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REVIEW
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ABSTRACT
Transport of mRNAs is an important step of gene expression, which brings the genetic message from the 
DNA in the nucleus to a precise cytoplasmic location in a regulated fashion. Perturbation of this process 
can lead to pathologies such as developmental and neurological disorders. In this review, we discuss 
recent advances in the field of mRNA transport made using single molecule fluorescent imaging 
approaches. We present an overview of these approaches in fixed and live cells and their input in 
understanding the key steps of mRNA journey: transport across the nucleoplasm, export through the 
nuclear pores and delivery to its final cytoplasmic location. This review puts a particular emphasis on the 
coupling of mRNA transport with translation, such as localization-dependent translational regulation and 
translation-dependent mRNA localization. We also highlight the recently discovered translation factories, 
and how cellular and viral RNAs can hijack membrane transport systems to travel in the cytoplasm.

ARTICLE HISTORY
Received 2 May 2020 
Revised 21 October 2020 
Accepted 22 October 2020 

KEYWORDS
RNA transport; single 
molecule imaging; 
translation; motors; 
membrane transport; 
nuclear pores

Introduction

Messenger RNAs are synthesized at specific genomic loci in 
the nucleoplasm and travel through the nucleus and nuclear 
pores to produce proteins in the cytoplasm at the right time 
and place. Some mRNAs require delivery to specific cytoplas
mic locations for local translation, and this plays an important 
role in diverse biological processes such as spatial patterning 
during embryogenesis, cell fate determination, asymmetric 
cell division, cell polarity and motility, signalling and neuro
nal synaptic functions [1]. Perturbations in mRNA localiza
tion and its transport can lead to developmental and 
neurological disorders, as well as cancer [2,3].

Study of RNA transport is a fast-developing field that 
combines different experimental approaches, among which 
single molecule imaging techniques hold an important place. 
They enlighten sub-cellular mRNA distribution and cell-to- 
cell variations of mRNA expression, which are not easily 
accessible by ensemble biochemical methods. In this review, 
we will discuss technological progress in single molecule ima
ging of mRNA and highlight their contributions to our under
standing of mRNA transport from transcription to 
translation. We will in particular describe how RNAs move 
through the nucleoplasm, cross the nuclear pores and how 
they are transported to specific cytoplasmic location to locally 
produce proteins. This review will also highlight surprising 
recent results arising from imaging studies that indicate how 
mRNPs can use membrane transport system to reach their 
destination, and how nascent proteins can contribute to poly
some transport and localization. Several recent reviews cover 
other aspects of single molecule imaging of RNA metabolism, 
including transcription, splicing, translation and decay [4–7].

Methods to image single RNAs in fixed cells: single 
molecule fluorescent in situ hybridization

Single molecule fluorescent in situ hybridization (smFISH) is 
a widely used RNA imaging technique, which detects RNA in 
fixed cells with single molecule sensitivity and high efficiency 
(commonly higher than 80%) [8]. This detection efficiency is 
achieved through the use of multiple fluorescently labelled 
oligonucleotide probes directed against the transcript of inter
est, and the efficiency increases with the probe number. The 
first smFISH experiments were performed with a set of ten 
50-nucleotide long DNA probes labelled with five fluoro
phores each [8] (Fig. 1A). A variation of this approach, 
which uses 48 or more short 20-mer oligonucleotides labelled 
with one fluorophore each, was developed later on [9]. In 
either method, the single RNA molecules are detected as 
diffraction-limited spots by fluorescent microscopy. The sin
gle molecule sensitivity was demonstrated by measuring the 
intensity of fluorescence emitted by one probe and by quanti
fying the amount of probes in the diffraction limited RNA 
spots, which were shown to correspond to single mRNA 
molecules [8]. Consequently, these spots can be simply 
counted to reveal differences in RNA levels between indivi
dual cells.

To quantify the mRNA numbers in single cells on smFISH 
images, dedicated analysis softwares are available [9–12]. One 
of the widely used applications, FISH-quant, enables not only 
detection and counting of isolated RNA molecules but also 
quantifies the number of molecules in structures that contain 
RNA aggregates, for example, transcription sites, nuclear 
speckles, P-bodies or other foci in the cytoplasm or in the 
nucleus. FISH-quant performs quantification in three 
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dimensions, taking into account the spatial extension of RNA- 
containing structures [12]. The latest development of software 
includes tools for automated cell segmentation [13], but it can 
also be combined with recent generalist machine learning 
algorithms, which accurately segment cells and nuclei [14]. 
FISH-quant provides a fully automated pipeline making it 
suitable for analysis of high-throughput smFISH experiments 
and it can be combined with supervised, machine learning, 
and unsupervised classification methods to examine spatial 
distribution of RNA in single cells [15].

Several variants of smFISH allowing for multiplexing and 
cost decrease were recently developed [13,16–19]. They all 
rely on the use of unlabelled primary probes followed by 
detection of these probes with a secondary fluorescent oligo, 
similarly to an indirect immunofluorescence, except that here 
the interactions depend on base pairing. Using this strategy, 
a particularly simple and inexpensive smFISH protocol, 
dubbed smiFISH, was developed [13]. Here, fixed cells are 
hybridized with a set of multiple non-labelled primary probes 
(usually 24), which all contain a sequence complementary to 
a fluorescently labelled secondary probe (Fig. 1B). The same 
secondary probe is used with different gene-specific primary 
probes, thus strongly decreasing cost. This method is quite 
robust, easy to set up, and comes with probe design software 
[13]. High-throughput versions of such indirect smFISH 

methods have been achieved by either parallelization [20,21], 
or multiplexing [16,17]. In the latter case, the use of different 
fluorophores allows a first level of multiplexing. Such multi
colour smFISH can be used to detect several RNA species in 
the same cell or different parts of the same RNA molecule, for 
instance, to study RNA conformation in vivo [22–24]. While 
the number of fluorophores is limited, combinatorial spectral 
approaches allow to detect up to 32 RNA species at the same 
time, with each RNA carrying a unique colour code [25].

To further increase multiplexing capabilities, an important 
breakthrough was the introduction of sequential smFISH meth
ods, MERFISH and seqFISH [16–19]. The most recent develop
ment of this approach consists of sequential rounds of 
hybridization using different secondary probes to reveal distinct 
populations of primary probes. Between hybridization rounds, 
the secondary probes of the previous round are removed by 
photobleaching, chemical treatment or denaturation. After 
each round, the fluorescent signal is recorded and the signals 
from different rounds are superposed, allowing to attribute to 
each RNA molecule a unique code called a barcode [16,17] (Fig. 
1C). In barcodes, each round of a secondary probe hybridization 
functions as a bit, 1 signifies a presence of a signal and 0 – its 
absence. In this manner, with n sequentially hybridized second
ary probes, 2 n-1 RNA species can in principle be coded and 
distinguished. In practice, some barcodes are not used to make 

Figure 1. Single molecule methods of mRNA detection.
A – Single molecule FISH (smFISH). 10 probes with 5 fluorophores each are used for mRNA detection with single molecule sensitivity [8]. B – Single molecule 
inexpensive FISH (smiFISH). The mRNA is detected using non-labelled primary probes, which contain a sequence complementary to target RNA and a read-out 
sequence identical for all the probes. This read-out sequence hybridizes to a unique secondary probe labelled with 2 fluorophores on its 3ʹ and 5ʹ [13]. C – Sequential 
smFISH, example of Multiplexed Error Robust FISH (merFISH). RNA targets are first hybridized with encoding probes, containing sequence complementary to target 
and two read-out sequences. Each RNA target is identified by a combination of uniques read-out sequences in subsequent rounds of hybridization with secondary 
probes, one secondary probe per round of hybridization. After each round of hybridization with a secondary probe, the signal is detected, registered and the probe is 
removed. Each RNA is identified with a unique barcode (lower panel, left column), in which a hybridization round functions as a bit. If the RNA gives a signal with a 
given probe it is assigned 1, in case of no signal it is assigned 0. To increase the sensitivity, sets of 24–100 primary probes are used per mRNA (top panel, left) [16]. 
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each barcode different from all the others by at least two bits, 
thus decreasing the number of false identifications arising from 
decoding errors. Remarkably, MERFISH and seqFISH experi
ments can be scaled up to near transcriptome level (10,000 
RNAs), enabling high-throughput analysis of cell-to-cell varia
tion in gene expression and a determination of the spatial orga
nization of the transcriptome [16,17].

Quantitative smFISH analyses revealed that the numbers of 
mRNA copies per cell varies stochastically between cells in 
isogenic populations. It was further shown that these varia
tions can have intrinsic or extrinsic causes and are important 
for lineage specification during development and for a variety 
of cellular functions [26–29]. High-throughput smFISH 
experiments allowed to quantify thousands of mRNAs in the 
same cell. They showed that the average numbers of mRNA 
molecules per cell are comprised between 0,1 and 1000 for the 
majority of mRNAs, but can be lower than 0,1 molecule per 
cell for few low expressing genes, and go up to more than one 
thousand molecules for highly expressed genes, such as 
GAPDH, CYTB, or β-actin after serum induction 
[8,13,17,19,20]. These numbers are in remarkable agreement 
with bulk RNA-sequencing data, but smFISH has higher 
detection efficiency than single cell RNA sequencing [19], 
making it more suitable for low expressed genes and it out
performs for studies of cell-to-cell variations in mRNA levels, 
since it can examine thousands of cells in one experiment 
[17,19]. This enables to elucidate gene-regulatory networks by 
the analysis of covariations in the expression level of different 
genes between the cells [16,17,19].

FISH experiments led to a discovery that RNA can adopt 
a specific localization inside the cell. A pioneering study 
analysing by FISH more than 2000 transcripts in early 
Drosophila embryo, demonstrated that 71% of mRNAs exhib
ited distinct localization patterns, including restriction to spe
cific regions in the embryo, association with subcellular 
structures, or a particular localization during cell division 
(Fig. 2A) [30]. High-throughput smFISH examined 
a distribution of multiple RNAs in mammalian cell lines and 
tissues. MERFISH experiments on human cell lines showed 
that among 9050 mRNAs, 16% were enriched in the nucleus 
and 11% in the endoplasmic reticulum [19]. Three types of 
mRNA localization were observed in mouse fibroblasts by 
seqFISH+ analysis of 10,000 genes: nuclear/perinuclear pat
tern, cytoplasmic and protrusion enriched [17], while Battich 
and colleagues characterized mitochondria-associated mRNAs 
in a high-throughput smFISH study [20]. Recently, a dual 
protein/mRNA screen using smFISH and the corresponding 
mRNAs encoded proteins localization analysis revealed multi
ple patterns of mRNA localization, including cell protrusions, 
cytoplasmic foci, endosomes, Golgi, nuclear envelope, mitotic 
centrosomes (Fig. 2B) and showed that mRNA localization 
was often driven by nascent translation [31]. We will discuss 
in more detail the intimate links between RNA localization, its 
transport and translation in the following sections.

Application of high-throughput smFISH to tissues gives an 
opportunity to explore qualitative and quantitative aspects of 
transcriptome in a more physiological context. Indeed, seqFISH 
+ on mouse brain slices allowed to image simultaneously 10,000 
RNAs and to create high-resolution maps of different brain 

regions shedding light on its organization and cellular interac
tions [17]. Further improvement of MERFISH, such as coupling 
with a signal amplification step, enables a dramatic increase of 
the sensitivity for detection of short and low-abundant tran
scripts in tissues with high autofluorescence [32].

Methods to image single RNAs in live cells

SmFISH provides information about localization and absolute 
counts of mRNA molecules in single cells, but it lacks 
dynamics and temporal resolution. These limits can be over
come by live-cell microscopy approaches. To follow RNA 
in vivo, fluorescently labelled RNA can be microinjected in 
the cells [33]. While this is a method of choice for studying 
small RNAs [34–36], it is well known that transcription- 
coupled events are important to control the mRNA fate [37–
37–40], and therefore the use of the genetically encoded 
tagged reporters or fluorescent probes are preferable ways 
for mRNA imaging. Several such methods currently exist.

The first approach is based on the use of fluorogenic 
oligonucleotide probes called molecular beacons (MB). MBs 
form stem-loops that contain a fluorophore and a quencher in 
a close proximity, leading to reduced fluorescence from 
unbound beacons, thus minimizing background. Binding of 
MBs to their RNA target disrupts interaction of the fluoro
phore with the quencher and increases fluorescence emission 
(Fig. 3A). The use of these probes was hindered by their 
relatively low sensitivity, difficulties of their delivery into 
cells, as well as their degradation. Recent developments 
allowed to obtain more stable probes, using chemically mod
ified backbones, and opened possibility for RNA detection 
with single molecule sensitivity in live cells by inserting arrays 
of MBs binding sequences in the RNA of interest [41].

An alternative approach relies on fluorescent RNA apta
mers, which are short RNA sequences that fold into specific 
structures able to bind fluorogenic small molecules (Fig. 3B). 
A first generation of aptamers developed for RNA live cells 
imaging includes Spinach, Broccoli, Mango and Corn [42–45]. 
These aptamers bind small, cell-permeant dyes that activate 
their fluorescence upon binding, for review see [46,47]. As 
a proof of principle, several highly expressed RNAs were 
visualized using these aptamers [45,48]. In case of low- 
abundant RNAs in yeast, a special denoising algorithm was 
required to increase signal-to-noise ratio of images [49]. 
Overall, this first generation of molecules suffered from non- 
optimal folding and insufficient brightness, preventing to 
achieve single molecule sensitivity.

A recently developed second generation of aptamers has an 
improved RNA folding, as well as an increased brightness and 
higher affinity of the fluorogenic small molecules. Currently, 
the most promising systems appear to be the Peppers, o-Coral 
and Mango II, as well as a Broccoli-BI pair that is 10 fold 
brighter than the original Broccoli-DHFBI [50–53]. Notably, 
single mRNAs were visualized in live cells using arrays of 
Broccoli aptamers [53]. An array of 24 Mango II aptamers 
also enabled a single molecule sensitivity in live and fixed cells 
and is suitable for super-resolution imaging [51]. Peppers are 
particularly attractive due to their high brightness exceeding 
Broccoli and to the availability of fluorescent dyes of different 
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colours from cyan to red, making them suitable for combina
torial labelling. They were used for labelling of mRNA, geno
mic loci and super-resolution imaging [52]. The Peppers from 
Yi Yang group [52] should not be confounded with Peppers of 
the Samie R. Jaffrey group [54], which have the same name 
but based on a different principal. In this case, traditional 
fluorescent proteins are fused to a destabilization-regulatory 
domain, which promotes their degradation, but can be stabi
lized by binding to an RNA aptamer, helping to decrease 
a background due to a non-bound protein (Fig. 3C) [54].

As of today, the most sensitive approaches for RNA visua
lization in live cells are based on RNA-binding proteins that 
recognize specific RNA sequences or structures (for review see 
[5]). Several of these RNA-binding proteins come from bac
teriophages. The first to be adapted for RNA imaging and still 

the most widely used today is the bacteriophage MS2 coat 
protein (MCP) [55]. This is a small protein that binds a 21 
nucleotide RNA stem-loop from the MS2 genome with high 
specificity and sub-nanomolar affinity. To follow RNAs in live 
cell, an array of MCP-binding motifs is inserted in a gene of 
interest and co-expressed with the MCP-GFP fusion (Fig. 3). 
The insertion of multiple MCP-binding motifs leads to fluor
escent signal amplification and increases the signal-to-noise 
ratio. The MCP-GFP methodology was first applied to study 
mRNA transport in live Saccharomyces cerevisiae cells [55]. 
This was achieved by inserting six MCP binding stem-loops in 
the 3ʹ-UTR of ASH1 mRNA that localizes to the bud tip (Fig. 
3D). The method was adapted to mammalian cells and it was 
shown through quantification that 24 MS2 motifs were suffi
cient to detect single mRNAs with a simple wide-field 

Figure 2. Different patterns of mRNA localization revealed by FISH and smFISH.
A – FISH on Drosophila embryo (mRNA green/nuclei red). The gene names are indicated on the bottom left and localization patterns above the photos. From left to 
right: bicoid mRNA displays anterior localization in the embryo; anillin mRNA has perinuclear localization; CG1962 mRNA localizes to microtubules networks and 
centrosomes during cell division. Reprinted from Lécuyer E, Yoshida H, Parthasarathy N, Alm C, Babak T, Cerovina T, Hughes TR, Tomancak P, Krause HM. Global 
analysis of mRNA localization reveals a prominent role in organizing cellular architecture and function. Cell 2007; 131:174–87. Pages 178, 180, 181. Copyright 2020, 
with permission from Elsevier. B – smFISH on Hela cells. The genes names are indicated on the bottom left and localization patterns are above the photos. Top – 
from left to right: KIF5B is localized to the cell protrusions; FLNA is localized to the cell edge; BUB1 – cytoplasmic foci. Orange arrows indicate mentioned locations. 
Bottom – ASPM mRNA is localized to nuclear envelope and cytoplasmic foci in interphase and to spindle pole during cell division. Left – smFISH, right –  nuclei 
stained with DAPI. Orange arrow indicates interphase cell; pink arrow – mitotic cell. Reprinted from Chouaib R, Safieddine A, Pichon X, Imbert A, Kwon OS, Samacoits 
A, Traboulsi A-M, Robert M-C, Tsanov N, Coleno E, et al. A Dual Protein-mRNA Localization Screen Reveals Compartmentalized Translation and Widespread Co- 
translational RNA Targeting. Dev Cell 2020; 54:773–791.e5. Pages 775, 776. Copyright 2020, with permission from Elsevier. 
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microscope, which was at that time an important progress in 
the RNA imaging [56]. The MCP-GFP system has since been 
successfully implemented to study different steps of RNA 
metabolism including transcription, splicing, nuclear export, 
transport in the cytoplasm and degradation [57–66], leading 
to important discoveries. For example, it allowed to show that 
transcription is discontinuous and proceeds in bursts in bac
teria and eukaryotes, including mammals [59,67–69]. It also 
enabled to estimate that Polymerase II elongation rates aver
age from 1 to 4 kb/min depending on the organism 
[58,60,62,67,70–72].

The MCP-GFP also performs well in whole animals, it was 
applied to study the transport of the endogenous β-actin 
mRNA in live mouse [69,73]. The transgenic mice expressing 
MCP-GFP and MS2-tagged RNA were normal, 

undistinguishable from the wild type animals, indicating that 
this tagging system did not adversely affect mRNA metabo
lism. The system was also used in zebrafish and repeatedly in 
Drosophila embryos to study transcriptional regulation 
[72,74–81].

Further efforts helped to increase the brightness of single 
RNA molecules, mainly by increasing the number of MS2 
stem-loops. A tag containing 96 MS2 repeats was constructed 
to visualize transcription in live bacteria [67] and recently, an 
array of 128 degenerated MS2 stem-loops was engineered and 
used to visualize HIV-1 transcription in mammalian cells and 
RNA transport in neurons [70,82]. Here, the brightness of 
single molecules increased 5 times compared to the original 
24 MS2 repeat, helping to image RNAs longer and at higher 
speed. This high-speed imaging enabled to uncover that HIV- 

Figure 3. RNA detection in living cells.
A – Molecular beacons. Unbound MBs are not fluorescent due to a proximity of a quencher (blue circle) to a fluorophore (red circle). Upon binding to the target RNA, 
these interactions are disrupted leading to a fluorescence emission. B – Principle of fluorogenic RNA aptamers. RNA aptamers are based on the interaction of a 
specific RNA structure with a fluorogenic dye (green circle), which becomes fluorescent upon aptamer binding. C – The regulatory RNA aptamer Pepper. Pepper RNA 
binds a protein destabilization domain fused to a fluorescent protein, leading to its stabilization and allowing the fluorescent signal to be observed [54]. D – MCP- 
GFP detection of mRNA in live cells. MCP-GFP binds as a dimer to stem-loops from bacteriophage MS2. These stem-loops are usually inserted in 3ʹUTR of the mRNA 
of interest, and 24 stem-loops enable detection of single-RNA molecules [55,56]. 
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1 and some cellular genes are transcribed by RNA polymerase 
II convoys, groups of polymerases that move synchronously 
through the gene [70].

It is important to keep in mind that in some cases MCP 
binding can change the behaviour of the tagged RNA by inter
fering with RNA biogenesis. For instance, it was shown in yeast 
that MCP binding protects short-lived mRNAs in yeast from 
degradation, leading to RNA truncation and the appearance in 
the cytoplasm of MCP-protected fragments, which cannot be 
distinguished from the complete mRNA by live imaging [83,84]. 
This problem was solved by the use of modified stem loops that 
are less stably bound by MCP, enabling to restore their normal 
degradation [85]. Therefore, the MS2-tagged RNAs should be 
thoroughly controlled by quantifying their abundance and ver
ifying their localization by smFISH, and by comparing them to 
the native untagged RNAs.

Structurally related to MCP, the coat protein of 
Pseudomonas aeruginosa bacteriophage PP7 (PCP) was also 
adapted for visualization of RNA in live cells [86]. The simul
taneous labelling with MCP and PCP fused to different fluor
ophores enables imaging of two RNA species in the same cell, 
or two parts of the same RNA [62,66,87–89]. Several other 
RNA-binding proteins were applied for RNA visualization: 
the human U1A protein of U1snRNP, the bacteriophage λ 
protein λN and the bacterial protein BglG/SacY [90–92]. The 
U1A protein is not suitable for RNA visualization in human 
cells but it was successfully used in S. Cerevisiae and S. Pombe 
[93,94]. λN and BglG/SacY represent other tags of choice for 
double or multiple RNA labelling, although they are not as 
widely used as MCP and PCP.

New approaches to visualize RNA in live cells use Cas9 and 
Cas13. Catalytically dead versions of these enzymes can be 
programmed to bind the RNA of interest by short DNA and/ 
or RNA guide sequences [95–97]. At this point, Cas13 shows 
efficient labelling of different RNAs and has a promising 
potential for live-cell imaging [97]. Different RNA species 
can be detected using two orthogonal Cas13 of different 
origins, and simultaneous labelling of DNA and RNA can be 
achieved by combining Cas9 and Cas13. This approach opens 
opportunity for live imaging of endogenous RNA without 
modifying them with tags [97].

Transport of mRNAs through the nucleoplasm

Transcription, processing, export and localization of mRNAs are 
tightly linked. Pre-mRNAs are co-transcriptionally capped and, 
in most cases, are co-transcriptionally spliced [98]. During tran
scription and after, mRNAs dynamically associate with numer
ous RNA-binding proteins (RBPs) including splicing, export and 
3ʹ-end processing factors, cap-binding complexes, the exon-exon 
junction complex and poly-A binding proteins [99]. Transcript 
cleavage and addition of the polyA-tail results in the release of 
the mRNA from the transcription site [100]. On their way to the 
cytoplasm, the mRNPs first need to be transported to the nuclear 
pores and to translocate across them.

MCP labelling in live cells illuminated how mRNPs are 
transported in the nucleus and its passage through the nuclear 
pore complex (NPC). By imaging MS2-tagged mRNA repor
ters in human U2OS cells, it was found that the nuclear 

phases of gene expression, including mRNA transcription, 
processing, nucleoplasmic transport and export, take place 
within 5–40 min, with the exact duration depending on the 
size of the mRNA and splicing rates [62,63,87,101]. Correctly 
processed mRNPs are not retained in any particular nuclear 
domain. These mRNPs are simply released from their tran
scription sites and freely diffuse throughout the nucleoplasm 
until they reach nuclear pores. No active, motorized transport 
of mRNPs has been observed in the nucleus, in contrast to the 
cytoplasm [64,101,102]. Nucleoplasmic transport is slow and 
takes minutes compared to nuclear export that occurs in 
seconds. In the nucleoplasm, mRNPs display sub-diffusive 
movements and are restricted to chromatin-free spaces. The 
maintenance of the nuclear organization is strongly depen
dent on ATP and the energy deprivation provokes a shrinking 
of the nuclear space, leading to mRNP trapping and reduced 
diffusion, which is energy-independent on its own [64]. The 
intra-nuclear diffusion of mRNAs is dependent on their sizes 
with small molecules diffusing faster than large ones. This 
effect could be explained by the sieve-like properties of the 
inter-chromatin space [101].

Transport of mRNAs through the nuclear pores

mRNPs are exported to the cytoplasm through the nuclear pore 
complexes (NPCs). The NPCs are macromolecular complexes 
that are structurally conserved between all eukaryotes and con
sist of nucleoporins (for review see [103,104]). By electron 
microscopy, the NPCs contain three rings: nuclear, inner and 
cytoplasmic. On the nuclear side of NPC, eight rod-like fila
ments form a nuclear basket, while on the cytoplasmic side, eight 
filaments emanate from the pore. The central channel of the 
NPC functions as a selective transport gate for macromolecules. 
It is filled with hydrogel-like fibres consisting of phenylalanine- 
glycine (FG) repeats from 10 different nucleoporins [103]. These 
FG-repeats are disordered and flexible, forming a barrier 
between the nucleus and the cytoplasm. Molecules of up to 40 
kDa in size diffuse through the NPC while larger molecules are 
transported by nuclear transport receptors. These transporters 
recognize signals on the cargo and transiently interact with the 
FG repeats, thereby facilitating transport without specific energy 
requirements. Yet, energy is required to impose transport direc
tionality. mRNPs are transported by transport receptor NXF1/ 
NXT1 (Mex67/Mtr2 in yeast), which binds mRNPs within the 
nucleus and releases them on the cytoplasmic side of the NPCs. 
The assembly and disassembly of the transport complexes are 
accompanied by RNA remodelling, which requires the energy of 
ATP hydrolysis [100]. The DEAD-box helicases UAP56 (Sub2 in 
yeast) and DDX19 (Dbp5 in yeast) mediate binding of the 
mRNP to the NXF1/NXT1 transport receptor and its release in 
the cytoplasm, respectively [105–107]. Export of mRNPs is 
tightly linked to quality-control mechanisms. For instance, 
spliced mRNAs are efficiently exported while intron- 
containing mRNAs usually accumulate in the nucleus [101,107].

RNPs are large macromolecules and how they cross the 
nuclear pores remains partly mysterious. MCP labelling 
allowed to investigate the kinetics of transport through 
NPCs in vivo. The dimension of the inner channel of the 
NPC is about 40 nm [103], which is smaller than the 
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resolution of a regular light microscope (~ 200 nm of lateral 
resolution). To overcome this limitation and to be able to 
image the passage of mRNPs through the NPC with high 
precision, new microscopy approaches were developed 
[61,108]. Super-registration microscopy enables to take 
simultaneous high-speed movies of two different fluoro
phores on two precisely aligned cameras. Using this techni
que, the distances between β-actin mRNPs, labelled with 
MCP-YFP, and the nuclear pores, labelled with tandem- 
dimer Tomato, were measured, reaching a sub-diffraction 
spatial precision of 26 nm and a temporal resolution of 
20 ms. Based on these measurements, a 3-step model of 
nuclear export in mouse cells was proposed: docking 
(80 ms), transport (5–20 ms), and release (80 ms), with 
a total export time about 180 ms [61]. The authors found 
that mRNPs can move bi-directionally within the pores, con
firming that unidirectional export requires interaction with 
cytoplasmic molecules that remodel the mRNP and prevent it 
from crossing back the pores [61,105,109].

Further increase in temporal and spatial resolution was 
achieved through single-point edge-excitation sub-diffraction 
microscopy (SPEED), followed by deconvolution [108]. In this 
approach, single fluorescently labelled nuclear pore and indivi
dual MCP-labelled mRNPs were illuminated with two over
lapped laser beams and imaged on a CCD camera with 
frequency of 500 frames per second, allowing for a temporal 
resolution of 2 ms and a spatial precision of 8 nm. This approach 
found the time of NPC passage equal to 12 ms for β-actin and 
firefly luciferase mRNAs in mouse and human cells [108]. This 
time of NPC passage differs more than 10 times from previous 
measurements [61]. The authors explain this discrepancy by 
a higher temporal resolution of their study, since as soon as 
they decreased the temporal resolution, only more slowly diffus
ing molecules were observed. Only 36% of the mRNPs arrived to 
the cytoplasmic side of the NPCs while others returned back to 
the nucleus, supporting the idea that quality-control selection of 
the mRNPs occurs on the nucleoplasmic side and in the central 
channel of NPCs [108].

Single-molecule imaging revealed that, in both mammalian 
and yeast cells, the mRNPs were sliding along the nuclear envel
ope before being transported through the nuclear pores, display
ing so-called nuclear periphery scanning [61,110]. Furthermore, 
instantaneous sampling of 3D nuclear volumes by multi-focus 
microscopy showed that more than 60% of MCP-labelled β-actin 
mRNPs in mouse fibroblast nuclei were located within 0.5 μm 
from the nuclear pores, further supporting the existence of 
a scanning process during which mRNPs sample nuclear pores 
before engaging into export [102].

PP7-GFP labelling of mRNAs in live yeast S. cerevisiae 
combined with genetic approaches helped to uncover the 
molecular basis of this scanning behaviour. It was found to 
be dependent on interactions of mRNPs with the nuclear 
basket proteins Mlp1/2, and mediated by the nuclear poly-A 
binding protein Nab2 that directly interacts with Mlp1 on one 
side and the mRNA export receptor Mex67 on the other. 
Mutations of the nuclear basket proteins Mlp1/2 or Nab2 
decreased mRNPs dwell time at the nucleoplasmic side of 
the pores and led to their release back into the nucleoplasm 
suggesting a role for nuclear basket in mRNPs remodelling 

and their quality-control before export [110,111]. Upon arri
val to the cytoplasm, mRNPs first docked at the cytoplasmic 
side of the nuclear pores, probably for a remodelling step after 
export. The time of export in yeast cells was about 200 ms, 
similar to measurements obtained by super-registration 
microscopy in mammalian cells [61,112]. The authors further 
show that Mex67p is involved in the mechanisms controlling 
the cytoplasmic release of mRNPs, as well as overall transport 
directionality [112]. More recent imaging in yeast and mam
malian cells indicated that Mex67 and its human homolog 
NXF1 mainly function at the NPC and not before, and prob
ably associate with mRNPs only at the pore during its crossing 
[113,114], while the release of mRNPs in the cytoplasm 
required Mex67/NXF1 and the essential for mRNA export 
helicase Dbp5 [114].

In the insect Chironimus tentans, an elegant approach was 
used to observe the endogenous Balbiani Ring mRNPs at 
a single molecule level by light-sheet microscopy. In this 
case, mRNPs were tracked using fluorescently-labelled hrp36 
protein, a homolog of mammalian hnRNPA1 that binds the 
pre-mRNA co-transcriptionally, accompanies it during 
nuclear export and remains associated with polysomes during 
translation [115]. Upon cytoplasmic injection, fluorescently 
labelled hrp36 entered the nucleus where it was co- 
transcriptionally incorporated in Balbiani Ring mRNPs and 
followed them to the cytoplasm [116,117]. Similar to yeast 
and mammalian cells, a nuclear periphery scanning was 
observed with the mRNPs displaying a rate-limiting step at 
the nuclear basket that may correspond to mRNP remodel
ling. Only 25% of the particles were successfully exported with 
an export time ranging between 65 ms and several seconds in 
agreement with the reported time in yeast and mammalian 
cells [117]. A single molecule analysis of fluorescently labelled 
helicase Dbp5, showed a large number of fluorescently 
labelled Dbp5 molecules at the nuclear envelope, which loca
lized mostly on the cytoplasmic side of the NPC and stayed 
bound for an average of 55 seconds. The authors proposed 
that several Dbp5 molecules act in concert for mRNP trans
location and release [117].

Transport of mRNPs in the cytoplasm

Once arrived in the cytoplasm, mRNPs are remodelled: they 
lose some nuclear factors and gains new RBPs that will facil
itate their translation and transport to the final cytoplasmic 
destination [118]. As we previously mentioned, some mRNAs 
are localized to specific sub-cellular areas, while others are 
randomly distributed throughout the cytoplasm or non- 
localized [2]. Note that even non-localized mRNAs should 
leave the perinuclear area after export to be homogeneously 
distributed throughout the cytoplasm. Live cell imaging shows 
that cytoplasmic mRNPs can be subjected to diffusion, 
anchoring and directed motorized transport through interac
tions with cellular motors [56,119,120]. These types of move
ments are stochastic and were observed for non-localized as 
well as for localized mRNAs. However, the cytoplasmic trans
port of localized mRNA such as β-actin showed a strong bias 
towards motorized directed movements, which help to deliver 
it to the cell periphery where it can get anchored [56]. 
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Motorized directed movement is particularly important in 
neurons where mRNPs patrol synapses in a highly dynamic 
fashion resembling a sushi-belt [121]. In neuronal processes, 
some mRNPs display anterograde transport biases, which are 
believed to play important roles in RNA sorting to specific 
distal locations and therefore fundamental for neuronal func
tion [73,82,122].

The trajectories of single RNA molecules can be recon
structed with tracking algorithms [123]. Recently, a software 
allowing to infer mechanistic characteristics of movement 
from single trajectories was developed [124]. This approach 
is based on hidden Markov models and it helps to determine 
switches between different types of movements: diffusion, 
transient anchoring and directed motorized transport, 
depending on cytoplasmic location of mRNPs, thus giving 
access to the link between mRNA transport and its local 
functions. Mathematical modelling of trajectories also helps 
to better characterize the localization mechanism. For 
instance, recent data in neurons suggest that β-actin mRNPs 
follow a Levy walk in neuronal processes, i.e. long stochastic 
transport events followed by local exploration [73]. This may 
allow the mRNP to efficiently explore the dendritic tree to 
find relevant synapses.

Molecular mechanisms linking cytoplasmic mRNAs to 
motors

The transport of mRNA to specific cytoplasmic locations is often 
mediated by cis-acting localization elements (LEs) that are 
usually found in the 3ʹ-UTR of the mRNA but can also be 
embedded in its coding sequence. These RNA signals are 
bound by RBPs that link the mRNA to transport and anchoring 
systems through adaptor proteins. Active motorized transport is 
the most common mechanism of RNA localization. However, 
other mechanisms such as selective degradation or diffusion 
coupled to anchoring can be also used, sometimes in combina
tion [125,126]. The LEs display no sequence or structure con
servation and can be very heterogeneous in length and 
structures. Only few of the known LEs display short linear 
sequence motifs such as the hnRNP A2 responsive element of 
Myelin Basic Protein mRNA [127], or the bi-partite zipcode of β- 
actin mRNA [128,129]. The majority of LEs contain diverse 
secondary structures including stem-loops, bulges, or 
G-quadruplexes [130]. How such diverse structures are coupled 
to the cellular transport machineries is not well understood.

One of the best-studied examples is that of ASH1 mRNA, 
which localizes to the bud tip in yeast cells during mitosis. 
This mRNA has four LEs that are located in both the 3ʹUTR 
and the coding sequence, which are bound co- 
transcriptionally by the RNA-binding protein She2p. In the 
cytoplasm, the adaptor protein She3p links the mRNA: She2p 
complex to the myosin motor Myo4, forming the so-called 
locasome that is transported on actin cables to the bud tip 
[55,131] (Fig. 4A; for review see [132]). Recently, X-ray crys
tallography was applied to investigate the structure of one of 
the four ASH1 LEs, E3, in complex with She2p and She3p 
proteins [133]. This study shows that two 28 nucleotides 
stem-loops corresponding to a minimal E3 element are 
bound by two dimers of She2p. The central region of the E3 

stem undergoes structural rearrangements upon this binding 
and the structure is stabilized by the nuclear Loc1p protein, 
which is replaced by She3p in the cytoplasm. She3p binds 
concomitantly the RNA and She2p, helping to achieve 
a highly specific recognition of the LE, necessary for its 
transport. She2p and She3p binding require a combination 
of RNA sequence and structure and it is fulfilled through the 
action of the globular domain of She2p and the unstructured 
domain of She3p [133]. It is important to note that the same 
She-dependent transport system is used in yeast for a variety 
of mRNAs, which localize to the bud at different phases of the 
cell cycle [134–136]. Interestingly, ASH1 mRNA transport can 
involve phase-separated granules, containing multiple mRNA 
molecules [137,138], a feature that is found in other cases of 
mRNA transport in different systems such as mouse neurons 
and developing Xenopus oocytes [73,139]. In contrast, cases of 
singly transported mRNAs have been described in neuronal 
dendrites and in Drosophila oocyte [140,141].

In Drosophila embryo, multiple RNAs localize to the minus 
end of microtubules, both in the oocyte and in polarized epithe
lial cells of the blastocyst. These mRNAs bear a variety of 
seemingly unrelated LEs. Nevertheless, they are transported 
through the association of their LEs with a common adaptor 
RBP called Egalitarian (Egl), which couples mRNAs to the 
dynein transport complex through an interaction with 
Bicaudal-D (BicD) [142]. Structural studies demonstrate that 
BicD binds both Egl and an endosomal Rab6GTP cargo through 
the single binding site. While the two cargoes are not co- 
transported, the use of the same adaptors for motorized trans
port of RNPs and for endosomal sorting suggest that similar 
mechanisms could underline these processes [143]. In vitro 
study using purified proteins to reconstruct RNA transport on 
microtubules showed that binding of the RNA LE by Egl pro
motes its interaction with BicD homodimer, which in turn alters 
the conformation of BicD to promote its assembly with an active 
dynein-dynactin complex (Fig. 4B). Indeed, an autoinhibitory 
loop of BicD is released upon binding the RNA:Egl complex and 
becomes available for interaction with dynein and dynactin. The 
experiments also suggest that two Egl molecules bind one LEs 
and that the RNA stabilizes the Egl dimer, which may bind BicD 
with a higher affinity than monomers. The authors propose that 
the RNA plays a scaffolding role in the assembly of the transport 
complex, allowing the regulation of intracellular transport and 
limiting unproductive transport cycles without RNA [144].

Imaging translation reveals active transport of 
polysomes as a new mechanism for RNA localization

In line with RNA-driven assembly of transport complexes, it 
is believed that mRNAs are translationally silenced during 
their transport and that their translation starts only at the 
appropriate cytoplasmic location [145]. However, this view is 
now questioned by new single molecule approaches that pro
vide spatial and temporal information about mRNA transla
tion and its relation with transport.

One of these techniques is based on fluorescence fluctua
tion spectroscopy (FFS), which monitors fluorescent intensi
ties in a microscopic volume in live cell. The passage of the 
fluorescently tagged mRNA and ribosomes through this small 
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volume allows to follow their association via a cross- 
correlation analysis of the fluorescent signals, and to calculate 
the stoichiometry of the interactions by measuring the bright
ness of the diffusing macromolecules (Fig. 5A, left). This 
method can be broadly applied to study dynamics of mRNA 
interactions with any RBPs within the cell. It was used to 

demonstrate that association of ribosomes and ZBP1 with β- 
actin mRNA were mutually exclusive, thus confirming a role 
of ZBP1 in translation inhibition [146]. Fluorescently labelled 
mRNA and ribosomes can also be tracked simultaneously 
using single particle tracking, enabling to create maps of 
mRNA and ribosome trajectories and to elucidate where and 

Figure 4. mRNP transport complexes.
A – ASH1 mRNA in yeast Saccharomyces cerevisiae. ASH1 is transported on F-actin cables, it is bound by RBP She2p co-transcriptionally, an adaptor She3p links RNA- 
She2p complex to a motor Myo4D in the cytoplasm [126]. B – RNA-stimulated assembly of transport complex for localized RNAs in Drosophila embryo. RBP 
Egalitarian (Egl) binds the RNA LE and promotes its interaction with the dimer of Bicaudal-D (BicD). RNA:Egl complex binding to BicD releases its autoinhibitory loop 
facilitating the interaction with dynein to form an active dynein-dynactin complex for the transport to the minus end of microtubules. Two Egl proteins are 
associated with one molecule of RNA [144]. C – Transport of septin mRNAs in fungus Ustilago maydis. mRNAs are bound by the RBP Rrm4 together with its partner 
Grp1 and transported on Rab5a positive early endosomes. The complex mRNA-Rrm4-Grp1, containing also Poly-A binding protein 1 (Pab 1), is tethered on 
endosomes through the adaptor Upa1. The mRNA is translated during the transport [184]. D – Model of β-catenin mRNA translational regulation. β-catenin mRNA 
accumulates in cytoplasmic translation factories, where it is translated and the newly-made β-catenin protein is degraded by the destruction complex. Upon WNT 
signalling activation, the factories are dissolved and the newly synthesized β-catenin migrates to the nucleus to activate transcription [31,192]. 
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when the mRNA is translated (Fig. 5A, right). Using co- 
tracking, it was found that translating β-actin mRNAs slow
down their movements and dwell a longer time near focal 
adhesion sites in fibroblasts [147].

Another approach to image translation is called 
Translation RNA Imaging by the Coat-protein Knock-off 
(TRICK). This method distinguishes the mRNAs that under
went the first round of translation from the mRNAs that have 
never been translated. Here, double tagging of mRNA with 
PCP in the coding region and MCP in the 3ʹUTR is used. The 
passage of the ribosome during translation leads to the PCP 
removal from the coding region, yielding the mRNAs that 
have only one colour instead of two (Fig. 5B). Using TRICK, 
the authors showed that under stress conditions transcripts 
with 5ʹ-terminal oligopyrimidine (5ʹ-TOP) motif are tran
scriptionally repressed, and either remain free in the cyto
plasm or become sequestered in P-bodies. Upon stress release, 
the free cytoplasmic mRNAs resumed translation, while the 
mRNAs localized to P-bodies stayed transcriptionally inactive. 
TRICK also was applied to the whole Drosophila embryo to 
confirm that localized Oskar mRNA starts translation only 
when it reaches the posterior pole of the oocyte [88].

A recent breakthrough in the field was brought by single 
molecule approaches that directly visualize nascent peptides in 
live cells. These methods are based on repeated peptide epitopes 
such as SunTag, FLAG or HA tags (Fig. 5C) [148–150]. The 
SunTag is a repeated epitope from the yeast Gcn4 protein and it 
is detected by a recombinant single chain variable fragment 
antibody fused to sfGFP (scFv-sfGFP), which recognizes the 
epitope with a very high affinity, in the sub-nanomolar range. 
The Gcn4 peptide is inserted in multiple copies in the protein of 
interest, usually 24, such that the signal is amplified and single 
molecules become visible with a simple wide-field microscope 
[149]. To visualize translation of single mRNPs, the SunTag is 
inserted at the N-terminus of the protein of interest. In this case, 
the peptide epitope becomes bound by the fluorescent single 
chain antibodies as soon as it emerges from the ribosomes, 
allowing the visualization of translation at the level of single 
mRNAs [151–154]. As an alternative to the SunTag, a protein 
can be tagged with 10 copies of the FLAG tag inserted in the 
Spaghetti Monster scaffold, and its translation can then be fol
lowed using either fluorescently labelled Fab antibody fragments 
loaded in the cells using beads [148], or a recombinant single 
chain anti-HA antibody termed Frankenbody. The Frankenbody 
can be expressed in fusion with different detection modules, 
including fluorescent proteins and HaloTag, allowing visualiza
tion in various colours [150]. Additional pairs of repeated epi
tope/nanobody also became available for multi-colour read-out 
of translation [155].

The direct visualization of translation allowed to measure 
the translation elongation speed, which varies from 5 to 18 
amino acids per minute [148,151,153]. Similar to transcrip
tion, translation of single mRNAs occurs in a burst-like fash
ion in Hela cells and neurons [151,153]. The 3ʹUTR seems to 
play an important role in the spatial regulation of translation 
in neurons: a reporter mRNA with β-actin 3ʹUTR was trans
lated in proximal dendrites but translationally repressed in 
distal dendrites, while the 3ʹ-UTR of Arc mRNA increased the 
number of translating mRNAs in dendrites [152,153]. 

Interestingly, the onset of translation had little or no effect 
on mRNA motility in the cytoplasm, and the diffusive move
ments of polysomes were nearly as rapid as a diffusion of free 
mRNA molecules non-engaged in translation. The diffusion 
coefficients of individual polysomes translating the same 
mRNA showed high heterogeneity, which could probably 
reflect their interactions with multiple intracellular structures. 
The type of cytoplasmic transport also varied for different 
translating mRNAs. For example, POLR2A polysomes dis
played only diffusive movements, while Dynein heavy chain 
polysomes alternated diffusion, anchoring and, surprisingly, 
motorized transport [151]. This suggests that, in contrast to 
previous expectations, translation could be instrumental for 
mRNA transport. In line with this idea, recent evidences 
indicate that for a series of human mRNAs localizing to 
centrosomes, nuclear envelope and Golgi apparatus, transla
tion inhibition disrupts RNA localization [31,156,157]. 
Moreover, in the case of centrosomal mRNAs, reporter 
experiments and direct polysome imaging with the SunTag 
demonstrated that the polysomes are subjected to active 
motorized transport driven by the nascent protein and not 
by the RNA [21]. This represents a considerable difference 
from the traditional paradigm of RNA-dependent transport of 
translationally repressed transcripts. Moreover, both the cen
trosomal mRNAs and the localization mechanism are con
served in Drosophila [157], revealing a remarkable example of 
the evolutionary conservation of RNA localization. Finally, 
some of these centrosomal mRNAs localize to cilia in quies
cent cells, and in this case, transport appears to be dependent 
on both translation and EJC [158], suggesting a concomitant 
contribution of RNA and protein determinants. Together with 
previously described case in Drosophila [158,159], it is 
a second example of the EJC role in mRNA localization.

Interestingly, the mRNA encoding for the Dynein heavy 
chain appears to be translated in dedicated translation factories, 
which are small cytoplasmic foci accumulating many copies of 
the same mRNA [151]. A few other mRNAs were recently found 
to be translated in similar structures, including β-catenin for 
which the factories were shown to be involved in the co- 
translational degradation of the nascent protein (Fig. 4D) [31]. 
Remarkably, the foci were dissolved upon Wnt signalling activa
tion, which is known to stabilize β-catenin [31]. Therefore, the β- 
catenin translation factories play a regulatory role by tightly 
controlling the amount of the key effector of Wnt signalling 
pathway [31]. Similar regulation can be at place in axonal growth 
cones, where a coupling of local translation and protein degra
dation was previously described [160]. The translation factories 
or analogous foci could also be the sites of the co-translational 
assembly of protein complexes, a process recently found to occur 
in yeasts and in mammalian cells [161,162]. Another interesting 
example of local translational regulation is provided by intestinal 
epithelium in mouse. In these polarized cells, ribosomes were 
found to display apical localization leading to a more efficient 
translation of the apical mRNAs. After food intake, the mRNAs 
encoding for ribosomal proteins were transported to the apical 
part of the cells, where they were efficiently translated to produce 
more ribosomes and sustain more efficient translation associated 
with nutrients absorption [163]. These findings add another 
level of complexity in the regulation of localized translation, 
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Figure 5. Single-molecule approaches to study mRNA translation in live cells.
A – Tracking of mRNAs and ribosomes. RNAs are labelled with MCP-GFP (top, green ovals) and ribosomes with red fluorescent protein (top, red ovals), allowing to 
follow them by Fluorescence Fluctuation Spectroscopy (FFS) or single-particle tracking. Left: two-photon FFS monitors passages of mRNAs and ribosomes through a 
microscopic volume in the cell [146]. Right: single particle co-tracking of mRNPs and ribosomes [147]. B – TRICK. The mRNA is labelled with PCP-GFP (left, green 
ovals) in its coding region and with MCP-RFP (left, red ovals) in its 3ʹ-UTR. Ribosome removes bound PCP-GFP during translation. The non-translated mRNAs are 
visible in the microscope as yellow dots due to the superposition of green and red colours (right), while after the first round of translation the mRNAs become red 
dots (right) [88]. C – Visualization of nascent translation. Top left – The mRNA is labelled with MCP-RFP (left, red ovals), the nascent peptide is visualized using single 
chain antibodies fused to super-folder GFP ScFv-sfGFP (left, green stars), that recognize SunTag, or with anti-Flag antibodies, or Frankenbody in case of protein 
labelling with repeats of Flag- or HA- tags. Right – Non-translating mRNAs are visible as red dots (right), the single molecules of protein are green dots (right) and 
actively transcribed mRNA are yellow dots [149]. Bottom – Micrograph of HeLa cells with a SunTagged ASPM allele, showing ASPM mRNA (by smiFISH, left and red), 
the signal from the SunTag (middle and green); blue, nuclear staining with DAPI. White and black arrows, a single mRNA positive for the SunTag; orange arrow, an 
mRNA foci positive for the SunTag. Scale bar: 10 mm. Reprinted from Chouaib R, Safieddine A, Pichon X, Imbert A, Kwon OS, Samacoits A, Traboulsi A-M, Robert M-C, 
Tsanov N, Coleno E, et al. A Dual Protein-mRNA Localization Screen Reveals Compartmentalized Translation and Widespread Co-translational RNA Targeting. Dev Cell 
2020; 54:773–791.e5. Page 781, Copyright 2020, with permission from Elsevier. 
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opening a possibility that in addition to mRNA localization, the 
translation apparatus can also be localized.

RNA transport on membrane organelles

Endoplasmic reticulum

In different organisms from yeast to mammals, multiple 
mRNAs encoding membrane and secreted proteins are loca
lized to endoplasmic reticulum (ER). The ER targeting of 
these mRNAs usually depends on a signal peptide, a short 
peptide sequence located at the N-terminus of the nascent 
protein (reviewed in [164]). Although this type of targeting is 
a predominant way for ER localization, some mRNAs encod
ing for cytoplasmic proteins were also reported to be localized 
and translated on ER [165]. Through quantitative imaging in 
fixed and live cells, recent study demonstrates that a small 
fraction of cytosolic mRNAs is associated with ER in 
a translation-dependent manner and it remains on the ER 
during several rounds of translation. A fraction of the ER- 
attached mRNAs display a higher ribosome occupancy as 
compared to their cytoplasmic counterparts, and this could 
have physiological consequences [166]. Furthermore, ER loca
lization can also occur in a translation-independent manner 
through RNA encoded signals [167]. For instance, in Xenopus 
oocyte, Vg1 mRNA is targeted to the ER through its 3ʹUTR 
localization signal and is then transported on microtubules 
attached to the ER to reach the vegetal pole [168].

The previously described ASH1 mRNA in yeast was also 
observed to be co-transported with ER tubular structures by 
live-cell imaging [169]. However, in this study ASH1 was not 
expressed from its endogenous promoter leading to changes 
of its expression during cell cycle. Later studies showed that 
only the bud-localized mRNAs expressed in S and G2 phases 
are co-transported with tubular ER to achieve their localiza
tion. These mRNAs encode membrane and secreted proteins 
but their targeting to the ER can be independent from the 
signal peptide, as in case of the yeast WSC2 mRNA. On the 
contrary, ASH1 mRNA is expressed during late mitosis and it 
localizes to the bud tip independently of the ER [135].

Finally, it is important to note that the ER is also used by 
different RNA viruses during their replication cycle. For 
instance, infection by flaviviruses modifies the ER and viral 
RNAs dynamically associate to the reticulum membranes 
during viral replication [170,171]. Coronaviruses, including 
SARS-CoV-1, modify ER membranes and create double- 
membrane organelles, which contain viral RNA and serve as 
compartments of viral replication and transcription in the 
cytoplasm of infected cells [172,173]. Similar structure are 
likely formed by recently appeared SARS-CoV-2 and their 
investigation will be important for understanding the viral 
RNAs metabolism.

Endosomes and transport of viral RNAs

RNA transport on endosomes plays a role in the infection 
cycles of different RNA viruses, including retroviruses. For 
example, the genomic RNAs of Murine Leukaemia Virus 
(MLV) travel together with the retroviral proteins Gag and 

envelope on recycling endosomes inside infected cells, to 
reach the plasma membrane for budding [57]. Gag specifically 
recognizes the genomic retroviral RNA and it interacts with 
endosomal membranes thereby acting as a tether between 
them. The transport of the HIV-1 genomic RNA is also linked 
to the endosomal system [174,175]. The endosomal pathway 
may be used to deliver viral RNA-Gag complexes to the sites 
of cellular contacts and to facilitate direct cell to cell transmis
sion of HIV-1 [175]. Indeed, HIV-1 infection of primary 
CD4 + T-cells proceeds through specialized cell-cell contacts 
called virological synapses, and their formation requires spe
cialized endosomal compartments called secretory lysosomes 
[176]. In infected macrophages, HIV-1 viruses bud and accu
mulate in intracellular compartments, which were first classi
fied as late endosomes or multi-vesicular bodies [177–179]. 
However, later studies have found that they are distinct from 
canonical endosomes and may be connected to the plasma 
membrane, although their precise nature remains unclear 
[180]. Another pathogen, influenza A virus, belonging to 
negative-strand RNA viruses, transports its viral RNP on 
Rab11 positive endosomes in a kinesin dependent manner 
[181–183]. All these examples demonstrate that transport of 
RNPs on endosomes plays an important role in host–patho
gen interactions.

Endosomes and transport of cellular RNAs

Following the rule that viruses use pre-existing cellular 
mechanisms for their propagation, endosomes also transport 
cellular RNAs in different organisms. In a pathogenic fungus 
of corn, Ustilago maydis, localized mRNAs travel on micro
tubules by hitchhiking on endosomes. U. maydis switches 
from yeast-like to hyphal (i.e. filamentous) growth during 
the early phase of corn infection. To precisely target proteins 
during hyphal growth, numerous mRNAs are bound by the 
RBP Rrm4 and transported to hyphal tips by Rab5a positive 
early endosomes (Fig. 4C). The mRNA-Rrm4 complex is 
tethered to endosomal membranes through an adaptor called 
Upa1, which binds simultaneously Rrm4 and membrane 
lipids (reviewed in [132]). Rrm4 functions to transport 
mRNAs and ribosomes on the same endosomes, helping 
also to distribute polysomes throughout the hypha [184]. 
Recently, transcriptome-wide iCLIP has shown that Rrm4 
transports on the endosomes more than 2000 transcripts 
together with its new partner Glycin rich protein 1 (Grp1) 
(Fig. 4C). The analysis of the RNA-binding sites in this 
transport complex revealed that Rrm4 and Grp1 bind together 
and in close proximity to the 3ʹUTR of the majority of 
mRNAs and this allows for translation concomitantly with 
transport [185]. This is the case of the important for infection 
septins, whose mRNAs are bound by Rrm4 and Grp1 in their 
3ʹUTRs and are translated and assembled in high order struc
tures on endosomes during their transport [186–188]. 
Although it is not clear if the nascent protein is involved in 
the transport process, Rrm4 binds some other mRNAs inside 
open reading frames, suggesting that these mRNAs could be 
translationally inhibited, or subjected to translational regula
tion during their transport [185].
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Similar mechanisms could exist in mammalian system, 
where a novel study found that some RNA-containing gran
ules hijack late endosomes in non-polarized human U2OS 
cells and primary rat neurons [189]. These granules are teth
ered on the cytoplasmic side of late endosomes through the 
protein Annexin 11 (ANXA 11). ANXA11 interacts with RNA 
through its unstructured N-terminal low complexity region, 
whose phase separating properties facilitate RNA granule for
mation. On the other side, ANXA11 binds the lysosomal 
membranes through its annexin domain in a calcium- and 
phospholipid-regulated manner. Remarkably, familial cases of 
the neurodegenerative disease Amyotrophic Lateral Sclerosis 
(ALS) are associated with mutations in ANXA11. These muta
tions lead to alterations of neuronal functions through dis
ruption of ANXA11 interactions with late endosomes. This 
impacts its phase-separation properties important for the for
mation of RNA granules and perturbs the mRNP transport 
system that normally brings RNA to distal parts of neurites 
[189]. This exciting finding provides an interesting parallel 
with the endosomal mRNA transport system in Ustilago 
maudis cited above [132]. It also resembles the transport of 
retroviral RNAs on endosomes mediated by the viral Gag 
protein [57].

Another discovery provides a link between endosomal traf
ficking and localized mRNA translation in Retinal Ganglion 
Cells (RGCs) of Xenopus [190]. In the axons of RGCs, mRNPs 
and ribosomes were found to be associated with early and late 
endosomes. Live cell imaging revealed that some mitochondrial 
proteins were translated on Rab7a positive late endosomes at 
the sites of long-term contacts with mitochondria, and this local 
translation was shown to be important for mitochondrial activ
ity. It is plausible that endosomal translation could exert 
broader functions in axons, since other translating mRNAs 
were also associated with late endosomes. Importantly, 
a humans neurological disorder Charcot-Marie-Tooth disease 
type 2B is associated with Rab7a mutations that disrupt the local 
translation of mitochondrial proteins. This leads to mitochon
drial dysfunction and contributes to axonopathy of sensory and 
motor neurons [190].

mRNPs association with endosomes seems to be a recurrent 
theme in mammalian cells. Recently, multiple mRNAs encoding 
for proteins involved in endocytic and membrane pathways 
were found to be localized to early endosomes in human cell 
lines [191]. Among them, mRNA of Early Endosomal Antigen 1 
(EEA1) is anchored at the endosomes in a translation- 
dependent manner and its translation might be negatively regu
lated by RBP CSRP1 at this location [191], suggesting that 
similarly to Ustilago maudis, the endosomes could be sites of 
regulated translation in mammals.

Concluding remarks

Studies of mRNA transport by single molecule microscopy 
revealed essential aspects of the spatial and temporal regulation 
of gene expression. Spectacular technical advancements enable 
to address challenging questions to broaden our understanding 
how mRNA delivers and translates the genetic information. 
A first open question is the detailed characterization of mRNA 
transport complexes, which will benefit from the concerted use 

of single molecule and systematic biochemical approaches for 
the identification of RBPs, mRNA LEs and motors. A second 
challenge is to study mRNA transport in its endogenous context 
and in whole tissues and organisms. These studies are facilitated 
by the development of CRISPR-Cas9 methods to tag endogen
ous genes, as well as by Cas13 approaches to directly visualize 
untagged endogenous mRNAs [95–97]. Finally, the single mole
cule approaches that visualize nascent translation [151–154] 
revolutionized the field and opened the possibility to study 
mRNA transport and translation simultaneously, in response 
to various stimuli and in different physiological contexts, includ
ing in multicellular organisms, where studies are facilitated by 
rapid progress of imaging technologies such as light sheet micro
scopy and computer vision. These techniques already provided 
important insights on the links between transport and transla
tion, and now point us to multiple, exciting future directions.
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