analysis. In
the N-zip library, 4,745 tiles had at least three samples with at least 20
reads (98.5%). The mutagenized N-zip library had 6,266 tiles, and 5,679
(90.6%) had at least three samples with at least 20 reads. The reads were
normalized to the total number of mapped reads. Counts within each
compartment were highly correlated between replicates (Spearman
R>0.85). The normalized counts were used to compute neurite/soma
ratios after adding a pseudocount of 0.5. Statistical significance for
eachtilewas estimated with DESeq2’s Wald test (default) and corrected
for multiple testing using the Benjamini-Hochberg procedure. Ratios
for groups of tiles were compared using two-sided Wilcoxon rank-sum
test. The code for N-zip data analysis is available at https://github.com/
IgorUlitsky/MPRNA.

Analysis of miRNA binding sites and (AU), motif

Analysis of miRNA binding sites and (AU), motif enrichment was per-
formed on N-zip libraries and mRNA-seq libraries. Tile sequences and
sequences of 3’ UTRs of protein-coding genes annotated in GENCODE
were analyzed using the R ‘stringr’ package (version1.4.0) for matches
tothelet-7 seed sequence and for the maximal match to the (AU), motif.
For obtaining neurites/soma ratios in mRNA-seq data, reads were
mapped to the transcriptome using Salmon, and transcript abundance
and enrichment was calculated using tximport and DESeq2 workflow®.
Only the most abundant isoforms, with total TPM of at least 10 in the
averaged soma and neurites samples were considered in all further
analyses. For analysis of the shRNA-treated cells, we used RSEM and
GENCODE vM21 to obtain isoform-specific expression levels quanti-
fied as TPM. These were used to compute log,-transformed ratios
between the averages of the neurite and the soma samples using a
pseudocount of 1.

Design of mutation tile library

Fromthefirst N-zip library, a subset of neurite-enriched tiles was cho-
sen for extensive mutagenesis. In case of overlapping tiles forming one
peak, the centraltile was selected. More specifically, from the tiles with
significant (adjusted P < 0.1) and high (meanlog,FC > 1) enrichmentin
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neurites, we chose the following 16 tiles: Ndufa2, tiles 11 +12 (for 75-nt
tiles, two tiles were combined); Camk2n1, tile 12; Msn, tile 48; Golim4,
tile 56; Cdc42 2, tile 31; Bdnf, tile 56; Map2, tile 5; Cflar 2, tile 52; Rassf3,
tile 91; Mcf2l, tile 7; Cflar 1, tile 14; Utrn, tile 61; Caldl, tile 58; Rps23,
tiles 11 +12; CoxS5b, tiles 6 + 7; and KifIc, tile 80. For each of these tiles,
we generated all possible single base substitutions as well as sets of
A 2T and C 2 G base transitions in 2mer, Smer and 10mer stretches
that together cover each tile. Additionally, the wild-type and three
scrambled versions of each tile were added as controls. All tiles were
ordered in one oligo pool from Agilent Technologies. The full list of
sequences is provided in Supplementary Tables1and 2.

Motif enrichment and GO analyses

The sequences of all neurite-enriched tiles in N-zip (log,FC neurites/
soma >1, adjusted P< 0.1; Supplementary Table 1) were used as input
for motif discovery and enrichment analysis using the XSTREME web
interface®. Analysis for enriched functional terms was performed for
all genes with a neurite-enriched peak in the N-zip library with gPro-
filer2 using the default settings®®. Five top GO terms with the lowest P
values for biological processes (BPs) and cellular compartments (CCs)
domains were used for plotting.

Quantification and statistical data analysis

Details of exact statistical analyses, packages, tests and other proce-
dures used canbe found in the main text, figure legends and Methods.
No statistical methods were used to pre-determine sample sizes, but
our sample sizes are similar to those reported in previous publica-
tions?*2%%3, Data collection and analysis were not performed blinded
tothe conditions of the experiments. No datapoint was excluded from
the analyses. No randomization was performed. A-parametric tests
that do not rely on the assumption of normal distributions were used
unlessindicated otherwise.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Dataavailability

Next-generation sequencing data have been deposited at ArrayExpress
(accessionnumbers E-MTAB-10902, E-MTAB-11572 and E-MTAB-11575).
The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE? partner repository
with the dataset identifiers PXD028300 and PXD026089. smiFISH
images have been deposited to the figshare image repository (https://
doi.org/10.6084/m9.figshare.21196765.v1). Source data are provided
with this paper.

Code availability

The code for N-zip data analysis is available at https://github.com/
IgorUlitsky/MPRNA, the code for the SLAM-seq at https://github.com/
melonheader/Stability and the code for smiFISH analysis at https://
github.com/LauraBreimann/smFISH_neuron_analysis.
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ABSTRACT

Toxic gain-of-function mutations in aminoacyl-tRNA
synthetases cause a degeneration of peripheral mo-
tor and sensory axons, known as Charcot-Marie-
Tooth (CMT) disease. While these mutations do not
disrupt overall aminoacylation activity, they inter-
fere with translation via an unknown mechanism.
Here, we dissect the mechanism of function of CMT
mutant glycyl-tRNA synthetase (CMT-GARS), using
high-resolution ribosome profiling and reporter as-
says. We find that CMT-GARS mutants deplete the
pool of glycyl-tRNASY available for translation and
inhibit the first stage of elongation, the accommoda-
tion of glycyl-tRNA into the ribosomal A-site, which
causes ribosomes to pause at glycine codons. More-
over, ribosome pausing activates a secondary re-
pression mechanism at the level of translation ini-
tiation, by inducing the phosphorylation of the alpha
subunit of elF2 and the integrated stress response.
Thus, CMT-GARS mutant triggers translational re-
pression via two interconnected mechanisms, affect-
ing both elongation and initiation of translation.

INTRODUCTION

Defects in translational regulation have been identified as
common features in multiple neurodegenerative disorders
(reviewed in (1)). Yet in some cases the precise mechanisms
by which they disrupt translation have to be clarified. For
protein synthesis, amino acids are ligated to their cognate
tRNAs by aminoacyl-tRNA synthetases (aaRSs), and mu-
tations in six of these enzymes cause a degeneration of
peripheral motor and sensory axons, known as Charcot—
Marie-Tooth (CMT) disease (reviewed in (2)). A subtype
of this disease, CMT type 2D (CMT2D), is caused by dom-
inant mutations in the gene encoding glycyl-tRNA syn-

thetase (GARS). Curiously, although overall aminoacyla-
tion activity is not disrupted by CMT2D-causing muta-
tions, global translation is inhibited (3-7). This raises the
question about the mechanisms of translational repression
in this disease.

Translation cycles through three stages: initiation, elon-
gation and termination. Because initiation is the rate-
limiting stage of translation, it has been considered the
main stage at which translational control occurs (reviewed
in (8)). Eukaryotic translational initiation is a multi-step
process that requires many proteins, the so called eukary-
otic initiation factors (elFs). It involves the formation of
the 43S pre-initiation complex, which consists of the small
(40S) ribosomal subunit, ternary complex (the initiator
Met-tRNAI and elF2 in its GTP-bound form, hereafter re-
ferred to as elF2:GTP:Met-tRNAI), and other factors. The
43S complex is recruited to the mRNA 5-end and scans
the mRNA until it finds the initiation AUG codon and
can bind the large (60S) ribosomal subunit. Joining of the
large (60S) ribosomal subunit completes formation of the
80S ribosome with aminoacylated tRNA in the ribosomal
P-site.

Most of the steps of initiation can be regulated. A major
regulatory mechanism is triggered by various stress condi-
tions and is called the integrated stress response (ISR, re-
viewed in (9)). It involves the phosphorylation of the al-
pha subunit of elF2 (elF2a), which reduces the levels of
the ternary complex eIF2:GTP:Met-tRNAi. This leads to a
downregulation of global translation initiation, to save cel-
lular resources under stress conditions, and the upregula-
tion of specific transcripts, such as Activating transcription
factor 4 (ATF4), required to fix stress-related damage (10—
12). A number of reports have found that ISR is activated
in neurodegenerative diseases, including Alzheimer’s and
prion disorders (13), amyotrophic lateral sclerosis (14) and
cerebellar and retinal degeneration (15).

Recent evidence has shown that the stage of elongation
of translation can also be targeted by complex regulatory
mechanisms, and that this plays important roles in devel-
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opment and neurologic diseases (reviewed in (16)). Muta-
tion in the ribosome rescue factor GTPBP2, underlying
cerebellar and retinal degeneration (17), has been associ-
ated with ribosome stalling during elongation (15). Simi-
lar effects have been reported for FMRP-linked disorders,
Fragile X syndrome and autism (18). Elongation requires
two eukaryotic elongation factors (eEFs) and consists of
three main steps: (i) the accommodation of the aminoacy-
lated tRNA (aa-tRNA), in complex with eEF1A:GTP, into
the A-site of the ribosome, (ii) the formation of the pep-
tide bond, catalyzed by the large ribosomal subunit, during
which the growing polypeptide from the P-site is transferred
to aa-tRNA in the A-site, (iii) ribosome translocation, cat-
alyzed by eEF2, during which peptidyl-tRNA moves to the
P-site and deacylated tRNA is evicted from the P-site. Ribo-
somes undergo major conformational rearrangements dur-
ing elongation, and recent works have shown that ribosome
profiling can distinguish between two functional states of
the ribosome—before and after aa-tRNA binding (19,20).

Here, we dissect the mechanism of translational reg-
ulation by CMT2D-causing mutations in GARS (CMT-
GARS). Using high-resolution ribosome profiling, we show
that CMT-GARS mutant G240R causes ribosomes to stall
at glycine codons in open A-sites, due to increased retain-
ment of tRNASY on mutant CMT-GARS and a shortage
of glycyl-tRNASY available for translation. Moreover, ribo-
some stalling triggers a secondary translational repression
mechanism, which involves an increase in the phosphoryla-
tion of elF2a and induction of ISR.

MATERIALS AND METHODS
Cell culture, transfections, and luciferase assay

Human HEK293T cells were grown in Dulbecco’s mod-
ified Eagle’s medium with GlutaMAX™ supplement
(DMEM + GlutaMAX, GIBCO) with 10% FBS. Trans-
fections were done in 10 cm, 6-well and 96-well plates with
polyethylenimine (PEI) using a 1:3 ratio of DNA:PEI In
reporter experiments, HEK293T cells were transfected with
1-2 ng RL or RL-ATF4, 10 ng FL and 10 ng GARS-myc
constructs per well of a 96-well plate. Total amount of
transfected DNA was topped up to 50 ng per well of
96-well plate with the empty vector. For other formats, the
amounts of plasmids were adjusted proportionally. For myc
immunoprecipitation, amounts of GARS-expressing plas-
mids were adjusted to achieve equal expression levels (1.5
g WT, 3 g E71G and 7.5 pg G240R and 10 pg AETAQ
GARS-myc per 10 cm plate), and amount of transfected
DNA was topped up to 10 g with the empty vector. Cells
were lysed 24 h post transfection. Luciferase activities
were measured with a homemade luciferase reporter assay
system as described earlier (21). For puromycylation assay,
cells were treated with 2.5 pg puromycin for 30 min before
lysis. Where indicated, thapsigargin was added at 50 nM
for 30 min before cell lysis and GCN2-IN-1 at 1 wM at the
time of transfection.

Ribosome profiling

Ribosome profiling was performed as earlier described (22),
with the following modifications. Monosomes were purified

using Microspin S-400 HR columns (GE Healthcare 27-
5140-01) and 15-35 nt ribosome-protected fragments were
isolated for library generation.

DNA constructs

Reporter plasmids RL and FL have been described pre-
viously (23). ATF4-RL reporter was generated by PCR
amplifying ATF4 5UTR (ENSMUST00000109605.5) and
cloning between Sacl and Nhel of RL. To generate GARS-
myc-expressing plasmid, blasticidin resistance CDS was
PCR amplified and cloned between Sbfl and SanDI of pig-
gyBac vector pCyl50-MCS (kind gift of Dr Julien Bethune
(24)), to generate piggyBac-Blast. GARS CDS (P41250-
2) was PCR amplified from human cDNA and cloned
between Fsel and Agel sites of piggyBac-Blast. E71G,
G240R and AETAQ (245-248) mutations were introduced
in GARS CDS by site-directed mutagenesis. To generate
3xflag-NSP1-encoding plasmid, a synthetic 3xflag sequence
was cloned between BstXI and Sbfl sites of pEBG-sic plas-
mid (25) to produce pEBG-3xflag. CDS of NSP1 was PCR
amplified, using SARS-CoV2 cDNA as a template, and
cloned between Sbfl and Notl sites of pEBG-3xflag.

PAGE and northern blotting

For aminoacylation level experiments, total RNA from
293T cells expressing GARS-myc was isolated with Trizol
(Thermo), according to the manufacturer’s instructions,
and resuspended in 1 mM sodium acetate pH 5.0. A portion
of each sample was subjected to deacylation by addition of
0.2 M Tris—HCI pH 9.5 and incubation at 37°C for 30 min.
1 g of total RNA per sample was further analyzed by
acid—urea PAGE and northern blotting as described earlier
(26). More specifically, the samples were separated on a 40
cm x 40 cm 10% PAAG (AA:MBA = 19:1) prepared in
0.1 M sodium acetate (pH 5.0) and 8 M urea. The gel was
run at 120 V for 18 h at 4°C, until the bromophenol blue dye
ran out. For analysis of GARS-myc immunoprecipitates,
samples were run on 10% TBE-urea PAAG at 200 V for
1 h, and 400 ng of total RNA were loaded as inputs.
RNA was then transferred to a Hybond-N + membrane
(Amersham) using semi-dry transfer in 1x TBE buffer
at 15 V for 1 h. The membrane was rinsed in 5x SSC
buffer and RNA was crosslinked to the mebrane using
Stratalinker (265 nm) at 120 000 wJ/cm?. The membrane
was pre-hybridyzed in 6x SSC, 10x Denhardt solution,
0.5% SDS at 42°C for 1 h. Hybridization was done in 6x
SSC, 0.1% SDS and 20 pmol of radiolabeled probe at 45°C
overnight. The membrane was then washed with 2x SSC
three time for 10 min at room temperature and exposed
with the phosphorimager screen for 4 h to overnight.
The following oligonucleotides were used as probes for
northern blotting: TCTACCACTGAACCACCAATGC
(tRNASY(GCO).  CAGCCAGATCGCCCTCACATCC,
CAGCCAGATCAGCCGAATCAAC, TCTTCGACCG
AGCGCGCAGCTT and CTTGAGAGCTTGTTTG
GAGGTT (7SK); TAGGTCAGGGTGGTCACGAG,
TGGCGGACTTGAAGAAGTCG, CTTGAAGAAG
ATGGTGCGCT, TGAACTTGTGGCCGTTTACG
(GFP). To prepare the probes, 20 pmol of oligonucleotide



(tRNAYY) or oligonucleotide pool (7SK, GFP) was 5'-end
labeled with 10 wCi of y-32P-ATP (3,000 Ci mmol, 10
wCi/pl; PerkinElmer) using T4 PNK.

Immunoprecipitation and western blotting

For anti-myc immunoprecipitations (IP), we used 5 pg of
anti-myc antibody (AM1007a Abgent) coupled with 50
wl of protein G Dynabeads (Thermo) per IP. Antibody-
coupled beads were incubated with 293T cells lysates
overnight at 4°C. Lysates were prepared from 107 293T cells,
transfected with GARS-myc-expressing constructs, using
lysis buffer (50 mM Tris—HCl pH 7.5, 150 mM NacCl, 0.25%
NP-40, 2 mM Pefabloc). After IP, the beads were washed
three times with the wash buffer (50 mM Tris—HCI pH 7.5,
150 mM NaCl, 0.1% NP-40, 2 mM Pefabloc). 1/20 of the
beads were eluted with the SDS-PAGE sample buffer for
western blotting analysis with anti-myc antibody, with 3%
of inputs and 2.5% of immunoprecipitates loaded on the
gel. The rest of the beads were supplemented with 500 ng
of GFP spike-in RNA, extracted with Trizol according to
the manufacturer’s instructions and isolated RNA was ana-
lyzed by urea PAGE and northern blotting. For GFP RNA
spike-in preparation, a 325-nt fragment of the GFP coding
sequence was PCR amplified with the oligos introducing T7
promoter (T7-GFP-fw: TAATACGACTCACTATAGGG
ATGGTGAGCAAGGGCGAGGA, GFP-rev: GGGTCT
TGTAGTTGCCGTCGQG), and the resulting PCR fragment
was used as a template for T7 in vitro transcription reaction.

For western blotting, 20 g of total protein, unless oth-
erwise indicated, was separated on a 4-12% SDS-PAGE,
and proteins were transferred to the PVDF membrane. The
membrane was probed with the following primary anti-
bodies: rabbit anti-e[F2a antibody 1:1000 (9722 Cell Sig-
naling), rabbit anti-phospho-elF2a antibody 1:1000 (9721
Cell Signaling), mouse anti-myc 1:5000 (AM1007a Ab-
gent), mouse anti-beta-actin 1:5000 (A2228 Sigma), mouse
anti-puromycin 1:4000 (Kerafast 3RH11).

Bioinformatical data analysis

Analysis of ribosome profiling data was performed using
an in-house snakemake based pipeline. First, reads were
quality trimmed using trim_galore and filtered for common
contaminants (human rRNA sequence (rRNA_U13369.1),
tRNA sequences (as predicted by GtRNAdb (27) and se-
lected noncoding RNA sequences from the ENSEMBL
ncrna collection). Filtered reads were then analysed us-
ing fastqc and mapped to the human genome (GRCh38
version97) using STAR (28). Mapped reads were further
analyzed using RiboseQC (https://github.com/ohlerlab/
RiboseQC) to obtain P-site cutoffs and counted using a cus-
tom htseq-based (29) python script split by annotated gene
region, read length and P- and A-site codons. Analysis of
codon usage was performed for CDS-mapping reads with
3 nt periodicity (21 nt and 29 nt). For this, counts for each
codon in A- or P-site were normalized by the sum of all
reads for a given read length, site and sample. Normalized
counts were then summed and averaged between different
conditions.
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RESULTS

Defects in protein production are recapitulated by overexpres-
sion of CMT-GARS mutants

CMT2D is caused by the dominant toxic gain-of-function
mutations, i.e. mutations that confer a new and toxic ac-
tivity on GARS protein (3,5,30). This means that the phe-
notype of the disease, including defects in translation, can
be recapitulated by overexpression of mutant GARS. Thus,
we set out to recapitulate the global translational repres-
sion triggered by CMT-GARS mutations E71G, G240R
(7) and deletion of amino acids 245-248 (AETAQ) (31) in
cultured HEK293T cells. For that, we co-transfected cells
with myc-tagged WT or mutant GARS-encoding plasmids
and two reporter constructs coding for Renilla and firefly
luciferase (RL and FL, Figure 1A). An empty vector was
used as a negative control. We found that the overexpres-
sion of E71G, G240R and AETAQ, but not WT GARS, in-
hibited protein production in the luciferase reporter assay
(Figure 1B). Consistently with their role in global transla-
tional downregulation and prior work (7), E71G, G240R
and AETAQ mutant proteins were expressed at lower lev-
els than WT GARS, as revealed by western blotting (Figure
1C). Interestingly, the reporter assay recapitulated the phe-
notypic strength of the mutations observed in in vivo exper-
iments (7,31): the effects of G240R and AETAQ were more
severe than that of E71G (Figure 1B and C).

To analyze the effects of CMT-GARS on total trans-
lation, we used puromycylation assay, which utilizies
puromycin-tagging of newly synthesized proteins (32,33).
Puromycin is a mimic of the aa-tRNA, which is incor-
porated into the nascent polypeptide chains, and the lev-
els of resulting puromycin fusion proteins reflect the rate
of translation. To compare translation levels between the
cells, transfected with either WT or CMT-GARS mu-
tants, we analyzed cell lysate by western blotting with anti-
puromycin antibody (Figure 1D). Indeed, CMT-GARS-
expressing cells showed lower incorporation of puromycin
(anti-puromycin western), in spite of similar protein load-
ing visualized with coomassie staining. These data confirm
that the effect of CMT-GARS mutations on translation is
global.

CMT-GARS mutant inhibits the accommodation of glycyl-
tRNA in the ribosomal A-site and causes ribosome stalling

aa-tRNA synthetases (aaRSs) are required to produce aa-
tRNA for the first step of elongation, i.e. accommodation
of a cognate aminoacyl-tRNA in the ribosomal A-site (Fig-
ure 2A). We decided to test whether this step is affected by
CMT-GARS. Our prediction was that, if glycyl-tRNA were
deficient in CMT-GARS-expressing cells, ribosomes would
stall in a pre-accommodation state once glycine codons
entered their A-site. Recent works have shown that high-
resolution ribosome profiling can distinguish between dif-
ferent functional states of the ribosome—pre- and post-
accommodation of aa-tRNA (20). This technique generates
ribosomal footprints on mRNAs; it is achieved by treat-
ing cell lysates with RNAse I (34). This degrades most
RNA, but leaves ribosome-protected fragments (RPFs)
intact; they can then be analyzed by next-generation
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Figure 1. Overexpression of CMT-GARS mutants, E71G, G240R and AETAQ, but not WT GARS, represses protein production in cultured cells. (A)
Schematic representation of constructs used in transfection experiments: RL and FL are reporter constructs encoding Renilla and firefly luciferase, corre-
spondingly. Positions of analyzed CMT-GARS mutations in the context of GARS domain structure are shown. (B) Repression of RL and FL mRNAs
by GARS mutants. Human HEK293T cells were co-transfected with plasmids encoding RL, FL, and myc-tagged GARS, either WT or indicated mutant.
As a negative control, empty vector was used instead of GARS-encoding plasmid. RL and FL activities are presented as a percentage of luciferase ac-
tivity produced in the presence of empty vector. Values represent means + SD from three experiments. (C) Expression levels of myc-fusion proteins were
estimated by western blotting with antibodies directed against myc-tag. Beta-actin was used as a loading control. (D) Puromycylation assay confirms the
role of CMT-GARS in global translational repression. HEK293 cells were transfected with plasmids encoding WT GARS, indicated GARS mutants or
an empty vector. After puromycin treatment, cells were lyzed and lysates were analyzed by western blotting with anti-puromycin antibody. PAAG stained
with coomassie is provided to visualize equal total protein loading between the samples.

sequencing. Due to substantial conformational rearrange-
ments of the ribosome during elongation, ribosomes
lacking tRNA in their A-sites (open A-sites) generate
short 21-22 nt RPFs, while ribosomes with occupied A-
sites—produce long 27-29 nt RPFs (20). Thus, the lack of
a specific aa-tRNA results in ribosomes with open A-sites
pausing on the cognate codons, and this can be detected
by high-resolution ribosome profiling by enrichment of the
corresponding 21-22 nt RPFs (20) (Figure 2A).

To test this hypothesis, we modified the standard ribo-
some profiling protocol (34) to isolate a wide range (15—
35 nt) of RPFs. Triplicate ribosome profiling libraries were
prepared from HEK?293T cells expressing a strong CMT-

GARS mutant G240R or WT GARS (negative control).
Most ribosome profiling reads mapped within coding se-
quences (CDS), reflecting a fraction of translated mRNAs,
and showed high correlation between triplicates (Supple-
mentary Figure S1A and B). We observed a bimodal distri-
bution of ribosome footprints, with the peaks correspond-
ing to the ribosomal states with open (21 nt) and occupied
(29 nt) A-sites (Figure 2B). Importantly, both short 21 nt
and long 29 nt RPFs showed a periodic alignment pattern of
3 nt, which reflects the codon-by-codon movement of trans-
lating ribosomes along an mRNA and represents a hall-
mark of translation (Figure 2C and Supplementary Figure
S10).
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We next calculated the mean frequencies of 64 codons
in the A-sites and P-sites of 21 nt and 29 nt RPFs and
compared these values between cells expressing WT and
G240R GARS (Figure 2D and Supplementary Figure
S1D). The most striking difference in codon frequency be-
tween G240R and WT GARS samples was detected for
21 nt RPFs with glycine codons in ribosomal A-site (Fig-
ure 2D, left). We found that ribosomes paused on glycine
codons (red points, Figure 2D) ~ 2 times longer in G240R
than in WT samples, whereas the values for other codons
remained similar (black points). Notably, such pausing was
observed in short 21 nt RPFs, corresponding to ribosomes
with open A-sites, but not in 29 nt RPFs (<1.3-fold, Fig-
ure 2D, right), representing ribosomes with occupied A-
sites (20). For comparison, only minor changes in codon
frequencies were detected in ribosomal P-sites (<1.5-fold,
Supplementary Figure S1D). Thus, our ribosome profil-
ing data demonstrate that CMT-GARS mutant G240R in-
duces a stalling of ribosomes with glycine codons in open
A-sites, i.e. in a pre-accommodation state. This mechanism
is consistent with a shortage of glycyl-tRNA in G240R-
expressing cells.

CMT-GARS mutants have increased capacity to retain
bound tRNAC!Y

Stalling of ribosomes with glycine codons in open A-
sites point to a shortage of glycyl-tRNASY in G240R-
expressing cells. To test if CMT-GARS mutants reduce
levels of aminoacylated tRNASY | we analyzed the levels
of Gly-tRNASY in CMT-GARS-expressing 293T cells by
acid—urea polyacrylamide gel electrophoresis (PAGE) fol-
lowed by northern blotting. This method allows separation
of aminoacylated tRNA from deacylated tRNAs due the
mass difference (26). To provide a reference of deacylated
tRNASY | half of each sample was treated with a basic pH
buffer, that destabilizes an ester bond between the amino
acid carboxyl group and the tRNA terminal 3'-OH group.
This analysis showed that most of analyzed tRNASY were
aminoacylated in 293T cells, and the aminoacylation levels
were not substantially altered by expression of either WT
or CMT-GARS mutants (Figure 3A). Our results are con-
sistent with the literature data suggesting that CMT-GARS
mutations do not disrupt overall aminocylation activity (3—
5,7).

Toxic gain-of-function phenotypes can result from in-
creased affinity of the interaction with the natural binders,
as observed for example in tauopathies (35). Therefore, we
decided to test if a step downstream of aminoacylation,
such as the release of tRNASY from GARS, is affected by
CMT-GARS mutations. To this end, we overexpressed WT
GARS and CMT-GARS mutant proteins, tagged with myc-
tag, in 293T cells. Given that CMT-GARS mutants are ex-
pressed at lower levels than WT (Figure 1C), we adjusted the
amounts of transfected plasmids to achieve equal expres-
sion of GARS proteins. We followed with immunoprecipita-
tion of GARS-myc fusion proteins with anti-myc antibod-
ies, in duplicates, and analyzed the levels of bound tRNASY
by PAGE and northern blotting. To control that the effi-
ciency of RNA recovery was the same between the sam-
ples, we supplemented the immunoprecipitates with in vitro

synthesized GFP RNA spike-in before RNA extraction.
While efficiency of protein immunoprecipitation (Figure
3B, GARS-myc western) and RNA recovery (RNA spike-
in) were similar between the samples, CMT-GARS proteins
retained markedly higher amounts of tRNASY than WT
GARS (tRNASY). Thus, our data suggest that, due to slow
release of tRNACY, CMT-GARS mutants deplete the pool
of glycyl-tRNASY available for translation.

CMT-GARS induces elF2a phosphorylation and integrated
stress response

Amino acid starvation and deacylated tRNAs are known to
induce ISR by activating the elF2a kinase GCN2 (36). Re-
cently, ribosome stalling was reported as an an alternative
mechanism that can activate ISR via the CGN2-mediated
phosphorylation of elF2a (15,37). Given our evidence for
ribosome stalling in CMT-GARS-expressing cells (Figure
2D), we wondered if this also induced the phosphorylation
of eIF2a and ISR. As a test, we used western blotting to an-
alyze the levels of phosphorylated elF2a (P-eIF2a) in cells
expressing either mutant or WT GARS (Figure 4A). For a
positive control, we treated HEK293T cells with thapsigar-
gin, a drug that induces the PERK-dependent phosphory-
lation of elF2a (38). Indeed, we observed that expression
of E71G, G240G and AETAQ mutant GARS increased
the levels of phosphorylated elF2a, while the total levels of
elF2a remained unaffected.

elF2a phosphorylation plays an adaptive role during
stress, by shutting down global protein synthesis, to save
resources, and by upregulating the translation of specific
transcripts, such as ATF4, required for stress management
(10-12). This upregulation occurs through a mechanism in-
volving upstream ORF (uORFs) in ATF4 SUTR. Under
normal conditions these uORFs play an inhibitory role,
catching scanning ribosomes before they reach the main
ORF. The phosphorylation of elF2a reduces the amount
of ternary complex, required for initiation, and therefore
increases the chances of scanning ribosomes to reach the
main ORF and initiate translation. To test whether this
mechanism is activated by CMT-GARS mutations, we gen-
erated Renilla luciferase reporter bearing ATF4 5UTR
(ATF4-RL) and analyzed how CMT-GARS mutants af-
fect its expression (Figure 4B). Renilla reporter without
ATF4 5UTR (RL) was used as a negative control, and fire-
fly luciferase reporter (FL) was co-transfected with both
Renilla reporters as a normalization control. We observed
that RL and FL reporters were repressed by E71G, G240R
and AETAQ, as established earlier (Figure 1B and Supple-
mentary Figure S2). Strikingly, ATF4-RL was resistant to
CMT-GARS-mediated repression (Supplementary Figure
S2, Figure 4C). Indeed, relative RL/FL expression was up-
regulated by E71G, G240G and AETAQ mutants specifi-
cally for ATF4-RL, but not RL that served as a negative
control (Figure 4C). As a control translational repressor we
used SARS-CoV2 nonstructural protein 1 (NSP1), that in-
hibits global translation initiation by binding and obstruct-
ing the mRNA entry tunnel on the small ribosomal sub-
unit (39,40). Indeed, NSP1 repressed all reporters—ATF4-
RL, RL and FL—to a similar extent (Supplementary Fig-
ure S2 and Figure 4C), pointing that the upregulation of
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that aminoacylation levels of tRNASY remain substantially unaffected in the presence of CMT-GARS mutants. HEK293T cells were transfected with
plasmids encoding WT, E71G, G240R, AETAQ GARS or an empty vector, total RNA was isolated and aminoacylation levels of tRNASY were evaluated
by acid-urea PAGE and northern blotting. Acidic: lanes showing RNA analysed under acidic pH, that preserves ester bonds linking amino acids to tRNAs.
Basic: lanes showing RNA analysed under basic pH, that leads to tRNA deacylation. (B) Immunoprecipitation and northern blotting show that CMT-
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GARS-myc, with the amounts of plasmid adjusted to achieve equal protein expression. GARS-myc was immunoprecipitated with anti-myc antibody and
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efficiency of RNA recovery, immunoprecipitates were supplemented with RNA spike-in before RNA extraction. Duplicates of immunoprecipitates are
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ATF4-RL is specific to GARS mutants. Thus, our data
show that expression of CMT-GARS mutants induces
ATF4 reporter, a marker of ISR.

We next wondered if phosphorylation of elF2a sub-
stantially contributes to translational repression by CMT-
GARS mutants. To this end, we analyzed how CMT-GARS
proteins affect translation in the presence of the inhibitor
of the elF2a kinase GCN2, GCN2-IN-1 (41). To evalu-
ate translation levels, we used puromycylation assay intro-
duced in Figure 1D. While addition of GCN2-IN-1 indeed
suppressed elF2a phosphorylation (Figure 4D, P(Ser51)-
elF2a), CMT-GARS mutants continued to repress trans-
lation under these conditions (anti-puromycin). Our data
suggest that the primary defect caused by CMT-GARS, i.e.
ribosome pausing on glycine codons, is sufficient to repress
global translation.

DISCUSSION

CMT is the most common inherited neuromuscular disease
affecting 1 in 2500 people worldwide (reviewed in (2)). The
molecular mechanism of CMT has been obscure. Thus, al-
though CMT-causing heterozygous mutations in the glycyl-
tRNA synthetase gene GARS affect protein synthesis, loss
of aminoacylation activity is neither necessary nor sufficient
to cause the disease (3-5,7). Indeed, some of them retain
full (E71G) or partial (G240R) aminoacylation activity, and
the WT allele of GARS produces a fully functional protein
(4,5,7). Moreover, the overexpression of CMT-GARS mu-
tants in Drosophila caused defects in motor performance,
without any reduction in aminoacylation activity and or
changes in the ratios between glycylated versus non gly-
cylated tRNAs (7). Additionally, experiments overexpress-
ing WT GARS did not rescue CMT phenotypes in mouse
or Drosophila models (7,30). These findings suggested that

CMT-GARS mutations inhibit translation via some other
toxic gain-of-function mechanism which remained enig-
matic.

Here, we use high-resolution ribosome profiling to show
directly and for the first time that CMT-GARS mutant
inhibits the first step of elongation — the accommodation
of glycyl-tRNA in the A-site—and thus causes ribosome
stalling (Figures 2D and 5). We propose that the degenera-
tive phenotypes observed in CMT can be attributed to this
stalling. In other cases, ribosome stalling due to deficiencies
in tRNAA™ and ribosome rescue factor GTPBP2 in mouse
have been shown to cause neurodegeneration (15).

Our data on ribosome stalling at glycine codons in
open A-site point to an insufficiency of glycyl-tRNASY in
G240R-expressing cells. However, both our results (Figure
3A) and published data (3-5,7) suggest that CMT-GARS
mutations do not disrupt aminocylation activity. Toxic
gain-of-function mutants can act via different mechanisms,
including increased affinity of the interaction with their nat-
ural binders, acquiring new abnormal binders or a tendency
to aggregate. For example, Alzheimer’s disease-associated
mutants of a microtubule-binding protein tau bind tubu-
lin heterodimers with enhanced affinity (35). Thus, we con-
sidered that a step downstream of aminoacylation, such as
the release of glycyl-tRNASY from GARS and transfer to
eEF1A:GTP for delivery to ribosome, is likely to be af-
fected by CMT-GARS mutations. Indeed, northern blot-
ting of GARS-CMT immunoprecipitates showed that mu-
tant forms of GARS have increased affinity to tRNASY
(Figure 3B).

While ribosome stalling explains the mechanism of global
translational repression by CMT-GARS, we show that
it also activates a secondary mechanism of repression at
the level of initiation, by inducing ISR via elF2a phos-
phorylation (Figure 4A). Reports have shown that stalled
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Figure 4. Overexpression of CMT-GARS mutants, E71G, G240R and AETAQ), induces integrated stress response (ISR) via phosphorylation of elF2a.
(A) Expression of CMT-GARS mutants induces phosphorylation of elF2a. HEK293T cells were transfected with plasmids encoding WT, E71G, G240R,
AETAQ GARS or an empty vector. For a positive control of eIF2a phosphorylation, cells were treated with thapsigargin. Cell lysates were analyzed by
western blotting using antibodies against phosphorylated elF2a (P-elF2a), elF2a (loading control), and myc (GARS-myc), as indicated on the left. (B)
Schematic representation of reporter constructs used in transfection experiments: RL and FL are the same as in Figure 2A. ATF4-RL carries 5 UTR
of ATF4 gene. (C) E71G, G240R and AETAQ GARS mutants activate expression of ATF4 reporters. Human HEK293T cells were co-transfected with
plasmids encoding one of the Renilla luciferase reporters (RL, ATF4-RL), FL and myc-tagged GARS, either WT or indicated mutant. As additional
controls, empty vector and NSP1-encoding plasmids were used instead of GARS plasmid. RL activity was normalized to that of FL and presented as a
percentage of luciferase activity produced in the presence of empty vector for each Renilla reporter. Values represent means £ SD from three experiments.
(D) Puromycylation assay shows that CMT-GARS-mediated translational repression is preserved upon inhibition of eIF2a phosphorylation. HEK293T
cells were transfected with plasmids encoding WT, E71G, G240R or AETAQ GARS and inhibitor of eIF2a phosphorylation phosphorylation GCN2-IN-1
was added were indicated. After puromycin treatment, cells were lyzed and lysates were analyzed by western blotting with antibodies against phosphorylated
elF2a (P-elF2a), elF2a (loading control), myc (GARS-myc) and puromycin, as indicated on the left. PAAG stained with coomassie is provided to show
total protein loading.
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Figure 5. Model illustrating the mechanism of CMT-mutant GARS function in translational regulation. CMT-mutant GARS protein inhibits accommo-
dation of glycyl-tRNA into the ribosomal A-site, possibly via decreasing the pool of available charged glycyl-tRNA, and leads to ribosome stalling on
glycine codons. Ribosome stalling results in phosphorylation of e[F2a and activation of integrated stress response. In particular, phosphorylation of eIF2a
leads to reduction in the levels of ternary complex eIF2:GTP:Met-tRNAi, which downregulates global translation initiation and upregulates expression of
selected transcripts with uORFs, such as ATF4. When levels of ternary complex are low, ribosomes bypass uORF, which allows them to initiate translation
on the main ATF4 ORF. ATF4 is a transcription factor that induces stress response genes.

ribosomes are more potent activators of the elF2a kinase
GCN2 than deacylated tRNAs, which result from amino
acid starvation (15,37). Interaction with ribosomal P-stalk
of stalled ribosomes is suggested to activate GCN2 (37),
although the exact mechanism of discrimination between
translating and stalled ribosomes remains unclear. The
phosphorylation of elF2a prevents the formation of the
ternary complex and thus inhibits global translation initi-
ation, to save cellular resources (Figure 5). Beyond that, it
enhances the translation of specific mRNAs, such as ATF4,
which contains uORFs in it SUTRs (10-12). ATF4 pro-
motes the transcription of genes with adaptive functions
that can repair damage caused by stress (42,43). However,
a chronic activation of ISR can contribute to neurode-

generative phenotypes through the induction of apoptosis,
memory impairments due to translational inhibition and
other mechanisms (reviewed in (1)). For example, ATF4 de-
ficiency was shown to alleviate neuronal loss from oxidative
stress and amyloid beta peptide (44,45).

It remains unclear why mutations in ubiquitously ex-
pressed aaRSs primarily affect peripheral motor and sen-
sory axons. The fact that the expression of CMT-GARS
mutants in a heterologous system permits recapitulating the
repression of protein production, characteristic of CMT
(Figure 1B), suggests that the mechanism per se is not
unique to a single cell type. One possible explanation for the
higher susceptibility of peripheral motor and sensory axons
might be that they have low amounts of some of translation
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components that are involved in this mechanism (e.g. tR-
NAs, aaRSs etc.). Further studies aimed at identifying such
limiting components are likely to elucidate the cell speci-
ficity of this mechanism.

There is no cure for CMT and understanding of the
mechanisms of the CMT-GARS function opens new per-
spectives for development of therapies. Antisense oligos
(ASO) are a promising therapeutic strategy to downregu-
late genes with toxic gain-of-function phenotype (reviewed
in (46)). ASO injections produced encouraging results in
treatment of several neurological diseases, including spinal
muscular atrophy and Huntington’s disease. In case of CMT
however, this approach would require generation of indi-
vidualized ASOs recognizing specific CMT-GARS muta-
tions, which in most cases differ from a WT allele in a sin-
gle nucleotide, making the ASO design complicated. An al-
ternative approach to therapies is targeting different steps
of the CMT-GARS-mediated translational repression. Our
data on ribosome stalling at glycine codons in open A-site
point to the shortage of glycyl-tRNA as a mechanism of
CMT. Therefore, providing a supply tRNASY could be a
therapeutic strategy to alleviate ribosome pausing. Activa-
tion of ISR may also contribute to neurodegenerative phe-
notypes in CMT, supported by data from other neurode-
generative diseases (reviewed in (1)). Indeed, drugs target-
ing ISR and alleviating translational repression have been
shown to efficiently reduce neurodegeneration symptoms in
various models (13) and may be a promising approach for
treatment of CMT.
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5. General discussion and outlook

5.1 Neuronal RNA zipcodes and how to find them: Massively
parallel reporter assays

Transcriptomic asymmetry in neurons

The first example of a localized mRNA was described in 1983 by Jefferey et al. (Jeffery et al., 1983). They
identified the localization or distribution of f-actin mRNA to specific cytoplasmic regions within the
developing ascidian embryo (Jeffery et al., 1983). This pioneering work paved the way for a whole field of
research, studying the different aspects of mRNA localization and its functional contributions within an

organism or a cell.

When we mention mRNA localization, we must also discuss asymmetry. Asymmetry is an important factor
determining cellular differentiation and development, leading to the polarisation of a cell or organism,
including the localization of specific mRNAs. In nearly every cell, asymmetry is a necessity for subsequent
function. In oocytes, asymmetric patterning of specific morphogens drives the different cell lineages
observed in the embryo (Griinert & St Johnston, 1996). In neurons, neuronal polarity contributes to the
directed transmission of signals from the dendrites to the axons. This morphological asymmetry observed
in the neuron can be attributed to the differential distribution of proteins within the cell, contributing to
the development of specific subcellular compartments. A well accepted mechanism governing this
proteomic distribution is the local translation of specifically localized mRNAs within a cell (Sutton &

Schuman, 2005).

The detailed mechanisms involved in mRNA localization and cellular compartmentalisation have been
constantly investigated since the 90s. However, before we ask the question “how?”, let’s discuss more
about the “why?”. Why does mRNA need to be specifically localized in a cell, and what advantages does
it have over protein localization? Localization of mRNA has multiple advantages over other means of local
protein availability, as described in chapter 1.2.1.1. Briefly, these include: (i) low energy — a single mRNA
can produce multiple protein copies, (ii) rapid response of a cell to external cues requiring changes in the
local proteome, e.g. production of growth factors or neurotransmitters, (iii) ectopic protein activity is
avoided, and (iv) the same transcript can be targeted to different locations within the cell depending on
alternative cis-elements or trans-factors, without affecting structure or functions of the encoded proteins

(Cody et al., 2013; Martin & Ephrussi, 2009; Turner-Bridger et al., 2020).
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Neurons are the ideal cells to study mRNA localization, due to their strong polarity and length, as well as
localized functions that require rapid remodelling of the local proteome in response to external cues. As
some neurons in the nervous system, like the motor neurons of the sciatic nerve, can extend their axons
up to 1m, there must be some amount of autonomy between the distal axon and the cell body. To this

aspect, mRNA localization plays a defining role in modulating local neuronal functions via local translation.

To understand the mechanisms contributing to mRNA localization, we need to know which mRNAs are
localized. Multiple studies over the last two decades have contributed to our knowledge of the global
analysis of the local transcriptome in neurons, combining cellular fractionation or dissection with
microarray or RNA-Seq analyses. The labs of Christine Holt and Erin Schuman were instrumental in
expanding our repertoire of the local mouse neuronal transcriptome via laser-capture microdissection
combined microarrays or deep sequencing, identifying the mRNAs localized to axonal growth cones, and
those in the hippocampal neuropil, respectively (Cajigas et al., 2012; Zivraj et al., 2010). Our lab went a
step further, combining local transcriptomics, proteomics, and translatomics from the subcellular
compartments of mouse embryonic stem cell differentiated neurons. They showed that nearly half of the
neurite-enriched proteome was accounted for by the translation of neurite-localized mRNAs, further
highlighting the importance of asymmetric mRNA localization in neurons (Zappulo et al., 2017). At this
point, we were privy to multiple datasets from different neurons compiling the various transcripts that
are localized to different neuronal compartments, as well as the local proteome. However, one of the
questions | wanted to answer during my PhD was “how?”. How do RNAs get transported from the cell

body to the distal dendrites and axons, where they perform their localized function?

Since the discovery of the first localization element for S-actin mRNA by Kislauskis and Singer in 1994,
scientists have been persistently investigating the mechanisms involved in this process (Kislauskis et al.,
1994). Many localized mRNAs were discovered to contain cis-localization elements called “zipcodes”, that
were sequences usually present in their 3’ UTRs. These zipcode sequences were found to be sufficient for
mMRNA localization, and appeared to be unique, but could also be multiple or variable in length, ranging
from long nucleotide stretches to short motifs such as hexamers or structural elements (Carlevaro-Fita &
Johnson, 2019; Lubelsky & Ulitsky, 2018; C. J. Shukla et al., 2018). However, these discoveries also
highlighted the importance of other factors contributing to transcript localization. Trans-acting factors,
usually RBPs like ZBP1, which binds to the S-actin zipcode (Huttelmaier et al., 2005; Kim et al., 2015), were
identified to recognise and bind these sequences, forming RNP complexes that enable transport of the
bound mRNAs and their subsequent regulation of local expression and stability. Although a compilation
of local transcriptomic data points to the neurite-localization of hundreds to thousands of mRNAs, the
mechanisms and biological functions behind the localization of most transcripts is not understood. Also,
all cis- and trans- elements that were discovered and validated so far, were done so by bioinformatic
predictions and/or cell-based screens only for a handful of transcripts at a time. So, we developed a

robust assay to identify multiple zipcodes simultaneously within a cellular system.
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Establishment and design of the neuronal zipcode identification
protocol: N-zip

Even though mRNA localization has been well-documented, the link between sequence and biological
function still remains to be fully understood. Without understanding these mechanistic relationships, we
lack the ability to model and predict changes in RNA localization dynamics caused by sequence
alterations. N-zip was developed with the purpose of bridging this gap in knowledge, providing an
experimental approach to map RNA sequence to subcellular neuronal localization. Identification of
localization elements allows us the possibility to manipulate localization of specific transcripts, linking

their biological roles.

Massively parallel reporter assays (MPRAs) were initially used in the context of mRNAs, to identify the
different regulatory elements affecting transcript stability and translation (Elemento et al., 2007; Lubelsky
& Ulitsky, 2018; Rabani et al., 2017; Yartseva et al., 2017). Even more recently, Ron and Ulitsky used this
approach to study the impact of noncoding RNAs on circular and long RNA localization and stability. (Ron
& Ulitsky, 2022) With its multiple applications, we developed an MPRA to study RNA localization elements

in primary cortical neurons (PCNs).

The selection of the neurite-localized transcripts was done by my colleague and co-first author, Nicolai
von Kigelgen. A major challenge was selecting a representative pool of transcripts that were neurite
localized and expressed in multiple published datasets acquired from different types of neurons, and our
test system, mouse PCNs. Transcript localization in our case was a measurement akin to transcript
enrichment in the neurites in comparison to expression in the soma. This analysis yielded the selection of
99 transcripts, including some well-characterised localized mRNAs, CaMKlla (Mayford et al., 1996; Mori
et al., 2000), Bdnf (Ma et al., 2010), and Map2 (Blichenberg et al., 1999; Garner et al., 1988). We also
manually added S-actin (Kislauskis et al., 1994), and the alternatively spliced neuritically localized Cdc42
isoform discovered in our lab (Mattioli et al., 2019). The 3’ UTRs of all these transcripts were split into
overlapping sequences of similar size, 75-110nt, and inserted into the 3’ UTR of a lentiviral vector
expressing GFP with a Synapsin 1 promoter, to generate a library pool (chapter 3, figure 1a). We chose
this design for the N-zip library for specific reasons: (i) the short size of the tiles enabled precise
identification of short regulatory sequences, (ii) the short size-range of the tiles allowed easier size
selection during library preparation and sequencing of the entire tile, (iii) lentiviral infection of the library
pool in PCNs showed the most efficient expression compared to other means of cellular transfection
(tested by my other co-first author, Sayaka Dantsuji), and (iv) the Synapsin 1 promoter is neuron specific,

controlling for glial contamination, and prevents overexpression of the reporters.

Analysis of the initial N-zip library of 99 transcripts resulted in the identification of 65 neurite-localized

tiles belonging to 33 of these selected transcripts. Interestingly, Gene Ontology (GO) term analysis of
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these transcripts linked them with local neuronal structures such as synapse and actin cytoskeleton
(appendix |, ED figure 3c). Furthermore, motif analysis on the 65 neurite-localized tiles resulted in the
identification of multiple motifs, including the let-7 binding site, and (AU), motif (chapter 3, figure 1b;
appendix |, ED figure 3a). However, we also performed extensive mutagenesis of 16 fragments that were
neurite-localized, introducing every possible single point mutation. Analysis of this mutagenesis N-zip
library identified two-specific motifs necessary for neurite-localization (similar to the motif analysis), that
when mutated, switched the localization of the tile towards the soma: the let-7 binding site (CUACCUC),

and (AU)» motif (chapter 3, figure 2).

At this point, we had two motifs that showed up via two different analysis of N-zip. One of the main goals
of N-zip is to provide the scientific community with a method that reliably identifies localization elements
when designed and analysed in a similar systematic way, as well as provide a basis to further identify the
biological function related to this sequence in a cellular system. In our case, it was understanding the role

of these motifs and their interacting partners in regulating transcript localization in neurons.

Exploring a new neuronal function for let-7- miRNA

As | already introduced in chapter 1.2.3, miRNAs are small non-coding RNAs expressed across the nervous
system, regulating post-transcriptional gene expression by regulating transcript translation and stability
(O’Carroll & Schaefer, 2013). Only since 2006, when Schratt et al. discovered the brain-specific function
of miR-134 regulating local LimK1 translation in dendrites, did scientists start to uncover the contribution
of different miRNAs to gene regulation in the brain, and their physiological implications (Schratt et al.,

2006).

The let-7 miRNA family is one of the earliest discovered miRNAs that opened the way for the field of
miRNA research. Originally identified in 2000 in C elegans, let-7 or lethal-7 was named as such due to its
lethality during development on knockout (Ali et al., 2020; Reinhart et al., 2000). It is one of the largest
and most conserved miRNA families, with 60% of loci being conserved from mouse to human (Roush &
Slack, 2008). Let-7 miRNAs have been discovered to contribute to multiple physiological functions during
development, proliferation, and differentiation, with their aberrant expression implicated in cancer,
inflammation, and cerebral and cardiovascular diseases (Bernstein et al., 2021). However, although let-7
is one of the most abundant miRNAs expressed in the mammalian brain, involved in multiple neuronal
processes including synapse formation, it has not yet been implicated in neuronal RNA localization (Lagos-

Quintana et al., 2002).

Further reiterating on the mechanisms of RNA localization that | touched upon in chapters 1.2.1.2 and
1.2.3.2, mRNAs can be transported via motor proteins along the cytoskeleton (Bullock, 2011), or can also

be selectively degraded in cellular regions where they are not required (Ding et al., 1993). What is
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interesting about these two mechanisms, is their contrasting mode of action. While motor proteins
transport mRNAs within mRNPs towards their destination, increasing their concentration in a specific
region, degradation does exactly the opposite, decreasing mRNA concentration in the target region.
Previous studies describe degradation-based RNA localization in the Drosophila embryo (Ding et al.,
1993), or noncanonical pathways like NMD in neurons (Colak et al., 2013; Notaras et al., 2020). However,
although miRNAs have been discovered to locally degrade mRNAs in neuronal processes, they have not

been implicated in localization-dependent degradation of their target mRNAs.

When we identified the let-7 binding site as a neurite-localization motif in N-zip, it seemed likely that it
might function based on the above-mentioned mechanisms; degrading its target mRNAs in the soma,
thereby increasing their relative expression in the neurites. Compared to other miRNAs, /et-7 sites were
enriched in neurite-localized transcripts in PCNs (chapter 3, figure 3e). Along with literature citing let-7
function in multiple neuronal processes, our result pointed to the discovery of a new neuronal function

for let-7.

Although we identified the let-7 binding site as a motif, the question still remained: How exactly does let-
7 contribute to mRNA localization? To systematically answer this question, we started with the most
obvious: Is let-7 expression, and thereby its activity, skewed between the neuronal compartments? Small
RNA-Seq of RNA isolated from the neurite and soma compartments showed that let-7 is the strongest
expressed miRNA within each compartment, with similar abundance in the soma and neurites, suggesting
another mechanism regulating let-7 activity in the soma. As miRNAs regulate gene expression via the
miRISC, another explanation could be the skewed expression of /et-7 associated regulatory proteins. To
confirm this hypothesis, | extracted proteins from the individual compartments for mass spectrometry.
Proteomic analysis confirmed this hypothesis, identifying an enrichment of the miRISC protein

components such as AGOs and TNRC6s, in the soma (chapter 3, figure 4c).

To validate this let-7 degradation-based localization and confirm its specificity, | conducted multiple
experiments based on targeted depletion of this machinery. Initially, we designed a stably expressed
lentiviral let-7 sponge vector containing six let-7 binding sites to knockdown let-7 activity in the PCNs,
alleviating its silencing of endogenous transcripts (Petri et al., 2017). The localization shift of let-7 targets
to the soma was significant when compared to the negative control, albeit a minimal shift (Figure S3 (von
Kugelgen et al., 2021)). This minimal localization change suggested an incomplete depletion of /et-7 due
to limited efficacy of the sponge. Instead, | also analysed the shift in localization of endogenous and N-zip
let-7 target mRNAs and tiles on depletion of AGO2, a major component of the miRISC machinery. AGO2
depletion resulted in a strong shift of let-7 motif containing transcripts towards the soma, for both,
endogenous transcripts, and N-zip tiles (chapter 3, figure 5b,c). Due to the nature of this experimental
set-up, these results represented relative rather than absolute changes in expression levels, since AGO2

depletion could have global direct and indirect effects on gene expression. Similarly, absolute
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guantification of expression levels of individual N-zip tiles is not possible due to internal normalisation to

the entire library.

This result also raised the question of whether this change was actually caused by downregulation of
expression in the soma, or upregulation of levels in the neurites. To further support our localization model
of transcript destabilisation in the soma, we used the N-zip mutagenesis library to compare expression
changes of individual N-zip tiles upon mutation of the let-7 site(s). We noticed that on mutation of the
let-7 binding sites, specific neurite-localized tiles showed an upregulation in both the soma and neurites,
although the effect was significantly higher in the soma (chapter 3, figure 4b). This suggested the
destabilisation of let-7 targets more efficiently in the soma, thereby enriching them in the neurites. This
hypothesis was further confirmed when we perturbed mRNA degradation via expression of dnCAF1, a
dominant negative catalytic mutant of deadenylase CAF1/CNOT7 that slows down mRNA deadenylation
and degradation (D. Zheng et al., 2008). In these neurons, we also observed a soma shift of only let-7
target mRNAs, further strengthening the hypothesis that let-7 promotes neurite-enrichment of its targets
via regulation of their stability (appendix |, ED figure 6b). My smiFISH experiment comparing distal neurite
localization of N-zip reporters containing let-7 sites on AGO2 depletion nicely correlated with the above
results, showing an increase in expression of these reporters at the proximal part of the neurite on Ago2

knockdown (chapter 3, figure 5d).

As our proposed mechanism of /et-7 mediated mRNA localization is based on soma degradation of
mRNAs, how do these mRNAs escape soma let-7 regulation, enabling their neurite localization? Research
on quantifying miRNA regulation has shown that miRNAs have a relatively moderate effect on their target
downregulation (~1.3 fold), suggesting the ability of many transcripts to escape soma degradation, and
localizing to the neurites (Baek et al., 2008). How is this mRNA localization mediated? This is still an
unanswered question that is open for discussion, or rather, the focus of future experiments. Due to the
distance an mRNA would need to travel along the neurite to reach the distal terminals, we can speculate
the use of active motor-protein directed transport via interactions with RBPs, whereby mRNA inclusion
in RBP-mediated mRNP granules facilitates neurite transport, while an mRNA gradient is formed across
the cell due to selective degradation. Experiments focused on visualizing specific let-7 target transcript
movement via live-cell imaging in neurons could help elucidate the exact interplay between this

degradation-dependent mRNA localization.

Localization of (AU), motif containing mRNAs via interacting RBPs

N-zip also identified (AU)n as another zipcode sufficient for neurite localization (chapter 3, figure 6).
Similar to the analysis done for let-7 targets, analysis of the N-zip mutagenesis library (appendix |, ED
figure 8b) and the dnCafl perturbation experiment (appendix I, ED figure 8b,c) for (AU)n containing

transcripts also suggested neurite localization mediated via selective destabilisation in the soma.
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To address the mechanisms behind (AU)n transcript localization, we identified the interacting partners
mediating this localization via RNA affinity capture. This analysis yielded a few interesting candidates
including neuronal ELAVL (nELAVL) proteins and an mRNA decay factor HBS1L (chapter 3, figure 7a), apart
from another interesting RBP, RC3H2 (Roquin-2). nELAVL proteins (ELAVL 2, 3, and 4, or HuB, HuC and
HuD, respectively) are known to bind AU-rich elements (AREs) (Cook et al., 2011). However, in
concordance with the literature, nELAVLs stabilise their bound mRNAs, and on depletion in PCNs, did not

affect the neurite localization of (AU)n containing transcripts (appendix I, ED figure 8g).

In keeping with the theme of degradation-dependent RNA localization, | looked at other interactors that
aligned with our hypothesis of a degradation-based mechanism. Roquin-2 is an RBP that mediates the
deadenylation-dependent degradation of its target transcripts via the Ccr4-Not complex, and also binds
to miRNAs, regulating their homeostasis (Leppek et al., 2013). As it interacts with a constitutive decay
element (CDE) rich in A-U pairs, it seemed like a likely candidate (Leppek et al., 2013). However, when |
tested localization changes of neurite-localized (AU)n reporters on depletion of these different RBPs via

gPCR (data not shown), | observed a significant shift towards the soma only on depletion of Hbs1/.

HBS1L is involved in the No-Go and Nonstop decay mRNA quality control pathways (O’Connell et al.,
2019). Due to its homology to the eEF1 and eRF3 translation elongation and termination factors, HBS1L
affects translation elongation, followed by the subsequent degradation of stalled mRNAs (Doma &
Parker, 2007). Further analysis of the effect of Hbs1/ depletion on neurite localization of (AU). containing
endogenous transcripts and N-zip tiles confirmed the role of HBS1L in localization of these transcripts

via selective soma degradation (chapter 3, figure 7c,d; appendix I, ED figure 8h).

It still remains to be identified, the exact mechanism by which HBS1L regulates stability, triggering mRNA
degradation. As the HBS1L interactome is not well defined, it would be interesting to identify its RNA and
protein interactors via CLIP and interactome capture experiments, respectively, that might shed light on

the pathway this RBP utilises to mediate selective degradation of (AU)» containing transcripts.

Diversity in zipcodes and mechanisms of localization

As heavily stated in my thesis, there are hundreds to thousands of neurite-localized transcripts. Although
N-zip was decisively able to identify two neuronal zipcodes and a new mechanism of degradation-based
localization, there are still many to be identified. Nevertheless, as a proof of principle, we analysed the
ability of N-zip to identify previously known zipcodes. As mentioned in chapter 1.2.1.2, the CPE was
described to facilitate Map2 (Y. S. Huang et al., 2003) and Camklla (Blichenberg et al., 2001; Y. S. Huang
et al., 2003; Mori et al., 2000) localization to the dendrites, and was also identified in bdnf (Oe & Yoneda,

2010). Using N-zip, we identified the CPE in neurite-localized tiles from Map2 and bdnf, and also identified
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a second bdnf localization element within the region previously confirmed to direct its dendritic
localization (appendix I, ED figure 10). Similarly, we identified a single tile that was sufficient for the

localization of the long neurite-localized Cdc42 isoform (appendix I, ED figure 10) (Mattioli et al., 2019).

Surprisingly, we did not identify the canonical 8-actin zipcode (Kislauskis et al., 1994). As N-zip relies on
the endogenous cellular mechanisms to regulate localization of the tiles, these tiles must be compatible
with binding to their trans-factors with respect to secondary structures, and/or transcript modifications
such as methylation. A possible explanation for the inability of N-zip to identify the f8-actin zipcode could
be due to improper méa depositions on the tile (H. Huang et al., 2018), preventing the binding of its trans-
binding protein, ZBP1, and subsequent localization of the tile. Another aspect that | will discuss regarding
the limitations of this study, is the age of the neurons correlating with different developmental
timepoints. Regarding this aspect, ZBP1 is expressed around E12.5 with decreasing levels thereafter. The
use of PCNs at PO might abrogate this interaction due to low levels of ZBP1, preventing the identification
of its canonical cis-element. Alternatively, a single transcript could have more than one zipcode, that act
synergistically or in opposition. Even though we did not identify the canonical 8-actin zipcode, we did
identify a tile containing the CPE, suggesting the presence of a secondary zipcode (appendix I, ED figure

10).

Another aspect of localization to consider is neuronal activity or depolarisation (Murase et al., 2002).
Specialised cells like neurons that require immediate local synaptic remodelling should have the potential
to adapt their localized RNA pool when necessary. Especially during states of injury and disease, the local
transcriptome and translatome are adapted to the momentary need (Turner-Bridger et al., 2020).
Therefore, specific or alternative zipcodes might be differentially recognised and localized depending on
the activity state of the neuron, triggering mechanisms of neuronal plasticity and affecting mRNA
localization. On depolarisation of the PCNs infected with the N-zip library, we observed the activated
localization of some tiles that mapped to transcripts having essential neurite function, including
transcripts encoding ribosomal proteins, suggesting a maintenance or generation of neurite ribosomes

for local translation (appendix I, ED figure 2).

In parallel to our study, two other labs of Taliaferro (Arora et al., 2022) and Moor (Mikl et al., 2022) also
developed a similar approach to identify neuronal zipcodes, while using a test system of neuroblastoma
cell lines. Although we did not detect an overlap with the motifs identified in the study of Aurora et al.
(Arora et al., 2022), Mikl et al. (Mikl et al., 2022) also discovered the contribution of the (AU)» motif to
RNA localization, suggesting a conserved zipcode in both neuronal systems. These complementary and
overlapping results highlight the robustness of MPRAs to understand RNA localization mechanisms. In
contrast, the let-7 binding site zipcode was not identified in the neuroblastoma cell lines. One explanation

could be the varying expression of the trans-acting factor let-7 between PCNs and neuronal cell lines
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(Cherone et al., 2019). Therefore, as | will elaborate in the next section, the size of the tiles and choice of

test system is important in extrapolating the results to more physiological functions.

MPRAEs - limitations and future applications

MPRAs allow us to simultaneously analyse thousands of RNA sequences, enabling us to identify multiple
zipcodes at the same time. However, the finer details of the assay determine the applicability of the

results.

N-zip along with the study by Mikl et al. (Mikl et al., 2022) are limited by the relatively short tile size
(£150nt), allowing for the detection of only short zipcodes. This prevents the identification of longer
zipcodes, like the 280nt zipcode of Mapt, required for its localization to axons (Behar et al., 1995), or the
the 350nt zipcode of Arc (Kobayashi et al., 2005). On the other hand, Arora et al. used 260nt tiles that
were densely aligned along the selected 3’ UTRs, and were able to identify regulatory elements >100nt.
Apart from the length, some zipcodes consist of multiple motifs that act synergistically or in different
combinations to mediate localization. A number of studies also indicate the dependence of zipcode
dynamics on its secondary structure or modifications, rather than its primary sequence (Serano & Cohen,
1995). These, along with zipcodes dependent on alternative splicing, cannot be identified by the current
N-zip design. Another shortcoming of MPRAs is the use of a fixed backbone. On one hand, this ensures
that the localization of the reporter is only due to the insert tile. However, different backbones and their
specific features like length, GC content, and splicing status could affect the localization potential of
individual zipcodes within the tiles. Similarly, the backbone sequence around the tiles could affect the
zipcode secondary structure, preventing binding with its trans-factor. The use of a mutagenesis library
enabled us to detect zipcodes that could be disrupted by single nucleotide mutations or longer kmers.
Although we did observe changes in localisation of tiles containing multiple /et-7 seeds when one site was
mutated, we cannot exclude other tiles with multiple zipcodes having different behaviours, limiting the
detection of redundantly acting zipcodes. Nevertheless, this approach also allowed a high-resolution

mapping of the specific motifs required for localization.

As discussed earlier, the choice of test system and developmental stage, as well as neuronal activity, can
alter the localization patterns of individual zipcodes. These limitations could explain the lack of localized
tiles identified for 66 of the 99 selected N-zip transcripts. Similarly, since the two motifs | characterised in
this study were identified in only 15 out of the 33 transcripts having a neurite-enriched tile, this suggests
the presence of additional localization mechanisms to the ones discussed above, that would need to be

the focus of future studies.

As one might have also noticed, the results of the depletion experiments showed a stronger effect on N-

zip reporter localization compared to endogenous transcripts containing let-7 binding sites and (AU)n
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motifs. This could potentially be explained by the presence of additional regulatory elements in the full
endogenous 3’ UTR, that might act in combination to promote or inhibit localization, thereby contributing
to the precise localization of endogenous transcripts. As shown with the CPEs we identified for Map2 and
bdnf, the location of the motif in relation to the poly(A) tail might also contribute to its efficiency. The use
of N-zip along with other proteomic methods could further contribute to the identification of cis- and

trans-elements governing localization.

As many neuronal diseases like ALS, are associated with cellular degeneration at the distal neuronal ends,
it is safe to hypothesise that dysregulation of RNA localization and the subsequent effect on the local
proteome could be a viable explanation. Therefore, identification of RNA localization elements via N-zip,
followed by a combination of other techniques could help us understand the molecular processes in the
different contexts of development, learning, and disease. The most important aspect of this method is its
applicability to study RNA localization mechanisms in a variety of polarized cells, including other types of
neurons, fibroblasts, epithelial and cancer cells, and oocytes. In summary, my research contributed to the
development of a systematic, unbiased, transcriptome-wide assay that enabled us to investigate the cis-
and trans-elements guiding RNA localization, bringing us closer to unravelling the sequence-encoded

guidelines targeting RNAs within a polarized cellular system.

5.2 Translating into translation: Profiling translation repression
in Charcot-Marie-Tooth disease

Charcot-Marie-Tooth disease (CMT) and its genetic variations

CMT is a heterogenous group of inherited peripheral neuropathies that affect the peripheral nerves of 1
in 2,500 people, resulting in a progressive disability with autonomic, sensory, and motor neuron
impairments (Martyn & Hughes, 1997). More than 80 genes have been discovered to associate with the
different forms of CMT, affecting the myelin or axons of the peripheral nerves (Martyn & Hughes, 1997).
Over the last few decades, progress has been made to identify the various CMT genetic mutations, as well
as the pathophysiology linked to these different forms (Beloribi-Djefaflia & Attarian, 2023). However,
currently no effective therapy exists. Therefore, scientists have been trying to identify specific genes or

pathways affected in the different CMT forms, to discover targets for new therapeutic strategies.

Heterozygous mutations in the genes encoding for six aminoacyl-tRNA synthetases (aaRSs) cause the
degeneration of peripheral motor and sensory axons (Storkebaum, 2016; Wei et al., 2019). As described
in chapter 1.2.2.1, during translation, amino acids and their cognate tRNAs are ligated by their specific
aaRS enzymes (Blanchet et al., 2022; J. Ling et al., 2009). Hence, mutations in these aaRSs suggest

impaired translation as a likely disease mechanism. Indeed, to confirm translational defects in these
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genetic mutants, Niehues et al. overexpressed mutants of the glycyl- or tyrosyl-tRNA synthetase, encoded
by the GARS or YARS gene, respectively, in Drosophila (Niehues et al., 2015). However, they observed a
decrease in global translation in motor and sensory neurons along with motor defects, that was
independent of aaRS enzymatic activity of tRNA charging, i.e. overall aminoacylation activity was not
impaired (Niehues et al., 2015). This research added to previous studies using CMT mouse models for
dominant GARS mutations, that also showed retained aminoacylation activity (Seburn et al., 2006).
However, a loss-of-function allele model did not show the dominant CMT phenotype in the mice,
suggesting a gain-of-toxic function of these mutant aaRSs, contributing to translation defects via an

unknown mechanism (Seburn et al., 2006).

| was interested in studying the molecular mechanisms of translation inhibition due to dominant
mutations in the GARS gene that cause a subtype of CMT, CMT type 2D (CMT2D). As mentioned above,
mutations in CMT-GARS possibly results in a toxic gain-of-function, especially since some mutations retain
their aminoacylation activity in whole (E71G (Antonellis et al., 2003)), or partially (G240R (Antonellis et
al., 2003)), while the WT allele functions as normal (Motley et al., 2011; Niehues et al., 2015). Additionally,
recent rescue experiments in Drosophila via overexpression of WT GARS were unsuccessful (Motley et
al., 2011; Niehues et al., 2015). Therefore, whether translation repression was the result of a gain-of-

function or a response to cellular stress caused by another mechanism, was yet to be discovered.

Since overexpression of CMT-GARS mutants was shown to recapitulate motor defects in Drosophila
(Niehues et al., 2015), we overexpressed different CMT-GARS mutants (E71G, G240R, and AETAQ (Morelli
et al., 2019)) identified in CMT2D patients, in the human embryonic kidney 293T cell line (HEK293T).
Overexpression of CMT-GARS mutants was sufficient to recapitulate global repression of translation,
visualized via a puromycelation assay that detects active translation by binding to the nascent peptide
(chapter 4, figure 1D). Using this system, | systematically identified the mechanisms contributing to this

translation repression, and ultimately CMT2D.

New mechanisms for translation repression in CMT2D

Described in detail in chapter 1.2.2.1, translation is a cyclic complex biological process occurring in three
stages (Blanchet et al., 2022). The initiation stage has been considered the primary stage for translational
control as it is a rate-limiting step, requiring the interplay of multiple eukaryotic initiation factors (elFs)
(Blanchet et al., 2022). However, the stage of translation elongation is also subject to regulation by various
mechanisms and is significant in the context of both development and neurologic diseases. For example,
mutation in the ribosome rescue factor, GTPBP2, has been linked to ribosome stalling during elongation

and is associated with conditions such as cerebellar and retinal degeneration (Ishimura et al., 2014, 2016).
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To briefly recap the intricacies of translation elongation described earlier; it consists of three steps starting
with the accommodation of the ternary complex containing aminoacylated tRNA (aa-tRNA) and
eEF1A:GTP, into the ribosome A-site, followed by peptide bond formation, and finally, ribosome
translocation during which the peptidyl-tRNA is moved to the P-site, evicting the previous deacylated-
tRNA (Blanchet et al.,, 2022). Importantly, during elongation, ribosomes undergo significant
conformational changes before and after the binding of aa-tRNAs, and these changes can actually be
distinguished via the technique, ribosome profiling (Ribo-Seq) (Blanchet et al., 2022; C. C. C. Wu et al.,
2019). Initially, Ribo-Seq was used to only analyse the 29nt ribosome protected fragments (RPFs), a proxy
for active translation (Ingolia et al., 2009). However, Wu et al. in 2019, described the presence of the 21nt
RPFs which represented the pre-accommodation state of the ribosome, enabling us to zoom-in on the
specific stages of translation elongation (C. C. C. Wu et al., 2019). Around the same time as my paper, the
labs of Storkebaum (Zuko et al., 2021) and Burgess (Spaulding et al., 2021) were also studying CMT2D.
When Zuko et al. manipulated regulatory pathways upstream of translation or translation initiation in
Drosophila CMT2D models, they did not observe any alleviation of translation repression (Zuko et al.,

2021). This data also suggested that translation elongation might be affected in CMT-GARS.

Using high-resolution ribosome profiling from our overexpression CMT-GARS system, | demonstrated the
inhibition of the first stage of elongation, the accommodation of glycyl-tRNA in the A-site, leading to
ribosome stalling (chapter 4, figure 2). On overexpression of the CMT-GARS G240R mutant, we could
clearly observe pausing at the Glycine codon, specifically at the A-site, with a nice correlation to glycine
codon usage (chapter 4, figure 2D). Interestingly, but in line with these results, we observed a lower
difference in Glycine codon frequency at the P-site (appendix Il, figure S1D), confirming the inhibition of
the first step of elongation in CMT-GARS. Zuko et al. described similar Ribo-Seq results from mouse CMT-
GARS spinal cords, although they observed a minimal effect as they did not independently analyse both
21nt and 29nt RPFs (Zuko et al., 2021). They instead analysed only the 29nt RPFs, preventing the direct
analysis of ribosome pausing, and used only one replicate for each condition (Zuko et al., 2021).
Additionally, Spaulding et al. reported that elF2a phosphorylation via activation of the integrated stress
response (ISR) in CMT, described in the next sub-chapter, was observed only in alpha motor neurons and
in a subset of sensory neurons (Spaulding et al., 2021). This provided an additional explanation to the
minimal effect observed by Zuko et al. on using the entire spinal cord. Regardless, both results strongly

suggested ribosome stalling as a cause for the degenerative CMT phenotypes.

Under normal conditions, ribosome stalling is usually resolved by rescue pathways. However, Ishimura et
al. connected ribosome stalling to neurodegeneration in mutant mice deficient in tRNA*® and the
ribosome rescue factor GTPBP2, pointing towards a similar mechanism in CMT-GARS (Ishimura et al.,
2016). Taken together with my Ribo-Seq experiment, it is evident that glycyl-tRNA®Y insufficiency in cells

overexpressing G240R contributes to ribosome pausing at glycine codons in the open A-site.
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To confirm that aminoacylation activity is not disrupted in the CMT-GARS mutations used in our study
and system, we investigated overall glycylation activity using northern blotting. This result further
validated published data, showing that aminoacylation levels of tRNA®Y are unaffected in the presence of
CMT-GARS mutants (chapter 4, figure 3A). Shifting our focus towards the steps between aminoacylation
and translation elongation, we hypothesised that a step downstream of aminoacylation was affected.
Northern blotting of GARS-CMT immunoprecipitates showed the release of glycyl-tRNA®" from GARS was
impaired, with the GARS mutants having an increased affinity to tRNASY (chapter 4, figure 3B). In this way,
there is a deficiency of glycyl-tRNASY available for formation of the ternary complex with eEF1A:GTP, and
thus, cannot be delivered to the ribosome, resulting in ribosome stalling specifically at Glycine codons.
This experiment further validated a toxic gain-of-function for the CMT-GARS mutants, resulting in altered

interactions with tRNACY,

Zuko et al. also observed altered kinetics of tRNA®Y binding and release in vitro and by
immunoprecipitation of GARS from the brain of Drosophila CMT models, validating the sequestration of
a large fraction of cellular tRNA®Y by mutant GARS, depleting it for translation (Zuko et al., 2021). Thus,
this data along with my results confidently elucidate the mechanism of translation repression in CMT2D

caused by ribosome stalling due to slower release of glycyl-tRNA®Y from GARS mutants.

Secondary mechanism acts independently to repress translation

As | mentioned earlier, ribosome stalling during translation was associated with neurodegeneration,
however, the signalling pathways affected were unknown. When studying ribosome stalling due to
tRNA*® and GTPBP2 deficiencies in a Gtpbp2 mutant mouse, Ishimura et al. observed increased levels in
phosphorylation of the translation initiation factor elF2a before the onset of neurodegenerative
phenotypes, as well as activation of Activating transcription factor 4 (ATF4), a key component of the ISR
(Ishimura et al., 2016). The ISR is a major regulatory mechanism triggered during cellular stress. During
ISR, phosphorylation of elF2a reduces the levels of the initiation ternary complex, elF2:GTP:Met-tRNAi,
resulting in global downregulation of translation initiation. On the other hand, there is an upregulation in
translation of specific transcripts required to alleviate and repair stress related damage, such as ATF4, a
transcription factor that induces stress response genes. Importantly, chronic ISR activation can lead to
neurodegeneration via mechanisms brought on by constant translation inhibition (Bosco, 2018).
Therefore, we checked whether the ISR was activated in our CMT-GARS system, contributing to CMT

pathophysiology.

Interestingly, we observed increased levels in phosphorylation of elF2a, as well as enhanced translation
of ATF4, in our CMT-GARS system (chapter 4, figure 4A,C). Hence, ribosome stalling also activates a
secondary mechanism of repression affecting translation initiation. Although ISR is known to be activated

by four distinct kinases, which suppress cap-dependent translation via elF2a phosphorylation (Pakos-
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Zebrucka et al., 2016), Harding et al. contributed the observed elF2a phosphorylation to the activity of
the elF2a kinase, GCN2 (Harding et al., 2019). They observed an association of GCN2 activation with
ribosome stalling caused by amino acid starvation instead of deacylated tRNA levels, proposing a model
whereby GCN2 is activated during ribosome pausing due to interactions with the paused ribosome P-stalk

(Harding et al., 2019).

To identify the association of ISR activation with translation repression by the CMT-GARS mutants, we
analysed global translation changes in the presence of the GCN2 inhibitor, GCN-IN-1. Unsurprisingly,
inhibition of GCN2 activity suppressed elF2a phosphorylation, bringing it to comparable levels between
the WT and GARS mutants (chapter 4, figure 4D). However, Puromycylation assay under the same
conditions did not show alleviated translation repression, with the mutant GARS showing similar
repression levels to pre-treatment (chapter 4, figure 4D), suggesting ribosome pausing as the main

repressor of translation, followed by the secondary activation of the ISR.

In a similar study by Spaulding et al. using CMT2D mouse models, they described the activation of ISR
related transcripts identified by an in vivo, cell-type specific gene expression analysis (Spaulding et al.,
2021). They, however, did observe an alleviation in the neuropathic phenotype in CMT-GARS mice on
genetic deletion or pharmacological inhibition of GCN2 (Spaulding et al., 2021). Although it did not restore
function to levels similar to the littermate controls, improvements were observed ~10 days up to 3 weeks

post treatment (Spaulding et al., 2021).

These results demonstrate a secondary molecular mechanism contributing to the CMT phenotype,
wherein GCN2 is activated by ribosome pausing caused due to the sequestration of glycyl-tRNASY by
mutant GARS. The mechanisms described in this chapter underlying CMT-mutant GARS function in
translation regulation highlight the critical interplay between the two stages of translation, elongation

and initiation, in regulating neuron survival.

Defeating peripheral neuropathies

As | stated in the beginning of this chapter, no cures exist for CMT patients, and most therapy approaches
being tested focus on targeting genes that might alleviate CMT symptoms by promoting survival, rather
than treating the molecular mechanism causing the disease phenotype (Ozes et al., 2021). Our discovery
of the underlying mechanisms contributing to the CMT-GARS phenotype, further strengthened by the
correlating data from Zuko et al. (Zuko et al., 2021) and Spauliding et al. (Spaulding et al., 2021), open

new avenues for the development of treatments for patients with CMT2D.

Multiple potential strategies could be taken to alleviate the symptoms of CMT2D patients. Starting from

the gene itself, as heterozygous mutations are sufficient for the disease onset, downregulation of the
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mutated gene might be a promising route. With the development of cell and gene therapies, multiple
strategies can be used to selectively downregulate the mutant GARS gene. Antisense oligos (AO) have
emerged as a promising therapeutic option to treat diseases with known gene mutations, as observed in
spinal muscular atrophy and Huntington's disease, modulating their expression via targeted enzymatic
degradation (Kole et al., 2012; Schoch & Miller, 2017). As CMT2D is caused by single nucleotide mutations,

specifically targeting the mutant allele would pose some challenges.

Alternatively, therapies could directly target the different steps affected during CMT-GARS translation
repression. Indeed, Zuko et al. showed that increasing the levels of tRNA®Y in transgenic animals
containing additional copies of the gene encoding tRNA®Y, was able to partially rescue peripheral
neuropathy in their Drosophila CMT models, while completely preventing the phenotype in a CMT mouse
model (Zuko et al., 2021). Since this method does not affect GARS mRNA or protein levels, developing
another strategy to supply tRNA®Y could alleviate ribosome pausing, and the subsequent neurological

phenotype.

ISR can also contribute to the neurodegenerative CMT phenotype. Therefore, drugs targeting ISR to
alleviate its initiation-dependent translational repression could reduce CMT symptoms. As mentioned
earlier, Spaulding et al. already tested the treatment of a GCN2 inhibitor to reduce activation of the ISR,
and did observe a reduction in symptoms in their CMT mouse model, suggesting inhibition of ISR as a

promising treatment strategy (Spaulding et al., 2021).

Although CMT primarily affects peripheral motor and sensory axons, our recapitulation of the disease
phenotype in HEK293T cells along with the recapitulation of our discovered mechanism of translational
repression in other CMT models, suggests the mechanism is not restricted to peripheral neurons but is
more aggressive in them. Interestingly, Spaulding et al. did not observe any significant changes in
translation repression between their CMT-GARS mutant and control model in liver and heart tissue
(Spaulding et al., 2021). This could be explained by the use of 2-week-old mice that were below the age
of CMT disease onset, although the motor neurons already showed repression of translation; further
reiterating that peripheral neurons are much more susceptible to the mutated GARS compared to other
cell types. A potential explanation could be that peripheral neuron axons might be more vulnerable to

changes in availability of translational components, progressing their degeneration over other cell types.

With the development of human induced pluripotent stem cell (hiPSC) systems to generate neurons from
human fibroblast-derived stem cells, it would be interesting to study the limiting translation components
that make these neurons more susceptible to degeneration using actual CMT patient models (Bianchi et
al., 2018; Takahashi et al., 2007). These models could also be used to test the different therapeutic

strategies, directly extrapolating our findings to the human context.
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As the identified mechanisms contributing to CMT2D phenotype explain the gain-of-toxic function of a
specific aaRS, GARS, these mechanisms could be generalised for neuropathy-causing mutations in the
other five CMT-linked aaRSs. Therefore, similar studies can be conducted to validate our findings in other

CMT models, expanding the scope of my research to help a larger cohort of patients suffering from these

CMT types.
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Extended Data Fig.1| Analysis of local transcriptome of mouse primary
cortical neurons. (a) Mean abundance (MA) plot showing enrichment of
transcripts in neurites versus soma (Y), plotted against their mean abundance
(X). Transcripts are colored by significance (red: adjusted p-value < 0.05) and
selection for the N-zip library (black). Selected neuronal mRNAs are labeled. (b)
Neurites and soma of primary cortical neurons are efficiently separated with the
microporous membrane. Neurons were grown ona microporous membrane so

that cell bodies stay on the top and neurites grow through the pores on the lower
side, as described earlier” (see Methods for details). Protein lysates prepared
fromisolated neurite and soma fractions were analyzed by western blotting with
antibodies against histone H3 (soma marker) and Neurofilament (NF, neurite
marker). Three independent biological replicates are shown. ACTB was used as a
normalization control.
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Extended DataFig. 2| Depolarization of primary cortical neurons regulates
localization of selected 3’'UTR fragments to neurites. (a) Scheme showing
depolarization of primary cortical neurons using KCI. (b) RT-qPCR shows an
efficient upregulation of depolarisation markers c-Fos and £grlin primary
cortical neurons upon KCl treatment. Differences in c-Fos and £grl expression
levels between depolarized and control (non-depolarized) neurons (AAC,) are
plotted on (Y) as individual biological triplicates (colors dots, n = 3). Gapdh

was used for normalization. The statistical significance of differences between
KCl-treated and control samples was computed by two-sided t-test, and p-values

100 120 140 160
Tile number

areshownon the plot. (c) N-zip identifies 3’'UTR fragments driving mRNA
localization to neurites of primary cortical neurons upon depolarization. Specific
examples of identified tiled fragments that mediate localization to neurites are
shown. The data are presented asin Fig. 1b. The gene names are shown above the
plot. Localization in depolarized neurons (blue line) and control non-depolarized
neurons (orange line) is shown. The differential localization (log,FC neurites vs.
soma) between depolarized and non-depolarized neurons was analyzed with
DESeq2 (blackline). Shaded in grey are tiles that show a statistically significant
shiftinlocalization to neurites upon depolarization.
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Extended DataFig.3|3’UTR fragmentslocalized to neurites of primary
cortical neurons are enriched in specific motifs and map to the genes
associated with synaptic functions and structures. (a) Motifs enriched in
neurite-localized tiles in primary cortical neurons. Motif discovery was done with
XTSREME tool of the MEME suite on all neurite-localized tiles in N-zip (log,FC
neurites/soma =1, adjusted p-value < 0.1), using all fragments included in N-zip
library (Supplementary Table 1) as abackground. As a measure of the statistical
significance, E-values computed by XTSREME*® are provided. RBPs with matching
motifs are shown. P-values were computed with DEseq2, which uses Wald test;
Benjamini-Hochberg procedure was used for correction of p-values for multiple
testing. (b) Neurite-localized tiles in N-zip have an average CG content and alow

-log,, p-value

-20 0
AG

domain:

tendency to form secondary structures. Histograms showing the CG content
(left) and the Gibbs free energy change (AG) as ameasure of secondary structure
formation (right) for neurite-localized tiles (green) and all tiles included in

N-zip (grey). For AG calculation, we used RNAfold'”°. P-values were computed
using two-sided Wilcoxon rank-sum test. (c) Transcripts with neurite-localized
tiles are linked with synaptic functions, cytoskeleton and cell polarity. Gene
Ontology (GO) terms overrepresentation analysis was performed on transcripts
with neurite-localized tiles (log,FC neurites/soma > 1, adjusted p-value< 0.1,
Supplementary Table 1), using gProfiler2 (ref. °®). P-values were computed as in
(a). Alltranscriptsincluded in N-zip library were used as areference. The top 5 GO
terms with the lowest p-values are plotted.
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Extended DataFig. 4 | Elements mediating RNA localizationin primary
cortical neurons. (a) N-zip combined with mutagenesis of 2-nt, 5-ntand 10-nt
windows maps motifs driving mRNA localization to neurites of primary cortical
neurons. Each horizontal line indicates the window that was mutagenized
and the corresponding neurites/somaratio of the mutated sequence. Within
each window, we mutated G — Cand A < U. The data are presented as in Fig. 2.
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The gene name and tile number are shown above the plot. (b) Conservation of
selected (AU), stretches across species. UCSC genome browser view of Map2
and Ppp1r9b 3’'UTRs with (AU), stretches. The mouse sequence for each stretch
and the positions of N-zip tiles are shown on the top. The lower track shows the
PhyloP conservation scores and the sequences of the corresponding stretches
from other mammals.
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Extended DataFig. 5| Introduction of de novo identified localization motifs
into heterologous context drives their localization to neurites. Specific
examples of N-zip fragments where either let-7 binding site or (AU),, were
introduced by chance during the mutagenesis step. The data are presented as
inFig.2. The gene name and the number of the mutagenized tile are indicated

above the plot. Neurite/soma ratios for indicated fragments with single point
mutations are shown (Y), with the initial sequence of the mutagenized fragment
displayed on (X) and the point mutations indicated with green (A), orange (C),
yellow (G) and blue (U) dots. Shaded regions indicate fragments with significant
enrichment (P < 0.05) in one of the subcellular compartments.
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Extended DataFig. 6 | Effects of miRNAs on mRNA localization in primary
cortical neurons. (a) Functional depletion of CAF1via dnCAF1expression leads
tostabilization of let-7 targets and (AU),.,-containing mRNAs. Boxplots showing
the distribution of half-lives (¥), measured by SLAM-seq, for endogenous mRNAs
bearing at least one let-7 seed site or (AU),.,, stretch in their 3¥UTR. The data are
shown for primary cortical neurons expressing dnCAF1 (red boxes) or GFP (white
boxes, negative control). P-values were computed with two-sided Wilcoxon rank-
sum test; n =3 independent biological replicates. (b) mRNA stabilization with
dnCAF1shift localization of let-7 targets towards soma. CDFs showing fractions
of endogenous mRNAs with (red) and without let-7 sites (grey), as measured

by mRNA-seq (¥), plotted against changes in neurite/soma enrichment upon
expression of dnCAF1. Two-sided Kolmogorov-Smirnov test was used to estimate
the significance. (c) The difference in neurites vs. soma enrichment (log,FC)

between targets and non-targets of indicated miRNAs (X) is plotted against -log;,
of P-values (Y). The data are provided for the top 20 miRNAs expressed in primary
cortical neurons, as shown in Fig. 4a. miRNAs with statistically significant
enrichment in neurites (P < 0.05, computed by two-sided t-test) are labeled in
red. (d) Mutation of miR-124 site in Rps23tile affects its localization. Enrichment
of Rps23tile (log,FC) between subcellular compartments (Y) is plotted for
individual point mutants of the tile (X). The initial sequence of the mutagenized
fragment is shown above X axis, and the introduced point mutations are
indicated with green (A), orange (C), yellow (G) and blue (U) dots. Shaded regions
indicate tiles with asignificant change in enrichment (P < 0.05). P = 4.11x10"°
between the Rps23 mutated tiles where the miR-124 seed was mutated and all
other mutated Rps23tiles (two-sided Wilcoxon rank-sum test).
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Extended Data Fig. 7 | See next page for caption.
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Extended DataFig.7| Additional smiFISHimages of let-7 reportersinprimary  Circled (white) are fluorescent Gfp RNA spots detected and quantified using the

cortical neurons. The experimental setup and quantifications are presented in RS-FISH Fiji plugin® (see Methods). Each neuronis treated as anindependent
Fig. 5d. Displayed are representative smiFISH images for GFP-Mcf2land GFP-Utrn  biological replicate, with 32 to 49 neurons analyzed per each sample. For more
reporters and additional to Fig. 5d examples of images showing neurons with details on the number of quantified neurons and statistical analysis of the full
different expression levels of GFP-Cflar (examples1and 2). Gfp RNA, yellow; dataset, see Fig. 5d.

GFP protein signal (serving to outline cell borders), magenta; scale bar: 5 pum.
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Extended DataFig. 8| See next page for caption.
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Extended DataFig. 8 | Neurite localization of (AU), motifis depedent of

the motiflength and HBSIL protein. (a) (AU), motifis enriched in neurites of
neuroblastomaN2a and CAD lines. Boxplot showing neurite/soma enrichment
(Y) asafunction of (AU), stretch length (X) inN2a and CAD lines. P-values

were computed using two-sided Wilcoxon rank-sum test; n = 3independent
biological replicates. RNA-seq data are from GSE17309838*. (b) Mutations

of (AU), motifs led to a stronger increase of N-zip mRNA reporter levels in

soma. Boxplots showing changes in the normalized expression levels between
tiles that contain intact (AU),, motifs (wt (AU),) and tiles in which (AU),, motifs
were mutated (mutated (AU),). The data are shown separately for each tile (as
indicated on X) and each subcellular compartment (green: neurite, blue: soma);
n=3independent biological replicates. (c) mRNA stabilization with dnCAF1
shift localization of mMRNAs with along AU stretch towards soma. CDFs showing
fractions of endogenous mRNAs with (AU), s (grey) and (AU) ¢ stretches (red), as
measured by mRNA-seq (¥), plotted against changes in neurite/soma enrichment
upon expression of dnCAF1 (X). Two-sided Kolmogorov-Smirnov test was used to
estimate the significance. (d) Scheme for GRNA chromatography in combination
with mass spectrometry to identify RBPs bound to (AU)s-containing RNA. The
(AU)g-containing Rassf3-91 fragment was tagged with five copies of the boxB
sequence, which has a strong affinity to lambda N peptide, and the resulting
(AU)g-boxB and a negative control with mutated motif (AU)smut-boxB were
incubated with mouse brain protein lysates. The complexes formed on (AU),-
boxB and (AU)smut-boxB RNAs were then isolated using lambda N-GST fusion
proteinimmobilized on glutathione beads. Protein binders, eluted with RNAse

A, were used for further mass spectrometry. (e) Changes in mRNA localization
upon HsbIldepletion in primary cortical neurons depend on the length of

(AU), motif withinmRNA 3’'UTR. The data are presented as in (a), with changes

in neurite/somaenrichment upon Hbs1/knockdown plotted on (¥).Inalinear
model of the ratios with the shRNA and the (AU), motif length as variables, the
interaction between the shRNA and the (AU), was —0.019 (P = 0.00344, computed
with Spearman’s correlation test); n = 3 independent biological replicates. (f)
RT-qPCR showing the efficiency of Elavl2, Elavi3 and Elavl4 depletion with shRNA
in primary cortical neurons. nElavl expression levels for nElavl-depleted and
control scrambled shRNA samples, normalized to Gapdh (AC,), are plotted on (Y)
asindividual biological triplicates (colors dots, n = 3). P-values were computed
by two-sided t-test and shown on the plot. (g) Changes in mRNA localization
upondepletion of nElavlin primary cortical neurons do not correlate with the
length of (AU), motif withinmRNA 3’'UTR. The data are analyzed and presented as
in (e); n=3independent biological replicates. The interaction inalinear model
between the shRNA and the length of the (AU),, motifis not significant (P = 0.8).
(h) Depletion of Hbs1lin primary cortical neurons shifts (AU),,-containing N-zip
reporters towards soma. Boxplots showing changes in neurite/soma enrichment
between Hbsl1l-depleted and control scrambled samples (Y) as a function of the
maximal length of the (AU), stretch length in the tiles of N-zip mRNA library

(X). The number of genes in the binis shown in parentheses; n = 3 independent
biological replicates. Spearman’s correlation coefficient and P-value are shown.
Inalinear model of the ratios with the shRNA and the (AU), motif length as
variables, the interaction between the shRNA and the (AU),, was -0.07 (P <107%).
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(white) are fluorescent Gfp RNA spots detected and quantified using the RS-FISH
Fiji plugin® (see Methods). Each neuron s treated as an independent biological
replicate, with 33 to 49 neurons analyzed per each sample. For more details on
the number of quantified neurons and statistical analysis of the full dataset,

Extended Data Fig. 9| Additional smiFISH images of (AU), reportersin
primary cortical neurons. The experimental setup and quantifications are
presented in Fig. 7d. Displayed are representative smiFISH images for GFP-Rassf3
reporter and additional to Fig. 7d examples of images showing neurons with
different expression levels of GFP-Map2 (examples 1and 2). Gfp RNA, yellow; GFP seeFig. 7d.
protein signal (serving to outline cell borders), magenta; scale bar: 5 um. Circled
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Extended DataFig.10 | N-zip identifies and refines known zipcodes in primary
cortical neurons. Specific examples of identified tiled fragments that mediate
localization to neurites. Enrichment of a given tile (log,-transformed fold change)
between subcellular compartments (V) is plotted against tiled fragment number
(X). Average neurite/somaratios for depolarized (blue) and non-depolarized
neurons (orange) are plotted. Error bars represent the lowest and the highest

measurement for each tile. Shaded regions indicate tiles with significant
enrichment (P < 0.05) in neurites by more than 2-fold. P-values were computed
with DESeq2 two-sided Wald test. In the case of adjacent tiles with significant
enrichment, the neighboring tiles with lower than 2-fold enrichment are also
shaded. CPE is defined as a stretch of 6 bases including 5 Us. The gene name is
shown above each plot.
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9. Appendix Il - Supplementary Data

Charcot—Marie-Tooth mutation in glycyl-tRNA synthetase stalls ribosomes in a pre-

accommodation state and activates integrated stress response
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Figure S1. Ribosome profiling of HEK293T cells expressing G240R mutant and WT GARS. (A) Bar plot depicting
mapping statistics of ribosome profling reads. Most reads map to CDS, as expected from reads derived from translated
mRNAs. (B) Correlation heatmap of individual ribosome profiling libraries: high correlation is observed between the
replicates. The numbers represent Pearson correlation coefficients (reads/gene in CDS). (C) Metagene plots showing
the percentage of 29-nt ribosome footprints from annotated start codon. (D) Scatter plots comparing frequencies of 64
codons in the ribosomal P-site between cells expressing WT (X) and G240R-GARS (Y), for 21 nt (left) and 29 nt (right)
RPFs. Ribosome frequencies represent the means of triplicates. Glycine codons are labelled. Insets show differences

P-site codon frequency, WT (%)

between codon frequencies in G240R and WT samples as bar plots.
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Figure S2. Overexpression of CMT-GARS mutants upregulates ATF4 reporter. The experiment was performed as
described in Figure 3C, but data are shown separately for RL and FL reporters. In short, HEK293T cells were
co-transfected with plasmids encoding one of the Renilla luciferase reporters (blue: RL, ATF4-RL), FL (green), and
myc-tagged GARS, either WT or indicated mutant. As additional controls, empty vector and NSP1-encoding plasmids
were used instead of GARS plasmid. RL and FL activities are presented as a percentage of luciferase activity produced
in the presence of an empty vector. Values represent means +/- SD from 3 experiments.
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“Somewhere, something incredible is waiting to be known.”

Carl Sagan
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