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M) Check for updates

Intracellular mRNA transport and
localized translation

Evelina Tutucci@®?°®

and bulk RNA and protein detection methods.

Asymmetric mRNA distribution was first reported in
1983 by Jeffery et al.', who observed that, during the early
stages of ascidian embryonic development, the mRNA
encoding actin localized in the cytoplasm, where
muscle-forming cells reside'. This observation, along
with studies in Xenopus laevis eggs* and Drosophila
melanogaster*, led to the hypothesis that, during embry-
ogenesis, specific mRNA pools could be partitioned and
anchored into particular cell lineages to determine tissue
differentiation. Subcellular mRNA localization was first
reported in 1986 by Lawrence and Singer, who observed
this phenomenon in chicken fibroblasts using in situ
hybridization®, and was subsequently shown to occur
in other organisms such as Saccharomyces cerevisiae®,
rice plant cells’” (BOX 1), mammalian neurons® and
oligodendrocytes’. Later, nRNA localization was found
to encompass a notable percentage of the transcrip-
tome during D. melanogaster'® and X. laevis'' develop-
ment as well as in Escherichia coli'” and in mammalian
tissue, including at the subcellular level, in cellular
protrusions’” and in organelles such as the endoplasmic
reticulum (ER)'°. These studies suggested that mRNA
localization contributed to the post-transcriptional
fine-tuning of gene expression and the control of fun-
damental processes such as cell migration, polarization
and differentiation.

In cells, localizing mRNAs, which can be translated
tens to hundreds of times in response to local stimuli,

Sulagna Das'’?, Maria Vera®, Valentina Gandin®, Robert H. Singer’-24®* and

Abstract | Fine-tuning cellular physiology in response to intracellular and environmental cues
requires precise temporal and spatial control of gene expression. High-resolution imaging
technologies to detect mMRNAs and their translation state have revealed that all living organisms
localize mRNAs in subcellular compartments and create translation hotspots, enabling cells to
tune gene expression locally. Therefore, mRNA localization is a conserved and integral part of
gene expression regulation from prokaryotic to eukaryotic cells. In this Review, we discuss the
mechanisms of mMRNA transport and local mRNA translation across the kingdoms of life and at
organellar, subcellular and multicellular resolution. We also discuss the properties of messenger
ribonucleoprotein and higher order RNA granules and how they may influence mRNA transport
and local protein synthesis. Finally, we summarize the technological developments that allow
us to study mRNA localization and local translation through the simultaneous detection of
mRNAs and proteins in single cells, nRNA and nascent protein single-molecule imaging,

is more cost-effective than transporting individual pro-
teins. Furthermore, localized protein synthesis may
avoid the ectopic expression of a protein in an undesired
compartment and regulate protein function by con-
trolling its local concentration, its chemical environment
(including its pH), and its ability to form multi-protein
complexes with defined stoichiometry'” and specific
post-translational modifications'’. Observing mRNAs
at high resolution revealed that, across all species,
mRNAs localize to specific compartments (for exam-
ple, dendrites, axons and RNA-protein granules) and
organelles (for example, ER, mitochondria and chlo-
roplasts) to control in situ protein synthesis and local
cell physiology. In addition, localization events are coor-
dinated with the physiological status of the cell, which
can influence whether mRNAs are stored in a transla-
tionally repressed state in stress granules or targeted to
processing bodies (P-bodies) for degradation. mRNAs
are primarily sorted via cis-localization elements called
‘zipcodes’ that, together with RNA binding proteins
(RBPs), control active and passive mRNA trafficking".
Furthermore, non-canonical modes of mRNA trans-
port via non-specific interactions with organelles or
RNA-RNA interactions are also thought to exist*’-.
The localization and translation of mRNAs influ-
ence cell physiology at the subcellular, cellular, tissue
and organism level. At the single-cell level, mRNA traf-
ficking dictates cell polarity, motility and differentiation
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Box 1| mRNA localization in plants

Although subcellular mRNA localization is well characterized in microorganisms and
metazoans, less is known for plant cells. Here, we briefly summarize key examples of
mRNA localization in plants, and we refer readers to specialized reviews for further
details'**”*'. Studies suggest that plant cells localize mRNAs to the endoplasmic
reticulum (ER), mitochondria and the chloroplast. Oryza sativa rice endosperm cells
form a tissue inside seeds that surrounds and provides key nutrients to the germinating
embryo; these cells have a peculiar pattern of mRNA localization in the ER. Two mRNAs
encoding the storage proteins prolamin and glutelin localize to two separate ER
compartments, the protein-body ER and the cisternal interconnecting ER, respectively’.
Localized mRNAs encoding prolamin are translated on the ER, and the proteins are
retained in the ER lumen forming an ER-derived protein body | (PBI). By contrast, mRNAs
encoding glutelin localize to the adjacent cis-ER, and the translated proteins are further
exported to the Golgi’. The localization of these mRNAs is independent of translation
and requires specific nRNA zipcodes and RNA binding proteins (RBPs)**'~***. Recent
work showed that the mRNA encoding glutelin is transported to the cisternal ER via
endosome trafficking mediated by RBP-P, RBP-L and the endosome membrane-bound
protein Rab5a”>. Besides mRNA localization to the ER, nuclear-encoded mRNAs are
also transported to mitochondria. nMRNA encoding the voltage-dependent ion channel
(VDAC) localizes to mitochondria in Arabidopsis thaliana”°. Owing to a cis-element
present in the 3’ untranslated region (3’UTR), VDAC and other mitochondria-localized
mRNAs are proposed to be transported (via an unknown mechanism) to modulate
mitochondria function and number?>®*’. Finally, the mechanism for localizing RNA

to chloroplasts is exploited by plant viruses for replication”*****°. For instance, the
negative strand of Bamboo mosaic virus RNA is imported into the chloroplast via a
specific RNA sequence, which is a key step for viral replication’. Further work is
required to elucidate the mechanisms controlling the transport of other mRNAs to
specific subcellular locations in plants. Furthermore, the field lacks fundamental tools
to investigate the mechanisms controlling localized mRNA translation. The recent
description of a single-molecule fluorescence in situ hybridization (smFISH) protocol for
plant cells’* may trigger the development of novel tools aimed at elucidating localized
mRNA translation in plants at high resolution.

by enabling rapid and localized responses to intracellu-
lar and extracellular signals, yet impairment of mRNA
localization in single cells rarely causes severe growth
phenotypes or lethality. However, in tissues or multicel-
lular organisms, mRNA localization is crucial in homeo-
stasis, differentiation and development. Indeed, blocking
mRNA localization in the developing D. melanogaster
embryo results in severe developmental defects*, and
mRNA localization defects in the central nervous sys-
tem result in cognitive disorders®. Thus, to determine
how mRNA localization influences high order cellular
organization and functions, local gene expression should
be studied from the subcellular to the multicellular level.

Although cytoplasmic mRNA localization is wide-
spread, fundamental questions remain about its func-
tional role and it is unclear if, and how, mRNA localization
always controls local protein synthesis. In addition,
improving the sensitivity of mRNA imaging technologies
to study this process in intact single-cell and multicellular
organisms remains challenging.

In this Review, we provide an overview of the rap-
idly evolving technological advances that drive research
into mRNA localization and summarize evidence of
mRNA localization and protein synthesis in single-cell
organisms (bacteria and fungi) and in the multicellular
context, for example, in tissues and whole organisms
(D. melanogaster and Caenorhabditis elegans). We then
describe key examples of subcellular mRNA localiza-
tion in different cell types (neurons and fibroblasts) and
organelles (mitochondria, ER and centrosomes), before

discussing the mechanisms governing mRNA localiza-
tion and localized translation. Finally, we highlight the
importance of studying the composition of mRNA gran-
ules to understand how it determines the specificity and
fate of an mRNA, and we discuss the future challenges
and perspectives in the field.

Localized RNAs across kingdoms of life

Evidence of localized mRNAs and protein synthesis
in single-cell and multicellular organisms has revealed
that mRNA localization has a range of functions across
organisms and has evolved from non-conserved and
conserved mechanisms.

Single-cell organisms

Single-cell organisms, such as bacteria and fungi, take
advantage of the asymmetric distribution of mRNA
and proteins to modulate gene expression and organize
cellular functions. Understanding this process in single-
cell organisms helps to elucidate the mechanisms that
are conserved in more complex models and, from a
microbiological perspective, is of both biomedical and
biotechnological interest.

RNA compartmentalization in bacteria. Prokaryotic
cells were thought to lack intracellular mRNA localiza-
tion due to their small size, the lack of membrane-bound
organelles and the existence of co-transcriptional trans-
lation. However, high-resolution imaging revealed dis-
tinct compartmentalization of DNA (nucleoids), RNAs
(mRNAs and small regulatory RNAs), RNA polymer-
ases and ribosomes, providing evidence for uncoupling
between transcription and translation®*=** (FIG. 1a).
Furthermore, specific mRNAs accumulate in subcel-
lular domains where the encoded proteins reside. For
instance, cat mRNA (encoding cytoplasmic chloram-
phenicol acetyltransferase) gathers in helical cytoplas-
mic structures'?, suggesting that the mRNA is localized
where the protein is needed. Furthermore, mRNAs
encoding the transmembrane transporter lactose per-
mease (ptsC mRNAs)* or the membrane-bound lac-
tose permease (lacY mRNAs)'? are excluded from the
nucleoid region and localize next to the cell membrane.
Finally, mRNA granules associated with nucleoids (that
is, where the protein is located) were observed for the
lacZ mRNA (encoding p-galactosidase) both in E. coli*
and C. crescentus’, further suggesting that, in bacteria,
mRNA localization contributes to the timing and local-
ization of protein synthesis. Studies performed over the
past 10 years show that RNA localization patterns in bac-
teria can be dependent on*’ or independent of'* trans-
lation, suggesting that multiple and yet uncharacterized
schemes for spatially regulating gene expression exist in
prokaryotic cells.

mRNA localization in asymmetrically dividing yeasts.
mRNA localization has been extensively characterized in
many fungal species (FIG. 1b), including in the Ascomycota
S. cerevisiae (a model organism with biotechnological rel-
evance) and Candida albicans (an opportunistic human
pathogen). mRNA transport has also been characterized
in the Basidiomycota plant pathogen Ustilago maydis****.
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Tens of mRNAs are localized to the bud of S. cerevisiae
by the motor protein SWI5-dependent HO expression
protein 2 (She2)-She3 complex™. The best characterized
of these mRNAs is ASH1, which accumulates at the bud
tip during anaphase®**~**. This mRNA is transported on
actin filaments in a translation-repressed state controlled
by RBPs such as Pumilio homology domain family
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Fig. 1 | mRNA localization and local translation in single-cell and
multi-cellular organisms. a | In prokaryotes, such as Escherichia coli, the
cellis divided into specific sub-compartments, namely the nucleoid (where
the circular DNA molecule resides), the cell poles (where ribosomes
accumulate) and the outer membrane (where both ribosomes and
transporters reside), to which several mRNAs have been shown to localize.
ptsC and lacZ mRNAs localize to the nucleoid, hfg and bglG mRNAs localize
at the cell poles, bglF and lacY mRNAs localize to the outer membrane,
and cat mRNA has a characteristic helical distribution in the cytoplasm.
b | In unicellular eukaryotes like Saccharomyces cerevisiae, mRNA is
asymmetrically distributed in multiple subcellular compartments. In the
growing bud, mRNAs such as ASH1, CLB2 and IST2 are actively transported
on actin filaments by the She2—-She3-Myo4 complex. Sequences in the 3’
untranslated region (3’UTR) of ASTP2 and OXA1 mRNAs localize these
mRNAs to the outer mitochondrial membrane. USE1 and SUC2 mRNAs are
localized to the endoplasmic reticulum (ER). PEX1, PEX5 and PEX15 mRNAs
are found in peroxisomes. ¢ | During mid-oogenesis in Drosophila
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member 6 (also known as Puf6), 60S ribosomal subunit
assembly/export protein LOCI (also known as Locl) and
casein kinase I homologue 1 (also known as Khd1)***.
Local activation of translation in the bud requires the
phosphorylation of Khd1 and Puf6 by the bud-localized
casein kinase I homologue 1 (also known as Yck1)* and
CK2 kinase', respectively. The Ashl protein is then
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melanogaster, the microtubule cytoskeleton of the oocyte is reorganized
by cytoplasmic streaming (sliding microtubules) to localize the mRNAs
that determine body plan. While Bcd and Grk mRNAs are positioned
on the anterior side, Osk mRNAs primarily occupy the posterior side;
all three mRNAs are locally translated at their respective positions.
d | In Caenorhabditis elegans, maternally inherited transcripts display
distinct localization patterns. Transcripts in anterior-biased cells (grey) tend
to localize to the cell periphery, where the encoded protein localizes (for
example, erm1). mRNAs enriched in posterior cells (blue), such as nos2 and
clul, form clustered granules that overlap with P granules. The imb2 mRNA
localizes at the perinuclear region. e | In the intestine, enterocytes lining the
villi are polarized cells with distinct apical and basal sides. Components of
the translation machinery change their apical-basal distribution in response
to nutrient availability. As mRNAs encoding ribosomal proteins move from
the basal to the apical side via microtubules, the translation of mRNAs
localized at the apical side is boosted to favour nutrient absorption.
A, anterior; D, dorsal; P, posterior; V, ventral.
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Signal recognition particle
(SRP). A cytoplasmic
RNA-protein complex
required for protein targeting
to the eukaryotic endoplasmic
reticulum or the plasma
membrane of bacteria.

Single-molecule fluorescence
in situ hybridization
(smFISH). Fluorescence
microscopy-based technique
that allows the visualization
and quantification of single
mRNAs in fixed prokaryotic

or eukaryotic cells.

Patterning factors

Signalling molecules, the
distribution pattern of which
within an organism contributes
to cell differentiation, the
determination of anterior—
posterior body axis and
development.

SunTag system

Signal amplification system for
the visualization of proteins in
living or fixed cells. The protein
of interest is tagged with a
repeated peptide array
recognized by a single-
chained antibody fused to

a fluorescent protein or by
immunofluorescence.

P-lineage

The first cleavage of the
fertilized C. elegans zygote
produces an anterior and a
posterior (P,) blastomere.
Asymmetric division of P, until
P, leads to the production of
the germline tissue.

In situ transcriptomics
Imaging-based gene expression
and spatial profiling of fixed
single cells based on multiple
RNA imaging approaches.

imported to the daughter nucleus, where it represses
the mating-type switching programme by blocking the
expression of the homothallic endonuclease**-*. Thus,
the asymmetric localization of Ash1 protein ensures that
mother and daughter cells acquire opposite mating types
to be able to transition to a diploid state. Interestingly,
ASHI mRNA is also localized in C. albicans hyphae in
a She3-dependent manner”. About 40 mRNAs localize
in these highly polarized and elongated cells, and the
inhibition of mRNA transport impairs hyphal develop-
ment with possible implications on the development and
structural stability of biofilms (multicellular structures
critical for fungal virulence)***.

In addition to ASHI mRNA, our recent work demon-
strated that CLB2 mRNA, encoding the mitotic regulator
B-type cyclin, is also localized to the S. cerevisiae bud by
the She2-She3 complex and translated in situ to control
mitotic entry (E.T. and R.S., unpublished work). Unlike
Ashl, CIb2 (also known as G2/mitotic-specific cyclin 2)
is not segregated to the daughter cell but is translocated
back to the mother nucleus. This observation suggests
that mRNA localization can control the temporal expres-
sion of proteins as well as their asymmetric distribution.
Interestingly, orthologues of the CLB2 mRNA are also
symmetrically distributed during mouse, zebrafish*®
and X. laevis oocyte development, suggesting that
the localization of mRNA encoding cyclin B1 may be
functionally conserved during differentiation.

mRNAs are also localized in the ER*™" and mito-
chondria® in S. cerevisiae. mRNAs are transported to
the ER via signal recognition particle (SRP) and translation-
independent pathways that require specific RBPs
(for example, She2 and Puf2), and they encode both
secreted and non-secreted proteins**-*". mRNAs can
also localize to peroxisomes or cytoplasmic membrane-
less granules such as P-bodies and stress granules (see
below)™. Interestingly, mRNAs encoding translation
factors (for example, TEFI and YEF3)™ or glycolytic
enzymes (for example, PGK1, ENOI and ENO2)** are
found in cytoplasmic granules, suggesting that the
expression of highly abundant mRNAs can be buffered
by controlling their availability.

Finally, work has been conducted to elucidate
mRNA transport mechanisms in the filamentous hypha
U. maydis*>>*. This research demonstrated how mRNA
trafficking is intertwined with the transport of endosomes
(vesicular structures also involved in the asymmetric dis-
tribution of proteins and lipids)”’. Endosome-mediated
mRNA transport requires the RBP Rrm4 (REFS***) and
the U. maydis PAM2 protein (also called Upal protein)*’,
which couple the mRNA and the associated ribosomes
to the endosome and allow their transport on microtu-
bules (see below). This process is important for polarized
growth” and may promote the ability of U. maydis to dif-
ferentiate from its single-celled form to its multicellular
filamentous form when infecting plants.

Multicellular organisms

The importance of timing gene expression by localizing
mRNAs is apparent during developmental processes,
such as asymmetric cell division and embryonic pattern-
ing, and studying mRNA distribution in multicellular

organisms has allowed local translation to be linked to
physiological changes.

Regulating developmental stages. Studies in D. melano-
gaster oocytes and C. elegans early syncytial embryos
using single-molecule fluorescence in situ hybridization®!
(smFISH) (Supplementary Box 1) and the MS2-MS2
coat protein system (MS2-MCP)'***5* (BOX 2) have
extended previous observations* showing that local-
izing mRNAs determine body axes by asymmetrically
distributing specification factors of cell fate. During
D. melanogaster oogenesis, surrounding nurse cells pro-
vide the transcriptionally quiescent oocyte with mRNAs
and proteins for its development™. At late oogenesis,
nurse cells contract, which squeezes their cytoplasm into
the oocyte, depositing hundreds of mRNAs encoding
patterning factors through cytoplasmic bridges known as
‘ring-canals'®** (FIC. 1¢). Upon entering the oocyte, Bcd
(encoding homeotic protein bicoid; also known as bicoid)
and Grk (encoding Gurken) mRNAs are actively trans-
ported along microtubules to the anterior pole, while Osk
mRNA (encoding Oskar), along with the RBPs Staufen
and Vasa, accumulate at the posterior axis (FIG. 1¢).
Tagging Twi mRNA (the protein product of which,
Twist, is the transcriptional activator of the mesodermal
gene network) with the SunTag system (BOX 3) revealed
that ‘translation factories’ localize to the basal perinu-
clear space of living D. melanogaster embryos at nuclear
cleavage cycle 14 (REF.*). These factories, which are com-
posed of 2-6 mRNAs, have slow diffusion dynamics, and
mRNAs here are preferentially translated (see below).

In C. elegans, essential maternal transcripts are deliv-
ered to the germ cells to support cellular differentiation
during embryogenesis (FIC. 1d). Specific transcripts asym-
metrically localize in subcellular compartments, such as
P-granules (for example, nos2 and clul), to the mem-
brane (for example, erm1) or to the peri-nuclear region
(for example, imb2)%-%. P-granules are heterogeneous
RNA assemblies that segregate asymmetrically with the
P-lineage during embryogenesis. smFISH demonstrated
that the repression of mRNA translation is a pre-requisite
for, and occurs prior to, the localization of mRNA in
P-granules®. Thus, besides mRNA localization, the tim-
ing of local translation regulates post-transcriptional
gene expression during the development of multicellular
organisms.

Tissue functionality and homeostasis in the gut and
the brain. The development of in situ transcriptomics
(Supplementary Box 1) has enabled the characteriza-
tion of mRNA localization patterns within native tissue,
advancing our understanding of tissue architecture and
functionality. Mammalian gut physiology relies on the
apical-basal polarization of epithelial enterocyte cells
(FIG. Te). The apical side absorbs nutrients from the
intestinal lumen while the basal side excretes them to
the blood. By combining smFISH, in situ transcrip-
tomics and proteomics, researchers demonstrated
the asymmetric localization of mRNAs and proteins
in the intestinal epithelium and showed that the translation
machinery has a preferential apical distribution that can
be enhanced upon the refeeding of fasted mice® (FIC. 1¢).

486 | JULY 2021 | VOLUME 22

www.nature.com/nrm



REVIEWS

Box 2 | Imaging mRNA in living cells

Live-cell imaging reporters that do not require mRNA to be modified
include molecular beacons, which are oligonucleotides tagged at
their 3’ and 5’ ends with a fluorophore and a quencher?®’, When the
molecular beacon is not bound to the target mRNA, the fluorophore is
inactive due to its close proximity to the quencher but the situation
is reversed upon molecular beacon-mRNA hybridization (see the
figure, part c). Finally, CRISPR—Cas systems such as Cas9-GFP?**,
Cas9-MS2 or PP7-fusion® or dCas13-EGFP*° can be exploited to
target an mRNA via specific single-guide RNAs (sgRNAs) (see the
figure, part d).

To date, stem loop aptamers remain the most widely used technique
for labelling mRNAs owing to their higher single-molecule sensitivity
and specificity. However, this approach has limitations for tagging
highly unstable or small RNAs as it inserts a bulky sequence that can
alter the lifecycle of RNA*#%5"-% To overcome these problems, MS2
variants that are more easily degraded have been optimized for use in
eukaryotic cells***%%?*22_For both aptamer-based and aptamer-free
methods, improvements that increase their brightness and sensitivity
are required to minimize the impact of the tagging system on mRNA
physiology. For the end-user, the optimal method of choice often
depends on the kind of RNA and model organisms they are working
with as well as the specific biological question. Further description of
these single-molecule methods and their capabilities has been reviewed

Here, we summarize the latest methods for imaging mRNAs in live
cells; methods for imaging mRNA in fixed cells are described in
Supplementary Box 1. We refer the reader to specialized reviews
for further details?®#45267-265,

Several fluorescence-based methods allow mRNAs to be visualized and
tracked in living cells?*4?°2%%, either via aptamer-based modification of the
target mRNA or by detecting endogenous unmodified mRNAs. Aptamer-
based mRNA labelling approaches employ RNA stem-loops derived from
either bacteriophages (for example, MS2 (REFS*634266267) PPT (REF.?%%) or P22
N-peptide for the A BoxB loop?***°) or from RNA-protein recognition motifs
(for example, U1A'**?"* or Bgl bacterial anti-terminator?’?). Arrays consisting
of tens of loops are commonly inserted into the 3’ untranslated region
(3’UTR) of the target mRNA. Recogpnition by the cognate RNA binding
protein (RBP) fused to a fluorescent protein or a fluorogenic tagging system
(for example, HALO?") allows individual mRNAs to be detected in living cells
(see the figure, part a). The MS2 and PP7 aptamers are the best-characterized
tagging systems and they are well tolerated in transgenic Drosophila
melanogaster’®”’* and in mouse lines'’**”*. They have been used for the dual
labelling of the same mRNA molecule or of different mRNAs'*?%?" to study
the regulation of gene expression. Recently, fluorogenic reporters that rely
on RNA aptamers mimicking the structure of GFP have been developed and
they become fluorescent upon binding to conditionally fluorescent dyes.
Among the best characterized of these reporters are Spinach2 (REF.?7%),

Broccoli”’?, Corn?® and Mango?*%” (see the figure, part b). in REFG246:263.266.293
a b DFHBI T01
Fluorescent Conditionally Q
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(for example, the MS2 loop).

Expansion-FISH

(EXFISH). RNA in-situ
imaging approach for fixed
cells that combines sample
clearing and expansion with
smFISH, multiplexed smFISH
or hybridization chain
reaction FISH.

(A) -

n

sequence

Interestingly, the apical localization of mRNAs encod-
ing ribosomal proteins and the consequent synthesis
of ribosomes on the apical side of the intestinal epi-
thelium correlates with an increase in the translation
efficiency of apically localized mRNAs, boosting nutri-
ent absorption”. Thus, on top of mRNA localization,
the dynamic localization of the translation machinery
can fine-tune protein expression in response to
environmental stimuli.

Cellular organization also determines functionality in
the mammalian brain. The local transcriptome in neu-
rons is vast and diverse (~2,500 mRNAs), as revealed by
sequencing mRNAs in both the presynaptic (axonal) and
postsynaptic (dendritic) sides of neurons", and by pro-
filing their translation status®®*®. The localized pool of
translating mRNAs maintains local protein homeostasis
to allow for physiological processes such as proper brain
wiring, response to injury and activity-driven changes
in synaptic strength (synaptic plasticity). Although den-
dritic protein synthesis has well-documented functions
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in learning and memory, most studies on axonal transla-
tion have been restricted to axonal pathfinding, growth
cone steering during development’’’> and regeneration
upon axonal injury”®’*. Recent technological advance-
ments in visualizing mRNAs and ribosomes in tissue at
high resolution are now enabling us to understand the
role and mechanisms of translation in the presynaptic
terminals of the adult mammalian brain.

In the past few years, combinations of multi-omics
approaches and imaging have been developed to iden-
tify the localized transcriptome and map the precise
location of individual transcripts in the intact brain.
The tissue microdissection and biochemical purifica-
tion of synaptosomes has identified hundreds of local-
ized transcripts'***. A technique called expansion-FISH
(ExFISH) (Supplementary Box 1), which couples physical
expansion of the tissue and FISH, reduced RNA crowd-
ing and enabled high-resolution mapping of mRNAs
to both presynaptic and postsynaptic compartments
in the adult mammalian brain®”>. An omics-approach
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Box 3 | Quantifying translation

Approaches based on imaging, sequencing and proteomics have been recently combined to determine the site of local
translation and quantify its efficiency; the imaging-based approaches are summarized here. Imaging approaches rely

on two component systems that tag either different regions of the mRNA and/or the mRNA and the newly synthesized
peptide. The translating RNA imaging by coat protein knock-off (TRICK) system detects the first round of translation in
real time (see the figure, part a). PP7 and MS2 stem loops are used to label the coding sequence and the 3’ untranslated
region (3'UTR), respectively; therefore, the mRNA fluoresces in two colours'*’. Ribosomes translating the coding sequence
knock-off the PP7 coat protein (PCP) from PP7 stem loops, and the mRNA switches from fluorescing in two colours to
fluorescing in one colour.

Both nascent chain tracking (NCT) and single-molecule imaging of nascent peptides (SINAP) systems detect nascent
peptides as they exit the ribosome tunnel. An array of epitopes, cloned in frame with the open reading frame, recruit
multiple copies of antibodies fused to a fluorescent protein®20222>2%4-2%_The simultaneous detection of the peptide and
the mRNA allows translation heterogeneity to be analysed, translation to be observed in subcellular compartments,
and translation elongation and initiation to be quantified in real time (see the figure, part b).

Puromycylation-proximity ligation assay relies on the proximity of two antibodies, one that recognizes the puromycilation
modification of nascent chains after puromycin treatment and another that binds to the protein of interest”’. The secondary
antibodies provide an oligonucleotide platform that is first amplified and then recognized by fluorescent oligonucleotides
to generate a specific signal corresponding to the site of translation. However, recent work suggested that this system
may provide inaccurate translation measurements at the subcellular scale, prompting caution (see the figure, part c)?*%**°.
Alternatively, the translation state of an mRNA can be extrapolated by measuring the diffusion properties of fluorescently
labelled single mRNAs co-moving with ribosomes (see the figure, part d)'?. mRNAs loaded with polysomes have a
characteristic slow diffusion and corralled movement that is used to deduce the translation state of an mRNA in living cells.

Fluorescent protein,
for example, RFP, HALO

a Fluorescent protein,
for example, GFP

RBP

POI, protein of interest.

using translating ribosome affinity purification (TRAP)
characterized the local axonal ‘translatome’ for the first
time, revealing that it comprised 1,000-2,000 mRNAs
in developing and mature axons of retinal ganglion cells
(RGCs)®. Later, coupling EXFISH with stable isotope
labelling by amino acids in cell culture (SILAC) revealed
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activity-dependent regulation of the brain translatome
in a compartment-specific manner®. Polyribosomes
have been detected in dendritic shafts and spines’ by
electron microscopy and seen to redistribute from shafts
to spines in an activity-dependent manner’””. Although
challenges in visualizing polysomes in adult axons and

488 JULY 2021 | VOLUME 22

www.nature.com/nrm



terminals had raised concerns over the presence of trans-
lating mRNAs in these structures, immuno-electron
microscopy using genetically tagged ribosomes® and
super-resolution methods have conclusively shown the
presence of ribosomes in presynaptic terminals®”, sup-
porting the occurrence of local translation in axons of
the adult brain. Future studies investigating how activity
alters ribosome abundance and distribution within these
compartments will provide insights into the dynamic
regulation of local translation. We are now beginning to
elucidate the molecular mechanisms underlying trans-
lation regulation in mature axons and its importance in
axonal survival”*, regeneration and synaptic plasticity
during learning and memory’®*'. As the transcriptome
and translatome are dynamically regulated over time and
upon activity®, it is possible that the repertoire of local-
ized mRNAs and their translation status changes across
different subcellular scales in the intact circuitry of
the brain.

Given the increased sensitivity of RNA detection in
tissue, it is now possible to investigate whether principles
of mRNA localization and local translation in cultured
cells and simpler organisms apply to mammalian tissues.
The further development of in situ transcriptomics and
imaging technologies should enable the discovery of
nanoscale structures and RNA localization patterns in
healthy and diseased tissues across different organs.

Localized cell biology

Key examples of mRNA localization and protein syn-
thesis have been observed in different cell types (such
as neurons and fibroblasts) and in organelles (such as
mitochondria, the ER and centrosomes).

Localization in different cell types

The subcellular control of gene expression is often
restricted to discrete sites within polarized cells, includ-
ing in neurons during synaptic connectivity and in fibro-
blasts during cell migration, owing to the asymmetrical
distribution of mRNAs.

Localization in neurons. In neurons, the long-distance
transport of mRNAs to dendrites and axons allows
local translation in response to external signals, which
is required for proper neuronal wiring during develop-
ment and in processes such as learning and memory
(reviewed in REFS*>*>%%). The mRNAs encoding B-actin,
ARC, CaMKIIa and BDNF, along with several others,
are localized to dendrites and are responsible for the
structural and functional remodelling of spines. The
delivery of mRNAs to distal dendrites and to axon
terminals, which are hundreds of microns away from
the cell body, poses a notable challenge. Therefore, the
packaging mRNAs into messenger ribonucleoprotein
(mRNP) or granules (complexes of RNAs, RBPs, and
the motor proteins dynein and kinesin) makes them
‘transport ready’ for movement along microtubules®-*.
Although most studies indicate that mRNAs are trans-
lationally repressed during transport”, emerging work
using SunTag-based reporters indicate that translation
may occur during transit* and/or in association with
moving organelles” (FIG. 2). The accessibility of mRNAs
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to ribosomes during transport is not well understood,
and it is possible that the translational state of different
mRNPs during transport may be regulated differently.
How neurons achieve the precise and timed localization
of each dendritic mRNA to specific synapses for local
translation is still unclear (reviewed in REF*). One idea
is the ‘RNA signature’ hypothesis, indicating that each
mRNA has a unique signature of regulatory elements
that determines its transport, localization and transla-
tional control®. This RNA-centric view of how differ-
ential sorting is achieved and how the stability of these
mRNAs determines transport and translation dynamics
needs further investigation.

mRNA encoding B-actin (ACTB mRNA) is the most
well-characterized, localized mRNA in neurons. In den-
drites, at a given time, only 10-20% of ACTB granules
move bi-directionally, and the majority of the remaining
granules are stationary’”. Similar patterns of move-
ment have been observed for other dendritically local-
ized mRNAs, indicative of a ‘sushi-belt’ model, whereby
mRNAs patrol multiple spines in a conveyor belt wait-
ing for cues to be captured at a specific spine® (FIC. 2a).
Such cues include local synaptic activity, which can be
mimicked in cell culture by uncaging the neurotrans-
mitter glutamate on a subset of spines. This activation
leads to the localization of ACTB mRNA to the base
of these spines (~40% efficiency), possibly unmasking
these granules for translation*”'. Although this model
explains how ACTB mRNAs are locally enriched near
stimulated spines, it is unclear whether this mechanism
is conserved for other mRNAs. In particular, the valid-
ity of the model for low copy number and short-lived
mRNAs, such as ARC, needs investigation. Once local-
ized, mRNAs are usually translated in bursts of ~17 min,
as observed using reporters containing the 3’ untrans-
lated region (3'UTR) of B-actin®, followed by transla-
tional shutdown. Newly synthesized actin proteins are
proposed to participate in structural changes in the
spines” (FIC. 2a). Again, the translation pattern for other
dendritically localized mRNAs may vary, depending on
the functions of their respective proteins in the spines.

Axons can grow up to a metre long and navigate
across multiple lengths via growth cones during develop-
ment to reach their postsynaptic targets. Growth cones
require rapid protein synthesis to sense and undergo
structural remodelling in response to extracellular cues,
which is achieved by the presence of a readily translatable
pool of mRNAs as seen in mammalian and X. laevis RGC
neurons®’?. Indeed, localized Actb mRNA results in
newly synthesized actin that enables growth-cone turn-
ing and synaptogenesis’>”* (FIG. 2b). Similar to dendrites,
14% of actb mRNA molecules in X. laevis axons were
actively moving, and a bias in the anterograde direction
resulted in growth cone localization®. Besides actin,
specific ribosomal proteins and mTOR may be locally
synthesized in axons, playing roles in axon branching
of the developing brain” and axonal regeneration after
injury”. 3'UTR cis-regulatory elements that allow den-
drite trafficking are also critical for the localization of
mRNA in axons and growth cones, although consen-
sus sequences that target mRNAs specifically to axons
have not been identified. mRNAs may also hitchhike on
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Fig. 2 | Subcellular mRNA localization and local translation in neurons.
In neurons, mRNA localization and translation occur in processes
(dendrites and axons). a | Neuronal transport granules, such as those
containing ACTB and ARC mRNA, are trafficked along microtubules in
dendrites like a conveyor belt patrolling multiple spines. The activation of
specific synapses by stimulating the presynaptic terminal or by direct
stimulation of postsynaptic spines using glutamate uncaging increases the
binding of glutamate to the glutamate receptors. Synaptic stimulation
leads to the capture of the moving mRNAs to the base of the stimulated
spine, resulting in the localization and translation of mMRNAs (for example
ACTB mRNA). The newly synthesized proteins (green and orange dots)
participate in enlarging the spine head and strengthening the synapse.
Many dendritic mRNAs are localized following activity but it is unknown
whether they all move and localize with similar kinetics. mRNA localization
and local translation is also observed in the presynaptic compartment in
response to stimulation. b | mRNAs such as ACTB mRNA are trafficked

along axons to localize and translate in growth cones; this localization has
critical roles in development and synaptogenesis. ¢ | Long-distance mRNA
transport in axons may also occur via the hitchhiking of mRNAs on
lysosomes. The tethering of mRNAs to the lysosomal membrane occurs via
proteins such as Annexin A11. d | Endosomes are often closely associated
with the mitochondria and may behave as translation platforms for axonal
mRNAs such as those encoding Lamin-B2 and VDAC2. The newly
synthesized proteins are imported into and contribute to the function of
mitochondria. e | mRNAs encoding secretory and membrane proteins are
proposed to localize and translate using ribosomes on the endoplasmic
reticulum (ER). Translation begins in the cytosol and the ER signal sequence
on the nascent peptide gets bound by the signal recognition particle (SRP),
which in turn binds to the SRP receptor on the ER membrane. Translation,
often engaging polysomes, is resumed on the ER membrane and
the nascent protein remains within the ER lumen, where it undergoes
further processing.

organelles such as lysosomes and endosomes to achieve
long-distance axonal transport®® (FIG. 2c). However,
although this presents an efficient and economical choice
for the neuron, the specificity of mRNA localization is
difficult to explain with this model.

Neurons must also localize the translation machinery.
Although the presence of polyribosomes in dendritic
shafts and at the base of spines is well documented””’,
the paucity of these structures in presynaptic termi-
nals”* led to uncertainties about the translation state of
localized mRNAs in mature axons. A recent study using
polysome profiling followed by sequencing demon-
strated that notable amounts of protein synthesis in the
synaptic neuropil (a region enriched in both axons and
dendrites) of the adult rodent brain are likely to occur
on monosomes rather than on polysomes®; neuronal
cell bodies exhibited more polysome-driven transla-
tion than distal processes. Similar monosome-driven
translation has been observed in the cue-specific trans-
lation of receptor-specific mRNAs, such as dcc and

nrpl, in growth cones in RGC axons from X. laevis'”.
Monosomes potentially allow a diverse set of proteins to
be produced from a limited pool of available ribosomes
at synapses far away from the cell body*>.

The translation efficiency in different neuronal
compartments can be increased by increasing local
mRNA-ribosome interactions via organelles (FIC. 2d,¢).
For instance, endosomes may bring together the trans-
lation machinery and mitochondria, providing ATP for
translation (see below)* (FIG. 2d). A notable number of
synaptic proteins belong to the class of membrane pro-
teins and secreted proteins and their translation on the
ER is critical for proper folding'"' (FIC. 2¢). Although
mRNAs encoding these proteins have been detected in
the processes, their capacity for local translation remains
questionable. Finally, the translation machinery may
also be delivered to distal extremities via exosomes,
as shown for the delivery of ribosomes from Schwann
cells to axons of the sciatic nerve'” (reviewed in REF'*).
Although neuronal activity leads to exosome release at
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Lamellipodia

Thin membrane protrusions
filled with a dense actin
meshwork. They are required
for cell forward projection and
chemotaxis.

Cell leading edge
Protrusion of the cell
membrane front formed
during the migration of
epithelial, endothelial,
neuronal and immune cells.

Proximity-dependent biotin
identification (BiolD) assay
Tool for the identification of
protein—protein interactions
based on the in vivo labelling
with biotin of interactors
located in close proximity

to the candidate protein.

synaptic terminals'**'®®, their contribution in effectively
transferring genetic material and promoting translation
requires further investigation.

The characterization of local translation in neurons
has been extensively performed in primary cultures
and often using overexpressed exogenous reporters.
Although unravelling the molecular regulation of this
process is useful, real-time imaging of mRNAs and
their translation status in tissue are needed to identify
how physiological activity affects the kinetics of their
localization and translation. The tagging of endogenous
genes with fluorescent proteins has been made possi-
ble in primary neurons with ORANGE, an optimized
CRISPR-Cas9-based system'®. So far, nRNAs encoding
CaMKIla, B-actin and PSD-95 have been tagged with
the fluorescent protein Venus to study how chemically
induced plasticity influences translation dynamics
in real time'". It will be important to characterize the
growing repertoire of localized mRNAs in neurons to
elucidate which proteins need to be locally synthesized
(for example, synaptic, cytoskeletal proteins and trophic
peptides) for brain function.

Localization at the leading edge of fibroblasts. Cell
migration requires actin polymerization to promote
the formation of lamellipodia and filopodia at the
cell leading edge. This was shown in cell types such as
fibroblasts'® and mesenchymal cells'”’, and the discov-
ery that mRNAs coding for -actin localize in fibroblast
protrusions suggested that local translation upholds spe-
cific protein networks in subcellular compartments'’. In
lamellipodia and filopodia, actin filaments are physically
coupled to integrins, which are heterodimeric receptors
that bind to the extracellular matrix''". Integrins cluster
at focal adhesion complexes (FACs), where they provide
the mechanical tension required for cell movement and
act as a scaffold for signalling molecules and ribosomal
proteins. Ribosomes accumulate at the leading edge'"?,
most likely through the interaction of the ribosomal
kinase RACK1 with integrins'”’. Additionally, integ-
rin-extracellular matrix binding is sufficient to recruit
mRNAs'" and translation initiation factors'" to FACs to
stimulate protein synthesis''‘.

The most widely studied mRNA localized to pro-
trusions is that encoding p-actin, which has bipar-
tite zipcodes in its 3'UTR'"’ (reviewed in REF'") that
are bound by zipcode-binding protein 1 (ZBP1; also
known as IGF2BP1) with very high affinity'*-'**. The
protein-interactome for ActB mRNA was mapped using
a proximity-dependent biotin identification (BiolD) assay in
murine fibroblasts, which identified the RBP FUBP3 to
be essential for the localization of ActB mRNA to the
leading edge'*. Besides the established roles of ZBP1
in translation regulation, it may also facilitate mRNA-
motor binding'* and active transport along actin and
microtubules'**'** (see below). In response to external
cues or growth-factor stimulation, disassembly of the
ZBP1-ActB mRNP occurs by Src-dependent phospho-
rylation of ZBP1 at the leading edge to allow the local
translation of ActB mRNA'*. The simultaneous imag-
ing of fluorescently labelled 60S ribosomal subunits
and single endogenous ActB mRNAs revealed that, in
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protrusions, efficiently translated mRNAs are associ-
ated with a high number of ribosomes'”’, namely pol-
ysomes. Interestingly, the accumulation of ribosomes
next to FACs decreases mRNA diffusion speeds from
0.4 um?*/s to 0.1 um?*/s, indicative of local translation'**.
Of note, inferring the translation status based on subtle
changes in diffusion coefficients is often difficult, and
further studies are required to establish a functional
link between the local translation of ACTB mRNA at
the FACs and cell migration.

A plethora of mRNAs besides ACTB mRNA are dif-
ferentially distributed in polarized cells, but the extent
to which their local translation maintains the front-
back asymmetry necessary to promote cell migration
is unclear. RNA-sequencing and pulse-SILAC have
been combined to determine the relative translation
rates (BOX 3) between protrusions and the cell body.
The mRNAs encoding for actin cytoskeleton-associated
proteins were not enriched at the protrusions despite
being heavily translated there. In fact, the translation
of mRNAs encoding for mitochondrial and riboso-
mal proteins was repressed at the protrusions, despite
these mRNAs being locally enriched'”. Given that
the number of mRNAs does not always correspond to
translation efficiency, translation rates will have to be
determined at single-molecule resolution in living cells
in order to fully understand the role of the localization
of each mRNA.

Localization at different organelles

Organelles mediate compartmentalization and the regu-
lation of many intracellular processes. Protein targeting
to organelles occurs via peptide sequence-based target-
ing to a specific organelle or via mRNA localization and
in situ translation. With increased imaging resolution
and proximity labelling assays (BOX 3), how mRNAs
are regulated at the subcellular scale on different orga-
nelles as well as the potential implications on organelle
biogenesis and maintenance have been studied.

Outer mitochondrial membrane. Mitochondria are essen-
tial for ATP synthesis through oxidative phosphorylation,
and their activity impacts all aspects of cell physiology.
Mitochondria distribution within cells is dynamic, and
continuous reshaping of the mitochondrial network sup-
ports the local energy demands. For instance, in neurons,
mitochondria in dendrites supply the energy required for
local translation and synaptic plasticity'*’. Nuclear tran-
scripts encoding mitochondrial proteins, including those
that encode mitochondrial inner membrane proteins,
are enriched near the mitochondria®>'*"'*. Using the
MS2-MCP system in S. cerevisiae, up to 24 mRNAs were
dynamically visualized in the proximity of mitochondria
and in response to changing environments™'*.

The 5'UTR and 3'UTR sequences of mRNA control
its localization near mitochondria. In yeast, the 3'UTR
contains a cis-regulatory element bound by RBP Puf3,
which directs the mRNA to mitochondria®***. In D.
melanogaster and mammalian cells, the 5'UTR interacts
with the outer mitochondrial membrane (OMM) kinase
PINKI1. Interestingly, in mammalian cells, the translation
of nuclear-encoded mRNAs coding for mitochondrial
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proteins is regulated by mTOR'. mTOR phosphorylates
a family of inhibitory proteins called 4E-binding pro-
teins (4E-BPs). Phosphorylated 4E-BPs are released from
the cap-binding protein eIF4E to promote the assem-
bly of the eIF4F complex, the composition of which is
dictated by specific features of the 5"UTRs of nuclear-
encoded mitochondrial mRNAs'*. Thus, the 5'UTR of
nuclear-encoded mitochondrial mRNAs may coordinate
their localization and translation.

Although the majority of mitochondrial proteins are
synthesized by cytoplasmic polysomes and imported via
peptide-dependent targeting'*~'*’, proximity-specific
ribosome profiling (BOX 3) revealed the translation of
certain nuclear-encoded mitochondrial mRNAs near
the OMM in yeast'*’ and higher eukaryotes'*. However,
these studies lacked the resolution to elucidate whether
ribosomes are tethered to OMM for co-translational
import or if they are present in close proximity to the
membrane. High-resolution electron cryo-tomography
resolved this conundrum by revealing ribosomes on the
surface of OMM with the peptidyl exit tunnel oriented
to favour the import of elongating polypeptides into
the mitochondria. Furthermore, ribosomes appeared
to be tethered to the import pore translocase of the
outer membrane complex by nascent polypeptides'*.
Translating ribosomes and mitochondria appear to
be associated through an interaction between the
ribosome-associated nascent chain-associated com-
plex and the OMM protein (Om14 in yeast) to support
co-translational mitochondria import or, as described in
D. melanogaster and mammalian cells, through an inter-
action between the mitochondria-targeting sequence in
the nascent peptide and the receptor Tom20 (REF.'*).

Single-molecule imaging using the SunTag system
(BOX 3) revealed that mitochondrial protein synthesis is
also facilitated by the physical association of mitochon-
dria with late endosomes®. This interaction occurs in
X. laevis RGC axons, in which late endosomes contact
mitochondria for over 2min and serve as translation
sites for mRNAs encoding proteins such as Lamin-B2
and VDAC2. These newly synthesized proteins are
likely imported into mitochondria to perform structural
functions. Furthermore, the global perturbation of late
endosomes by the disruption of Rab7a function impairs
local mRNA translation but not mRNA localization.
Interestingly, the disruption of the axonal translation
of mitochondria mRNAs, as occurs in Charcot-Marie—
Tooth type 2B neuropathy, impairs mitochondrial
integrity and axonal activity®.

Further work is needed to understand whether the
spatiotemporal regulation of local translation at or
near the OMM affects mitochondria biogenesis and

physiology.

Endoplasmic reticulum. Electron microscopy studies
have identified two major populations of ribosomes in
cells: ER-bound ribosomes and those freely diffusing
in the cytoplasm. Although cytoplasmic ribosomes are
abundant in all cell types'*!, ER-bound ribosomes
are enriched in secretory cells, where they preferentially
translate mRNAs encoding secreted and integral mem-
brane proteins. The translation of ER-bound mRNAs

begins in the cytoplasm. Once a nascent polypeptide con-
taining a hydrophobic domain (that is, a signal sequence)
emerges from the ribosome, it is recognized by the SRP
complex. SRP binding halts translation until the mRNA
is relocated to the ER' (FIG. 2¢). This dynamic process
has been visualized by imaging the nascent polypeptide
on translating mRNA at single-molecule resolution®”.
Briefly, the N-terminal domain of the membrane protein
cytochrome p450, which anchors the transmembrane
domain into the ER membrane'*, was fused to a SunTag
peptide array, and the encoding mRNA was simultane-
ously imaged with the MS2 system. Real-time imaging of
this reporter mRNA confirmed that translation starts in
the cytoplasm and elongation occurs on the ER”. Thus,
mRNA localization to the ER is translation-dependent
and SRP peptide sequence-dependent and differs from
‘zipcode’-dependent mRNA localization.

Several studies have challenged the canonical models
predicting that the translation of cytoplasmic mRNAs is
excluded from ER membranes. Cell fractionation and
genome-wide approaches have identified cytoplasmic
mRNAs and translation initiation factors in proximity of
the ER, suggesting that de novo translation of cytosolic
mRNAs can occur on the ER membrane'’; however, the
physiological relevance is unclear. GAPDH mRNA is a
classic example of ER-associated cytosolic mRNA'-10,
However, given the abundance of this housekeeping
transcript and the resolution of the methodologies used,
these findings need further validation. For improved
spatial resolution, smFISH (Supplementary Box 1) was
employed to detect GAPDH and other cytosolic mRNAs
associated with the ER membrane upon a mild digitonin
extraction, which removes soluble cytoplasmic mole-
cules while preserving ER integrity’’'. Imaging with the
translation reporter ‘translating RNA imaging by coat
protein knock-off” (TRICK)"*? (BOX 3) in living cells
revealed that a small fraction of cytosolic mRNAs was
indeed translated on the ER. Interestingly, the number
of ribosomes in the ER extract was higher compared to
the cytosolic counterpart, suggesting that the translation
of cytoplasmic mRNAs may be more efficient at the ER
than in the cytosol™".

Compartmentalizing mRNAs to the ER may play
a critical role in maintaining the translation of spe-
cific mRNAs under stressful conditions. Viral infec-
tion and other cytotoxic stresses suppress cytoplasmic
cap-dependent translation while ER membrane-bound
mRNAs are able to partially escape this silencing'>>'".

Centrosomes. Centrosomes — membraneless organelles
composed of two centrioles surrounded by the pericen-
triolar material'®® — are the microtubule-organizing
centre of the cell and participate in chromosome segre-
gation and cell division. The asymmetric localization to
and local translation of mRNAs at the centrosome may
contribute to asymmetric cell division, leading to embry-
onic pattering and the selective inheritance of specific
transcripts®' =>1%17,

Cell cycle-dependent mRNA localization to cen-
trosomes can be translation dependent or translation
independent. The translation-dependent transport
of mRNAs is observed in zebrafish and mammalian
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Proximity labelling of RNA with
biotin using the peroxidase
enzyme APEX (or APEX2)
followed by sequencing.

cells, where mRNAs are co-translationally delivered
to centrosomes through a microtubule-dependent and
dynein-dependent process*>'**"'*. Polysomes trans-
lating PCNT mRNA, encoding a core component of
the pericentriolar material, are attached to the dynein
motor complex through the LIC1 domain located in
the N-terminal of the PCNT nascent peptide both
in zebrafish and mammalian cells?*. In mammalian
cells, the translation-dependent localization of PCNT
mRNA and of the mRNA encoding the microtubule
minus-end regulator ASPM to the centrioles enables
protein localization within 30 min. ASPM and the
microtubule-binding protein NUMA1 were tagged by
combining the SunTag and MS2 systems to label the nas-
cent peptides and the mRNA, respectively (BOXES 2,3),
further demonstrating that mRNA localization depends
on the nascent peptide connecting polysomes to motors.
Both mRNAs, when translationally active, were directly
and actively transported to centrosomes'**'**. Finally,
in quiescent, immortalized human retinal pigment
epithelial cells, NIN mRNAs, encoding a core compo-
nent of centrosomes, localize at the centriole basal body
found at the base of cilia’®’. NIN mRNA localization is
both translation dependent and exon junction complex
dependent'”, suggesting a tight connection between the
different steps of mRNA processing.

The translation-independent, cell cycle-dependent
localization of mRNA to centrosomes occurs via the
interdependent localization of two mRNAs to the cen-
trosome. In D. melanogaster, a pair of antisense mRNAs,
Ik2 (encoding IxB kinase like 2) and Cen (encoding
centrocortin), share complementary sequences in their
3'UTRs, leading to base-pairing and co-transport”. Both
mRNAs localize to the centrosome but the localization
of Ik2 depends on that of the Cen transcript. The simul-
taneous localization of Cen mRNA and nascent pep-
tides suggests that Cen mRNA is locally translated at
the centrosome. Interestingly, the orthogonal analysis of
APEX-seq data indicates that antisense mRNA pairs tend
to co-localize in specific subcellular compartments®,
suggesting a novel mechanism of coordinated mRNA
localization.

Mechanisms of mRNA localization

Three major mechanisms control the localization of
mRNAs to subcellular compartments: directed trans-
port, protection from mRNA degradation, and passive
diffusion and local entrapment.

Localization by active mRNA transport

Active transport is the most common mode of mRNA
localization reported in all eukaryotic cells. Motor-driven
transport in cells and organisms occurs on actin fila-
ments or microtubules (FIG. 3a—d). Here, mRNAs are
targeted through the binding of RBPs to cis-regulatory
elements, which are characterized by unique secondary
structures and dubbed ‘zipcodes. These cis-elements
are found in 3’UTRs and 5'UTRs as well as in coding
regions (reviewed in REFS'***'*) and can vary in length
and in the diversity of RBPs recognizing them. The rec-
ognition is based on the primary sequence (for exam-
ple, a 54-nulceotide sequence with bipartite motifs in
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chicken and mouse Actb mRNA is specifically bound
by ZBP1 (REF.'")) and also on the basis of complex sec-
ondary structures (for example, the zipcode structure
of S. cerevisiae ASHI mRNA', the helical structure of
D. melanogaster bcd mRNAs, and G-quadruplexes in
neuronal mRNAs such as those encoding CaMKIIa
and PSD95)'%". Across different cell types and organ-
isms, mRNAs are moved by myosin, kinesin and dynein
motors. How different RBPs recruit motor proteins to
form a localization-competent transport granule is
unclear and complicated by the fact that a single mRNA
may be bound by multiple RBPs with unknown roles in
transport regulation. Evidence of an RBP directly bind-
ing to motor proteins and bridging the interaction with
the mRNA comes from yeast, where She3 binds Myo4
to move mRNAs along actin, although RBPs can also
indirectly engage motors via adaptor proteins. Indeed,
the APP tail 1 (PAT1) protein is a direct adapter between
ZBP1 and the kinesin 1 motor complex, facilitating the
neuronal activity-induced transport of ActB mRNA to
dendrites'®.

Transport on the actin cytoskeleton. In yeast, bud-
localized ASHI mRNA has four zipcodes, distrib-
uted across the coding region and the 3'UTR, that
are recognized co-transcriptionally by the RBP She2
and its partner Locl (REFS'®*"'"). The synergistic bind-
ing of She2 dimers to the ASHI mRNA induces a
conformational switch that promotes high-affinity
mRNA-She2 binding'®. Locl is dissociated from
the mRNP before export into the cytoplasm'®, and
the She2-mRNA complex is intercepted by She3, which
is constitutively bound to the type V myosin motor Myo4
(REFS!60:165-167.16% "Thjs interaction promotes the forma-
tion of a translocation-competent mRNP that is actively
transported to the bud on actin filaments (FIC. 3a). Besides
ASHI mRNA, tens of mRNAs, including CLB2, TCB2,
TCB3 and IST?2 (REFS*'7), interact with the She2-She3
complex and are actively transported along actin fila-
ments. Further work is required to characterize how their
transport and local translation is coordinated. In mam-
malian cells, the transport of Actb mRNAs to the leading
edge of migrating fibroblasts occurs on both actin and
microtubules, with ZBP1 playing roles in the transport
via its interaction with motor proteins'*>'**!”! (FIC. 3b).
Interestingly; interactions between actin and myosin may
contribute to transport efficiency'** but whether ZBP1
results in increased myosin motor engagement needs
further study.

Transport on microtubules. In mammalian cells, motor
protein-based active transport is best illustrated by the
localization of mRNAs to distal dendrites and axon ter-
minals in neurons via the movement of transport granules
(comprising RNAs with RBPs and dynein and/or kinesin)
along microtubule tracks*~* (FIG. 3c). In other cell types,
such as in fibroblasts and epithelial cells, active transport
localizes a small percentage of mRNAs, and corralled
diffusion is often sufficient to move mRNAs'* (FIG. 3b).
ACTB mRNA is the best-characterized neuronal transport
granule and moves processively at speeds of 0.5-2 um/sec
in both dendrites and axons’"**. Interestingly, these
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speeds are similar for other microtubule-dependent,
dendritically localized mRNAs, such as ARC'”?, and for
exogenous reporters containing 3'UTRs with localiza-
tion elements'”>'”*. Mostly, dendritic mRNAs exhibit
oscillatory movement, switching between anterograde
and retrograde directions. This bi-directionality has
been attributed to the mixed orientation of the micro-
tubules and a possible ‘tug-of-war’ between the dynein
and the kinesin motors, which together determine the net
movement direction’'*. One limitation of motor-driven
transport is the energy cost for the cell, especially for long

axons. To circumvent this problem, mRNAs can hitch-
hike on organelles such as lysosomes for long-distance
transport in axons™ (FIG. 2¢). The tethering of mRNAs on
actively moving lysosomes is facilitated by Annexin A11
via its intrinsic membrane binding and phase-separating
domains. Similar hitchhiking on early and late endosomes
has been observed for axonal mRNA transport®.

This hitchhiking strategy also occurs in filamentous
fungi, including in the corn plant pathogen U. maydis,
in which a close link between mRNA transport and
the endocytic pathway was demonstrated™ (FIC. 3d).
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< Fig. 3| Modes of mRNA transport and localization in cells and organisms. a | Several

mRNAEs are localized to the bud of Saccharomyces cerevisiae. She2 dimerizes and binds
these mRNAs via their zipcodes, before binding She3, which bridges the interaction of
the complex with the type V myosin motor Myo4. The ribonucleoparticles are actively
transported along actin filaments. b | In mammalian fibroblasts, mRNAs such as those
encoding B-actin are localized to the leading edge by RNA binding proteins (RBPs)

such as ZBP1, which binds to the zipcode on the 3" untranslated region (3'UTR) of the
mRNAs to form messenger ribonucleoproteins (MRNPs) that associate with unidentified
motors. PAT1 acts as a direct adapter between ZBP1 and the motor. This represents

a small percentage of MRNA movement as the majority of mMRNAs undergo corralled
cytoplasmic diffusion (indicated by the dashed boundaries). ¢ | Localization to distal
spines is achieved by packaging mRNAs involved in synaptic remodelling into

transport granules composed of RBPs, the minus-end-directed motor dynein and the
plus-end-directed motor kinesin. Due to the mixed polarity of microtubules in dendrites
and the presence of both motors, these granules move bi-directionally (that is, in
anterograde and retrograde motion). The net movement is proposed to occur by a
‘tug-of-war’ between the motors determined by their stoichiometry. d | In Ustilago
maydis, cells switch from yeast to filamentous growth to promote plant invasion.

To sustain asymmetric growth, protein, ribosomes and mRNA are transported to

the growth pole. mRNAs are bound to endosomes via the endosome membrane-
binding protein Upal, which mediates the interaction with the RBPs Rrm4 and Pab1.
Bi-directional mRNA transport on microtubules occurs via kinesins (anterograde motion)
or dyneins (retrograde motion). e | In Drosophila melanogaster embryos, Nos mRNAs are
bound by the RBP Smaug, which recruits the CCR4-NOT complex to initiate mRNA
decay. At the posterior pole, however, Nos mRNAs are protected from degradation by
Oskar proteins, which displace Smaug to increase local concentrations of Nos mRNAs.
f|In Escherichia coli, nRNAs localize to ribosome-rich poles or to the membrane by
random diffusion at speeds of 0.05 um?/s, aided by the chaperone proteins that anchor
the mRNAs. g | During D. melanogaster oogenesis, several hundreds of mRNAs are
deposited to the oocyte by nurse cells (dashed arrows). mRNAs such as nos are localized
to the posterior pole of the oocyte by cytoplasmic streaming and entrapped in the germ
plasm in an actin-dependent manner.

Endosomes, which are membrane-bound vesicles
formed during endocytosis, are important for mem-
brane and lipid trafficking and for transporting cargos
such as membrane proteins, cell debris, bacteria and
viruses as well as mRNAs'”. Work in U. maydis showed
that the CDC3 mRNA and the encoded septin protein,
a key regulator of unipolar growth, are co-transported
on the same endosomes®”'’¢. Ribosomal proteins are
also co-transported, suggesting that translation occurs
during trafficking'’°. The RBP Rrm4 is essential for
shuttling both the mRNAs and ribosomal proteins,
further corroborating the hypothesis of ‘in-motion’
mRNA translation'”*'"”’”. The mRNA and the RPB Rrm4
as well as the poly-A binding protein Pabl interact with
the endosome via the membrane-bound protein Upal
(REF.”). This complex is transported bi-directionally on
microtubules by the plus-end-directed kinesin Kin3 or
by the minus-end-directed dyneins Dynl and Dyn2
(REFS'7%17%) As mRNA localization coupled to vesicle
transport (endosomes or lysosomes) also occurs in
neuron cells*>*, this active-transport pathway might be
highly conserved.

Therefore, future identification of the RBPs and the
motors associated with transport granules from differ-
ent cellular compartments will provide insights into the
reorganization of granules (see below). Although motors
are bound to mRNAs until they reach their final desti-
nation, it remains unclear whether motor proteins are
exchanged during granule movement, whether motors
are disengaged from mRNAs upon localization and what
molecules halt mRNA movement.
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Protection from mRNA degradation

In the D. melanogaster embryo, cell-fate specification is
achieved by the precise distribution and translation con-
trol of mRNAs encoding patterning factors. Cytoplasmic
Nos mRNA is targeted by the RBP Smaug (via the Smaug
recognition element located in the 3'UTR), which inhibits
Nos mRNA translation and recruits the CCR4-NOT com-
plex to trigger Nos mRNA decay in the cytoplasm'**'®!.
Later in development, in the germ plasm at the poste-
rior pole, Oskar displaces Smaug from the Nos mRNAs,
thus protecting the mRNA from degradation and reliev-
ing translation inhibition'"" (FIC. 3¢). The Hsp83 mRNA
was protected from degradation by a similar mechanism
although the Smaug recognition element is located in
the coding sequence of Hsp83 mRNA'#** Around 300
mRNAs are associated with Smaug in D. melanogaster'®;
however, further investigations are required to elucidate
if they are protected from degradation by Smaug and if
this regulates their localization.

Passive mRNA diffusion and anchoring
In tiny organisms like bacteria, biomolecules diffuse
rapidly within the 1-2 um long cell’*””. mRNAs typically
move with a diffusion coefficient of 0.05 um?*/s. These
parameters suggest that the localization to ribosome-rich
poles or to the membrane could occur within seconds
of mRNA exiting the nucleoid, a timeframe notably
shorter than the half-life of bacterial mRNA (~5min)'®.
Consistent with these findings, no active mRNA transport
mechanism has been observed in bacteria to date, even
though the directed transport of proteins has been previ-
ously described'*. Furthermore, the asymmetric distri-
bution of RNA chaperones (for example, Hfg, CspA and
CspG) could partake in the anchoring and localization of
mRNA'" (FIC. 30; however, additional studies are required
to elucidate the mechanisms governing these events.
During D. melanogaster oogenesis, nurse cells con-
tract, squeezing their cytoplasm and depositing hun-
dreds of mRNAs into the oocyte, including Nos mRNA'.
Nos mRNA diffuses towards the posterior pole owing to
the cytoplasmic streaming that microtubules generate
for transport®**. Once at the posterior pole, Nos mRNAs
are entrapped in the germ plasm in an actin-dependent
manner (FIG. 3g). Nos mRNA localization and localized
translation are essential for the anterior-posterior body
axis patterning in D. melanogaster™'**.

Regulation of local translation

Although it is clear that the subcellular localization of
mRNA regulates gene expression, the mechanisms
regulating localized mRNA translation are only just
emerging. The development of methods that can simul-
taneously measure mRNA localization and localized
translation in fixed and living cells (BOX 3) are starting to
unravel how translation factors and ribosomes are locally
regulated to modulate protein synthesis, revealing that a
major control step occurs during translation initiation.

Inhibition of translation by RBPs

A number of RBPs that are involved in mRNA transport
also play roles in translation repression, thereby cou-
pling the regulation of both processes'®. For example,
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ZBP1-bound ACTB mRNA is packaged into transport
granules, which are translationally silent during traffick-
ing in dendrites and fibroblasts. Only upon localization
to activated spines in neurons and to the leading edge
in fibroblasts ZBP1 is phosphorylated, which unmasks
mRNAs for translation'"*¢. Similarly FMRP, which
is widely expressed in human and mouse, plays a role
in transporting mRNAs in translationally repressed
granules'’. In X. laevis, RBPs, such as heterogeneous
nuclear RNPs, bind to both ribosomes and mRNAs cod-
ing for guidance receptors in the growth cones, thereby
keeping the mRNAs in a translationally repressed state
under basal conditions. Upon cue stimulation, the bind-
ing of the cognate ligand to the specific receptor (DCC
or Nrpl) causes the RBP to dissociate and triggers the
translation of the specific receptor mRNA'®.

All eukaryotic mRNAs possess a 5'-end cap structure,
and cap-dependent translation is a multistep and highly
regulated process orchestrated by a network of transla-
tion initiation factors. At initiation, the cap-binding pro-
tein eIF4E recruits eIF4G and the helicase eIF4A to the

b Inhibition of translation initiation
By elF4E sequestration
|

a Cap-dependent translation
initiation

mRNA and assembles the eIF4F complex'”'. The eIF4F
complex in turn contacts elements of the 48S transla-
tional initiation complex'** (FIG. 4a), and polypeptide syn-
thesis starts when small and large ribosomal subunits
join the mRNA at the start codon.

Cytoplasmic polyadenylation element binding
proteins (CPEBs) are a family of well-characterized
RBPs that inhibit pre-initiation complex formation.
CPEBI binds near the 3'UTR of mRNA and recruits
a set of 4E-BPs, such as Maskin in oocytes'”, Cup in
D. melanogaster'" and Neuroguidin in neurons'”. By
binding to eIF4E, these proteins block the interaction
between eIF4G and eIF4E, thereby interfering with
translation initiation (FIG. 4b). Similarly, the binding of
eIF4E to FMRP and the cytoplasmic FMRP-interacting
protein 1 (CYFIP1) inhibits eIEF4F complex formation
in neurons'*, although the role of this interaction in
inhibiting translation is debatable as most studies point
to a more direct role of FMRP in inhibiting translation
elongation'””'”*. RBPs such as ZBP1 negatively impact
the assembly of the 80S complex by impairing the joining
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Fig. 4 | Regulation of translation by RNA binding proteins. a | Eukaryotic
cap-dependent translation initiation occurs when the 40S ribosomal
subunit binds to the 7mG-containing cap at the 5" end of the mRNAs via an
interaction involving elF3 and the elF4F complex of initiation factors elF4A-
elF4G—-elF4E. b | Translation initiation is prevented when elF4E (bound to the
cap) is sequestered by 4E-binding proteins (4E-BPs) such as Maskin (in
Xenopus laevis) and Cup (Drosophila melanogaster). These 4E-BPs are
tethered to the mRNA by RNA binding proteins (RBPs) such as cytoplasmic
polyadenylation element binding protein (CPEB) and Bruno, which bind to
the cis-regulatory elements CPE and BPE, respectively, in the 3’ untranslated
region (3'UTR) of the mRNA. In mammalian cells, RBPs such as FMRP and
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cytoplasmic FMRP-interacting protein 1 (CYFIP1) may directly interact with
elF4E and prevent it from binding to the preinitiation complex. Also, in D.
melanogaster, RBPs such as Bicoid bound to the mRNA recruit an isoform of
elF4E known as 4EHP, which has a low affinity for elF4G and is therefore
unable to initiate translation. ¢ | Some RBPs, such as ZBP1, do not impact the
initiation of translation but prevent the 60S ribosomal subunit from joining
the 40S subunit to assemble the 80S complex. d | RBPs may also stall
elongating ribosomes as seen when FMRP binding to the L5 protein on the
60S subunit halts translation. e | Several RBPs, via protein—protein
interactions, may sequester multiple mRNAs into transport granules or
stress granules, which are believed to be mostly translationally silent.
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Germ granules

RNA-rich membraneless
cytoplasmic granules found in
the germline of organisms such
as X. laevis, D. melanogaster
and D. rerio.

of the large and small ribosomal subunits'*, a mecha-
nism that is predominant in the perinuclear region of
fibroblasts and in neuronal transport granules'®’ (FIC. 4c).
Some RBPs, for example FMRP, may operate at several
steps; besides negatively affecting initiation, FMRP
blocks elongation by binding to the L5 protein on the
80S ribosome, precluding the binding of tRNAs and
translation elongation factors'” (FIG. 4d). Finally, several
RBPs can cluster mRNAs into higher order granules via
protein—protein interactions (see below) such as in stress
granules and transport granules, in which ribosomes and
the other components of the translation machinery have
limited accessibility (FIG. 4e).

Promoting translation in ‘translation factories’
How translation initiation is regulated upon mRNA
localization is not fully understood, and this question
is further complicated by the existence of several trans-
lation factor homologues as well as of ribosomes with
heterogeneous composition'””. One concept is that
‘translation factories) that is, molecular assemblies pro-
moting de novo translation, exist in the cytoplasm'**'*%.
It has been proposed that eIF4F variants cluster together
in response to extracellular stimuli’”, although it is not
clear which fraction of the variants are employed in
local factories. A recent translation biosensor designed
to compare cap-dependent and IRES translation effi-
ciency at single-molecule resolution demonstrated that
translating mRNAs are in close proximity of each other
while excluding non-translating mRNAs*"'. Additionally,
mRNAs undergoing cap-independent translation local-
ize more closely to the nucleus than mRNAs translated
in a cap-dependent manner®'. In X. laevis growth
cones, translation factories have been observed close to
the membrane, and cue-specific stimulation promotes
the synthesis of certain receptor-associated mRNAs,
such as ctnnbl mRNA (encoding B-catenin), that act
locally at those specific receptors'. This observa-
tion suggests that translation preferentially occurs in
some subcellular regions, creating translation hotspots
or foci for specific mRNAs*”. The concept of trans-
lation in specific foci was initially proposed in neu-
ronal dendrites®”® and subsequently identified in both
shafts and in spines®**", axonal branch points'** and,
recently, in live axon terminals in the intact brain™. In
non-neuronal cells, the accumulation of mRNAs in dis-
tinct cytoplasmic foci along with their encoded proteins
(for example, BUB1, DYNCIH], B-catenin (encoded by
CTNNBI) and ASPM) has been observed to occur in a
translation-dependent manner'**'**. These foci, in which
the translation machinery is localized either separately
or along with the mRNAs, have been termed translation
factories. Based on these studies, whether ‘hotspots’
and ‘factories’ can be used interchangeably to indicate the
clustering of translating mRNAs needs to be elucidated.
Furthermore, in budding yeast, mRNAs coding
for translation initiation, elongation and termina-
tion factors are packaged in ‘translation factor mRNA
granules. These granules are localized to the bud in a
She2-She3-dependent manner, that is, via the same
complex that transports bud-localized mRNAs>.
Similarly, in neurons, ribosomes may be co-trafficked
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with mRNAs in dendrites, and assembly of the ribosome
subunits occurs once translation repression is relieved
by synaptic activity”. It is well known that several
translation initiation factors localize to and are stored
in stress granules in response to harmful situations in
eukaryotes®”*". Finally, translation initiation can be pro-
moted indirectly through the control of ribosome avail-
ability. As discussed above, in the intestinal epithelium,
the apical localization of mRNAs encoding ribosomal
proteins leads to a local increase in ribosome concen-
tration, boosting the translation of apically localized
mRNAs® (FIG. Te).

Creating translation hotspots and factories is an
effective way for a cell to translate rapidly in response
to cues and to allow these newly synthesized proteins to
act locally without perturbing the protein homeostasis of
the entire cell. Further work is required to elucidate the
coordinated localization of mRNAs and the translation
machinery. In eukaryotes, recent ribosomal profiling has
provided a systematic analysis of the mechanisms con-
trolling the co-translational assembly of multi-subunit
protein complexes®**'?. The development of imaging
techniques that allow the simultaneous visualization of
multiple translated mRNAs and regulatory factors will
be critical to characterize the coordinated translation
of multiple components in situ and to determine the
composition and function of these translation factories
or hotspots.

RNA composition and fate in granules

Across different cell types and organisms, mRNPs are
packaged into larger RNA granules. They come in differ-
ent shapes and sizes and play roles in mRNA trafficking
in neurons (transport granules) and in D. melanogaster
(germ granules) as well as in storage and translational
regulation in stress granules and P-bodies. Most gran-
ules are highly dynamic in nature; therefore, a unified
model of granule assembly and disassembly is lacking
owing to the technological challenges of accurately
identifying the stoichiometry of all granule compo-
nents at a given time. Multiplexed FISH and methods to
map RNA-protein interactions using candidate-based
approaches such as smFISH-IF*"' and global approaches
such as APEX-seq'***"* opened avenues for determin-
ing the complexity of granule composition (FIC. 5a,b,
Supplementary Box 1). The term ‘granule’ has been
loosely used to indicate all large assemblies of RNAs and
proteins that promote selected mRNPs to come together
and distinguish themselves as a granule.

The classical view of granule formation relies on the
binding of RBPs to the cis-regulatory elements in RNA.
Mutations or deletions of the cis-elements or altera-
tions in the secondary structure of the mRNA notably
impact RBP binding and granule formation, leading to
mRNA mislocalization in yeast'*, D. melanogaster’* and
neurons”'“. From a perspective of RBP-driven assembly,
the same RBP may be shared between multiple mRNAs
or interactions between multiple RBPs may coalesce
many individual mRNPs into larger complexes and
granules (see REF*” and FIG. 5¢). Furthermore, by vir-
tue of their intrinsically disordered regions, RBPs drive
liquid-liquid phase separation (LLPS) and assemble

NATURE REVIEWS | MOLECULAR CELL BIOLOGY

VOLUME 22 [ JULY 2021 | 497




REVIEWS

a Proximity biotinylation assays

Biotin or
Biotin phenol

Streptavidin-based
affinity purification

Mass spectometry of
biotinylated proteins

4B

Biotinylation
mRNA granule with of substrate

multiple RNAs and RBPs

RNA-seq of
blotlnylated RNAs

» Registration of PSFs

— Determine co-localization
from each localized spot

or association index between
each RNA and RBP

«—Candidate

b smFISH-IF Imaging mRNAs and proteins
L]
o
antlbodle¥ o *
Candidate - o...
1° antibodies mRNA— (o & @
(A) A ° ... ..
U e— — — —_— = = n °.-.'~
we o RBP

Co-localized mRNA-RBP

¢ RBP-driven granule assembly
Shared RBP RBP-RBP interactions

[\J%RBPI

LLPS by IDRs on RBPs
[\Jd RBPs with
IDRs

Stress granules

RBP
RBP2

Heterotypic transport
granules

Stress granules

Fig. 5 | Granule composition and organization. a | Global analysis of
mRNA-protein interactions can be performed with proximity-based
labelling techniques using ascorbate peroxidase (APEX) or the biotin ligase
BiolD assay (also known as BirA). A bait protein is fused to the APEX or BirA
enzyme, the latter of which biotinylates proteins within a 10 nm radius. In
the presence of biotin or biotin phenol, APEX generates short-lived radicals
that covalently react with tyrosine and other electron-rich amino acids as
well as with amino groups on guanosine. The biotinylated proteins and RNAs
are enriched by streptavidin pull-down and identified by mass spectrometry
and RNA sequencing (RNA-seq), respectively. b | Imaging-based approaches
such as single-molecule fluorescence in situ hybridization (smFISH)
combined with immunofluorescence (IF) allow users to simultaneously
detect individual mRNAs (using labelled oligonucleotides) and their
interacting RNA binding protein (RBP; using antibodies) in situ. By precisely
localizing these molecules inside cells and registering the point spread

d RNA-driven assembly

Specific base-pairing in trans

Y

bcd, osk granules

Promiscuous RNA assembly
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functions (PSFs) of the spots, quantitative measurements of mMRNA-protein
association are obtained. ¢ | During RBP-driven granule formation, RBPs are
shared between multiple mRNAs at the same time, leading to the packaging
of these transcripts into heterotypic granules. RBPs engage in two key
forms of protein—protein interactions, namely stereospecific interactions
between well-folded proteins (such as other RBPs or G3BPs in stress granules)
and/or interactions via intrinsically disordered regions (IDRs) of RBPs. The
IDRs in turn specifically interact with well-folded proteins and/or undergo
non-specific interactions with proteins in their vicinity to form liquid-liquid
phase separation (LLPS) condensates or granules. d | RNA-RNA interactions
can also promote granule assembly. Specifically, in trans interactions
between RNAs, such as bcd and osk mRNAs in Drosophila melanogaster,
transport granules. Furthermore, the nature of RNAs to self-assemble may
promote promiscuous RNA-RNA interactions that assemble mRNAs, in a
dose-dependent manner, into stress granules or germ granules.

multiple mRNPs indiscriminately such as into stress
granules (discussed below) (FIC. 5¢). An alternative
model is RNA-driven granule assembly, which favours
RNA as the primary scaffold for binding several mul-
tivalent RBPs, therefore promoting the nucleation of
phase-separated assemblies”'®*'%. For example, stress
granule assembly is initiated by the stable aggregation of
untranslated mRNAs into the core, potentially increas-
ing the concentration of RBPs and therefore driving
LLPS*¢ (FIG. 5d). Additionally, mRNAs engage in both
promiscuous’” and specific RNA-RNA interactions®”,
which is the main driving force for the assembly of stress
granules (reviewed in REF**') (FIG. 5d). This non-specific
mechanism is determined by the length of the mRNA
(the longer the mRNA, the more interaction sites are

available for random base-pairing). In D. melanogaster
germ granules, mRNAs can self-assemble and position
themselves in granules in a dose-dependent manner**.

Homotypic versus heterotypic granules

The self-assembly of RNAs suggests that RNA gran-
ules could be homotypic, constituting the same RNA
species, or heterotypic granules formed by mRNAs
undergoing base-pairing in trans. D. melanogaster germ
plasm contains granules of up to 500 nm in size, the
functions of which are determined by the localization
and organization of mRNAs within the granule. During
oocyte development, specific base-pairing between osk
mRNAs or bed mRNAs promotes the recruitment of
both mRNAs to granules, rendering them heterotypic*.
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Although germ granules are heterotypic, multiple copies
of mRNAs from the same gene are organized into dis-
crete homotypic clusters that occupy specific positions
within the granule?”>*”. Interestingly, this self-sorting of
clusters within the granules is independent of sequence
specificity?>*>.

Stress granules and P-bodies are more heterogene-
ous in their structure and composition. Transcriptome
analyses from yeast to mammalian cells have found that
>99% of mRNAs enter stress granules; however, only
10% of these mRNAs are stably located within the gran-
ules, and there is a preference for longer transcripts®’.
Although single-molecule imaging has provided tre-
mendous insights into how mRNAs enter and localize
in stress granules®”, it remains unclear whether each
RNA species forms distinct clusters. Similarly, RNA sto-
ichiometry and organization inside transport granules in
mammalian neurons are heavily debated. Results from
smFISH against several dendritically localized mRNAs
indicated that each mRNA species existed as a single,
independent mRNP along dendrites*** and may not
belong to larger granules. Real-time imaging of endog-
enous actb mRNAs in X. laevis showed that, in axons,
these mRNAs commonly travel as single mRNAs in
granules’ whereas, in dendrites, the dynamic merging
and splitting of mRNPs have been observed, suggesting
the presence of a mixed population of granules con-
taining one or multiple ACTB mRNAs”. Interestingly,
real-time imaging of two different mRNAs, Actb and
ARC, did not exhibit co-trafficking or coalescing even
in crowded dendritic segments (S.D. and R.H.S., unpub-
lished work), furthering the idea that transport granules
may be homotypic.

Therefore, several studies suggest that mRNAs might be
inherently biased to form homotypic clusters, courtesy of
their self-assembling nature. One major advantage of each
mRNA species forming its own granule would be the ability
to fine-tune the local translation of specific mRNAs with-
out affecting the status of other localized mRNAs. However,
heterotypic granules may facilitate the clustering of different
mRNAs of multi-subunit protein complexes and promote
the co-regulation of their translation according to cellular
needs.

mRNA:s in stress granules and P-bodies

Cells adapt to adverse conditions by reprogramming
translation, primarily by repressing translation initia-
tion in response to stressors such as increased tempera-
ture (heat-shock) and nutrient deprivation®”. Stressors
preclude the formation of the pre-initiation complex by
inducing the phosphorylating eIlF2a and/or by inhib-
iting the assembly of the cap-binding complex eIF4F.
Untranslated mRNAs are quickly and reversibly rear-
ranged with proteins into stress granules and P-bodies*”,
although stress granule formation can be independent of
eIF2a phosphorylation®”. Stress granules and P-bodies
are heterotypic mRNP granules enriched in transla-
tion and decay factors, respectively’”’. Although stress
granules are formed under stress conditions, P-bodies
exist in non-stressed mammalian cells and increase
in size and number upon stress*’. These granules are
formed by LLPS, which requires both proteins and
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RNAs?'”#1-2%, and they can associate with each other
during stress. Characterization of the protein compo-
sition of stress granules and P-bodies has defined their
common features such as the presence of intrinsically
disordered regions and RNA-binding activity. These
granules lack substrate specificity, with 20% of cellular
RNAs localizing to both of them indiscriminately****.
The release of mRNAs from stalled ribosomes by com-
ponents of the quality control machinery results in the
fast influx of these mRNAs into stress granules, and
the inter-molecular interactions that occur facilitate the
partitioning of mRNA into condensates””. Interestingly,
these granules are enriched in long mRNAs with
highly structured 5"UTRs and AU-rich 3'UTRs, which
accounts for their low stability and translatability*'#5-4,

Recent single-molecule approaches have attempted
to visualize the conformation of mRNA within stress
granules and P-bodies of mammalian cells as well as
their dynamic molecular interactions in vivo®>**"**2,
The molecular compaction of mRNAs was calculated
by measuring the distance of the fluorescence signal
using smFISH probes against the 5’ coding sequence
and 3’ ends of the same mRNA*"**?, Actively translated
mRNAs were in an extended conformation as a result of
ribosome loading and compacted up to 200-fold upon
the stress-induced inhibition of translation (namely, in
response to oxidative stress or heat-shock). This com-
paction after ribosome run-off occurred in the cyto-
plasm and usually preceded the localization of mRNA
to stress granules, indicating that mRNAs are transla-
tionally repressed before entering the stress granules™'.
One caveat to using smFISH methods to assess con-
formation is that the analysis is restricted to long tran-
scripts (to allow the hybridization of multiple probes);
furthermore, compactness may be a product of fixation
artefacts. A recent live imaging study visualizing trans-
lating mRNAs reported similar stretching of mRNAs
upon their increased association with ribosomes in the
cytoplasm, validating the observations made in fixed
cells?”’. Real-time imaging also revealed that mRNAs
engage in both transient and stable interactions with
stress granules and P-bodies and move bi-directionally
between them®***. The nature of the interaction
depends on the size of the P-bodies and stress gran-
ules as well as on the length and translational status of
mRNA (untranslated mRNAs showed stable interactions,
whereas translated mRNAs had sporadic interactions).
Larger granules retained mRNAs for extended periods of
time, as shown for long transcripts, such as that encoding
p300 (~8.3kb), or mTOR-sensitive transcripts, specifi-
cally those bearing a terminal oligopyrimidine tract in
their 5’'UTR****, Upon stress withdrawal, stress granules
rapidly disappear, and translation is resumed for all kinds
of mRNAs trapped inside granules’”. Although stress
granules are widely believed to contain non-translating
mRNAs, a recent single-molecule imaging study chal-
lenged this notion, demonstrating that translation
continues even after the mRNAs are recruited to stress
granules from cytosol during acute cellular stress***. This
phenomenon is not limited to mRNAs whose translation
is upregulated during stress, but is also true for transcripts
that are inhibited during stress. Therefore, deciphering
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the composition of these granules would provide insight
into their transcriptome and could reveal whether all
stress granule-associated transcripts are similarly regu-
lated. Recently developed proximity labelling approaches
such as APEX-seq are powerful approaches towards
understanding the constituents and organization of stress
granules®'>**. Although a fluid interchange of compo-
nents with the cytoplasm occurs in both stress granules
and P-bodies, their assembly dynamics, composition and
intermolecular interactions are cell-type and stress-type
dependent®®***2*>2% Likewise, the fate of mRNAs
after interacting with P-bodies and stress granules and
whether this fate leads to homeostatic reset or patholog-
ical outcome depend on the cell type and type of stress.
Overall, mRNAs play an essential role in the biogene-
sis of granules®; nonetheless, the functional relevance
of mRNA interactions with stress granules or P-bodies
in cell survival during stress or in disease progression
is still uncertain. Future work should determine the
stress-dependent and context-dependent structural and
functional diversity of stress granules and P-bodies.

Conclusion and future perspectives

The localization of mRNAs in subcellular compartments
has emerged as a highly conserved mechanism for the
spatial and temporal control of protein synthesis. The
development of imaging and sequencing-based methods
to detect mRNA and translation has made it possible to
measure this post-transcriptional regulation across spe-
cies and cellular scales. Single-gene studies have charac-
terized the molecular events controlling the cytoplasmic
localization of mRNA and have started to elucidate the
mechanisms of local translation, for instance, at the ER,
mitochondria or synaptic sites in dendrites. Large-scale
studies have characterized up to thousands of localizing
mRNAs and offered a global view of the shared features
of trafficking (for example, zipcode elements, functional
relationships and the binding sites of RBPs). The impact
of mRNA trafficking on the physiology of multicellular

ClauPen, M. et al. Global analysis of asymmetric

tissues and of entire organisms (for example, C. elegans
and D. melanogaster) has unravelled how mRNA locali-
zation influences high-order cell-to-cell interactions that
are important for tissue organization and homeostasis.
Three major challenges must be overcome to achieve
a clear understanding of the molecular events that reg-
ulate localized translation. First, few methods are cur-
rently available to modulate mRNA localization in vivo
for functional studies. Most of these approaches target
RBPs or zipcodes and require irreversible loss of func-
tion. Recently, the dynamic control of cytoplasmic
mRNA localization and possibly translation has been
feasible using either the MS2 (REFS°>"3>1¢71712%7) or the
Cas9 systems*’. However, these multicomponent sys-
tems require complex experimental manipulations that
may be far from physiological conditions and difficult to
reproduce. Second, the development of in situ transcrip-
tomic technologies generated an overwhelming amount
of mRNA localization data to be analysed and inter-
preted. Several groups are at the forefront in the chal-
lenge of developing algorithms that define ‘ground-truth’
mRNA localization patterns that can be used as a refer-
ence for automatic identification in large datasets'>***-2>°,
Further automation of these machine learning-based
tools will allow us to extract meaningful localization
patterns from the vast information generated by mul-
tiplex in situ transcriptomic data. Finally, the mRNA
localization field constantly benefits from developments
in imaging such as brighter and more photostable flu-
orescent proteins and fluorophores and detectors with
an increased sensitivity. These improvements will be key
to developing RNA imaging reporters for the detection
of endogenous unmodified mRNAs at single-molecule
resolution. Biophysicists, chemists and biologists will
bring this field one-step closer to understanding how
the spatial organization of biomolecules in single cells
participates in translating a genotype into a phenotype.
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