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Abstract

The transport of messenger RNAs (mRNAs) from the nucleus to cytoplasm is an essential step in 

the gene expression program of all eukaryotes. Recent technological advances in the areas of 

RNA-labeling, microscopy, and sequencing are leading to novel insights about mRNA biogenesis 

and export. This includes quantitative single molecule imaging (SMI) of RNA molecules in live 

cells, which is providing knowledge of the spatial and temporal dynamics of the export process. 

As this information becomes available, it leads to new questions, the reinterpretation of previous 

findings, and revised models of mRNA export. In this review, we will briefly highlight some of 

these recent findings and discuss how live cell SMI approaches may be used to further our current 

understanding of mRNA export and gene expression.

Keywords

mRNA export; RNA-binding protein; nuclear pore complex; in vivo single molecule imaging; 
MS2-MCP system; PP7-PCP system

Introduction

The efficient and timely delivery of mRNAs to the cytoplasm for translation is essential to 

gene expression and cellular function. This importance is reflected in the mutation of the 

nuclear transport machinery in human disease (e.g. cancers, developmental and neurological 

disorders) and targeting of this machinery by viruses to promote viral replication and 

survival [1–5]. Studies of mRNA export over the past several decades have provided a 

detailed list of components (e.g. cellular machines, proteins and small molecules) required 

for this process, yet it remains to be understood how these factors function in space and time 

to facilitate and regulate export. This is in large part due to the challenges of studying the 

spatial and temporal dynamics of this process. However, these types of data are essential to 

understanding the flux of mRNAs across the nuclear envelope to match cellular demand and 

how reprogramming of this process by mutation could lead to disease. Excitingly, the 
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development of SMI strategies and powerful sequencing methodologies has now made it 

possible to capture the dynamics of this process and to address key questions related to 

mRNA biogenesis and export.

Visualization of mRNAs in vivo reveals their spatiotemporal distribution 

and transport kinetics

In Saccharomyces cerevisiae, it is estimated that ~60,000 mRNA molecules are present per 

cell [6]. Given a median transcript half-life of 11–18 min [7, 8], approximately 2,000–3,000 

transcripts have to be transported out of the nucleus per minute. Taking into account a 

density of 60–200 nuclear pore complexes (NPCs) per yeast nucleus [9], this translates to 

around 10–50 mRNA export events per NPC each minute. A major bottleneck towards 

studying export events has been the lack of ‘sensitive’ assays to monitor where and when 

export occurs and to define where in the process a given export factor functions. For 

example, the commonly used oligo(dT) in situ hybridization assay allows bulk poly(A)+ 

RNA to be visualized and has led to the identification of almost all known export factors; 

however, all these mutants exhibit very similar phenotypes, which is the accumulation of 

poly(A)+ RNA in one or more compartments of the nucleus [10–14]. To step away from 

such bulk measurements, single transcript analyses using single molecule fluorescence in 

situ hybridization (smFISH) have more recently been undertaken. smFISH can reveal ‘snap-

shot’-like information on transcript localization, transcript abundance and cell-to-cell 

variability [6, 14–16], but in vivo dynamics, such as nuclear export kinetics or transport 

directionality, cannot be measured (Figure 1A). To overcome these limitations, recent 

advancements in RNA labeling and imaging technology have allowed various groups to 

address the dynamics of export in vivo [17–20]. Importantly, this has provided an 

opportunity to spatially and temporally characterize nuclear biogenesis and export in live 

cells at the level of individual mRNAs (Figure 1B).

Imaging of single RNAs in a living cell is made possible by the introduction of sequence 

tags into the transcript. A common strategy is based on the sequence-specific interaction of a 

fluorescently labeled bacteriophage coat protein (CP) with specific RNA binding sites 

(reviewed in [21]). This approach was initially established using protein and RNA 

components from the phage MS2 [22, 23]. An orthologous system has also been recently 

described from the phage PP7 [24, 25]. PP7 and MS2 retain binding specificity when 

combined in vivo, allowing even for double labeling of individual transcripts [26], which 

was recently employed to monitor translation in vivo [27]. Other commonly used mRNA 

labeling systems include lambdaN/boxB [28], and the U1A system [29,30].

To observe mRNA transport from the nucleus to the cytoplasm the MS2 or PP7 systems 

have been employed in Saccharomyces cerevisiae, the fly Chironomus tentans, mouse and 

human cells [17–20, 31, 32] (Summarized in Table 1, and reviewed in [33]). Whereas some 

studies observe similar mRNA behaviors (e.g. mRNA retention close to NPCs [20, 32]), the 

reported NPC transit times vary by several orders of magnitude. Although these numbers are 

likely dependent on the transcript and organism characterized, differences in image 

acquisition strategies and data interpretation have also been pointed out as a source of 
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discrepancy [34, 35]. Further application of these imaging approaches is now required to 

clarify these differences and to address unresolved questions about directional mRNA 

export. In the following sections we discuss some of the major questions and highlight how 

SMI technologies can be used and/or adapted to answering such questions in vivo. For 

additional discussions of mRNA transport kinetics the reader is directed to a number of other 

recent reviews [33, 35–37].

Nuclear mRNP maturation: What determines the path taken?

During mRNA biogenesis, a transcript dynamically associates with various RNA-binding 

proteins (RBPs) to form an RNA–ribonucleoprotein particle (RNP). The repertoire of 

interacting proteins is responsible for directing RNA processing and maturation, which 

ultimately determines export competency and contributes to the cytoplasmic fate of the 

mRNP [38, 39]. Towards addressing questions of mRNP architecture, recent large-scale 

sequencing and proteomic approaches have provided important insights into mRNP 

composition on a global scale [40–44]. These studies identified hundreds of proteins that 

were not known to bind RNA, revealed many RBPs that do not have recognized RNA-

binding domains, provided many examples of well-studied proteins (e.g. metabolic 

enzymes) binding RNA, and in some cases mapped sequence-specific binding sites [40, 43–

45]. For example, Tuck and Tollervey [44] analyzed the binding patterns of individual RBPs 

important for mRNA export in Saccharomyces cerevisiae, which revealed protein-specific 

binding patterns on sets of transcripts, symmetric and asymmetric protein binding 

distributions along transcripts, and illustrated preferences of RBPs for spliced versus 

unspliced mRNAs.

While these large-scale approaches have provided important insights into RNA biology by 

identifying hundreds of RBPs, in most cases the transcript binding preferences, 

stoichiometry, and function are not known. Moreover, in the vast majority of cases these data 

do not capture the temporal changes an mRNP undergoes as a result of moving through 

different stages of biogenesis or between different subcellular compartments. As a result, the 

RNA-binding profile for each RBP reflects interactions occurring across multiple stages of 

mRNA biogenesis (i.e. an ensemble average), which may encompass multiple functions and 

binding interactions due to changes in mRNP architecture (Figure 1C). For example, some 

RBPs transiently interact with the mRNA only within the nucleus or cytoplasm, and others 

accompany the mRNA from the nucleus to cytoplasm [46]. Once in the cytoplasm, some 

RBPs are removed immediately after transition through the NPC, such as the export factor 

Mex67 [47], while others, like the nucleo-cytoplasmic shuttling RBP Npl3, accompany 

mRNA transcripts for a longer time in the cytoplasm and may be further involved in 

cytoplasmic events such as translation [48, 49]. Consequently, complementary approaches 

must now be employed to investigate how individual factors contribute to the spatial and 

temporal biogenesis and transport of mRNA. Live cell SMI is one such approach, with two 

recent publications reporting changes in the interaction of mRNPs with the nuclear basket 

and altered export kinetics in RBP mutants [20, 32]. This suggests that SMI approaches can 

identify spatial and temporal mRNA transport defects, which is a powerful means of 

inferring the subcellular function of RBPs in the cell on any individual mRNA (Figure 1B).
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Besides the canonical mRNA export pathway discussed here, it is important to note that 

alternative routes for mRNP delivery to the cytoplasm have also been described. This 

includes, among others, eIF4E/CRM1-dependent transport of mRNA, nuclear budding of 

mRNA, or viral subversion of canonical protein export routes for viral RNA export. In these 

cases, the dynamics of export and RBP-dependencies are not well understood, but could be 

addressed using the technologies discussed here. We refer the reader to recent reviews on 

alternative RNA export mechanisms for more information [50–52].

Regulating gene expression: A role for the nuclear periphery and NPCs?

Upon maturation and becoming export competent through the acquisition of specific RBPs, 

an mRNP will be exported from the nucleus. Although the detailed composition of an 

mRNP arriving at the NPC is not clear, two factors that are thought to bind the majority of 

mRNAs in the nucleus prior to export are the poly(A)-binding protein Nab2 and the Mex67-

Mtr2 heterodimer [42, 44, 53]. Nab2 aids nuclear export by interacting with the RNA itself, 

mRNA export factors and NPC components, while mRNP passage through an NPC is 

enabled by Mex67-Mtr2 [54–57]. Mex67-Mtr2 is recruited to fully processed (capped, 

spliced, polyadenylated) transcripts, possibly serving as a final ‘checkpoint’ before passage 

through the NPC is allowed [40, 44]. Mex67-Mtr2, together with other factors of the mRNA 

export machinery, have also been shown to be recruited to the site of transcription, 

potentially synchronizing the completion of transcription and mRNA biogenesis with the 

acquisition of export competency [58]. It has been observed in Saccharomyces cerevisiae 
and mammalian systems that when an mRNP reaches the nuclear periphery, in addition to 

undergoing export, it can scan along the nuclear periphery [17, 20, 32]. This scanning 

process remains poorly understood and has so far only been reported for a few transcripts. 

However, it does raise questions as to why some mRNPs are exported immediately and 

others are not, which may involve differential Mex67-Mtr2 binding and the acquisition of 

export competency. Scanning may also be indicative of other changes in mRNP composition 

that need to occur prior to NPC translocation and/or quality control events that have been 

linked to the nuclear periphery and NPCs [59–61]. By characterizing different classes of 

transcripts (e.g. spliced vs. non-spliced) with specific mutants (e.g. NPC components and 

RBPs), SMI can be employed to determine the requirements for scanning at the level of the 

transcript, RBPs, and processes that are supported by nuclear scanning.

As another means to influence gene expression, genes can be positioned close to NPCs at 

the nuclear periphery (e.g. the GAL locus in yeast [62]) upon transcriptional activation [63–

66] (Figure 2A, left panel). This has been referred to as ‘gene-gating’ and was suggested to 

reduce the distance between the site of transcription and the site of export, and in turn 

improve mRNA export efficiency [67]. If gene movement to the nuclear periphery improves 

mRNA export kinetics or even imposes an order of export among different classes of 

transcripts remains unknown. It should be pointed out that -at least in cells with smaller 

nuclear volumes- the process of mRNA export does not appear to be a kinetically rate-

limiting step in gene expression as diffusion from the site of transcription and NPC 

translocation occurs in the subsecond range with an individual mRNP transiting through the 

pore in ~200 ms [17, 19, 20, 31]. By contrast, to produce an averaged sized protein in yeast, 

transcription and translation operate on the time scale of minutes. It is also debatable if gene 
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activation through peripheral targeting is a general feature of gene expression, as other 

studies ascribe nuclear periphery recruitment to gene silencing [68, 69] or dampened gene 

expression [70]. Furthermore, during logarithmic growth few genes stably interact with the 

nuclear periphery, whereas changes in carbon source do not only recruit the GAL locus to 

the NPC but invoke global alterations in chromatin organization, which require both 

acetylation and deacetylation activities [71]. Consequently, it remains a challenge to ascribe 

changes in gene expression to any of these events. This suggests that gene positioning close 

to the nuclear periphery might be a mechanism to regulate and coordinate gene expression or 

to spatially organize the genome, rather than to enhance the kinetics of the mRNA export 

process. Importantly, as depicted in Figure 2A (right panel), SMI offers the ability to test 

these models using RNA-labeling strategies in combination with multi-camera approaches 

that report on the location of a gene locus (e.g. by employing the LacO/LacI system [72]).

Compartmentalization of the nucleus may provide a further means to influence mRNA 

export and regulate gene expression. As depicted in Figure 2B (left panel), NPCs adjacent to 

the yeast nucleolus, which is the site of rRNA transcription and pre-ribosome assembly, lack 

Mlp1 and Mlp2 [73], components of the NPC nuclear basket. Mlp1 has been shown to 

directly interact with the polyA-binding protein Nab2 [54], and absence of Mlp1 may 

prevent Nab2-dependent mRNA export through this subset of nucleolar-associated NPCs. In 

support of this, studies have shown that nucleolar regions appear to exclude mRNPs [18, 32, 

74]. This local exclusion might reflect the existence of nuclear regions and specialized NPCs 

that favour the export of specific cargos (e.g. rRNA). In support of dedicated transport 

routes, mRNPs have been shown to move randomly, but discontinuously (or corralled) 

within the nucleus, possibly due to stalled movements in chromatin-rich regions, or due to 

distinct nuclear ‘paths’ that actively guide RNPs to their site of export [18, 75](Figure 2B, 

left panel). Such spatial preferences and their potential regulation have not yet been 

substantiated in vivo, but could be tested using SMI to compare export routes of rRNAs to 

routes taken by mRNAs (Figure 2B, right panel). Such experiments would require improved 

RNA labeling and imaging strategies to follow RNA particles over longer time periods and 

in the z-direction. Notably, recent advances in 3D image acquisition and particle tracking 

(see below) are making such approaches feasible [76, 77].

Directional export: Where and how does Dbp5 function?

Unlike protein transport, most mRNA transport is not directly dependent on the beta-

karyopherin family or on the RanGTP gradient [78]. Instead, cytoplasmic mRNP remodeling 

driven by the DEAD-box ATPase Dbp5 (DDX19), together with Gle1, Nup159 (NUP214) 

and the small molecule co-factor inositol hexakisphosphate (InsP6), are thought to determine 

directional mRNA export [79–87]. This is predicted to occur due to changes in mRNP 

structure (i.e. remodeling) catalyzed by Dbp5 ATPase activity, which leads to loss of RBPs 

required for transport through an NPC (e.g. Mex67) (reviewed in [88] and [89]). Dbp5 is 

also highly dynamic at NPCs, binding the cytoplasmic side for ~55 ms [19], which is in the 

same range as mRNP residence time at the cytoplasmic side of the NPC (~80–95 ms) 

[17,19]. This suggests that Dbp5 cycles on and off pores to complete each mRNP 

remodeling event and/or travels with the mRNA. The latter possibility is supported by the 

fact that Dbp5 is a nuclear shuttling protein [79], interacts with transcriptional machinery 
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[90], and is found associated with mRNPs near transcription sites and within the 

nucleoplasm [91].

In a Dbp5 ‘scaffold’ model, as depicted in Figure 3A (left panel), nuclear shuttling would 

facilitate Dbp5 recruitment to the mRNA in the nucleus to generate a platform for other 

proteins to bind, which would persist as the mRNP travels to and through an NPC [92]. On 

the cytoplasmic side of the NPC, due to the presence of regulators (e.g. Nup159 and 

Gle1:InsP6), ATP hydrolysis and/or mRNA release would be promoted causing Dbp5 and 

other proteins to be displaced from the mRNA. This would lead to the removal of specific 

nuclear export factors from the mRNP, thereby terminating mRNA export. Alternatively, a 

‘Brownian ratchet’ model has been proposed (Figure 3B, left panel), in which Dbp5 waits at 

the cytoplasmic site of the NPC for a translocating mRNP and continuously remodels it 

through regulator-stimulated ATPase activity, thereby driving directional export [93]. In the 

ratchet model, export factors are distributed along the transcript to allow step-wise 

remodeling by Dbp5 and prevent backsliding of the mRNA into the nucleus. This is 

supported by studies on global mRNP composition showing that export factors such Mex67 

bind across the length of an mRNA with no apparent sequence specificity [40, 44]. In 

addition, computational modeling of mRNA export emphasized that a symmetrical 

distribution of export factors along the transcript strongly correlates with successful 

transport [34]. This model also suggested that mRNA export is very sensitive to the number 

of export receptors on the mRNA, and that one export factor per mRNA might not be 

sufficient to facilitate transport. Inherent to each of these models of Dbp5 activity are 

predictions about where in the cell Dbp5 binds an mRNA and what defect would result, 

which can be tested with SMI approaches. For example, if the scaffold model is correct, 

transcripts may not dock to the nuclear basket of NPCs or ever leave the nucleus due to 

failures in mRNP maturation (Figure 3A, right panel), whereas in a Brownian ratchet model 

the mRNA would dock and transit through the NPC, but show release and/or directional 

transport defects due to failures in mRNP remodeling (Figure 3B, right panel). Of course, it 

is possible that Dbp5 functions in multiple ways to facilitate export and that this may in part 

depend on the transcript being exported. For instance, one pathway may function 

preferentially on large transcripts or to bias export of specific transcripts in response to 

environmental stimuli (e.g. stress), which can also be tested in an SMI approach.

Beyond Dbp5, post-translational modifications (PTMs) could also contribute to directional 

mRNA export. PTMs provide the advantage of a fast response to environmental changes and 

can rapidly modulate protein-protein and protein-RNA interactions in a reversible manner 

(reviewed in [94] and [95]). The phosphorylation-dephosphorylation cycle of the export 

factor Npl3 was one of the first PTMs associated with the establishment of transport 

directionality [96, 97]. Another prevalent modification found in many RNA binding 

proteins, including Npl3, is arginine methylation by type I methyltransferases [98]. These 

modifications have been implicated in regulating transport by weakening contacts between 

proteins, thereby contributing to mRNP remodeling and potentially imposing directionality 

[94]. Alternatively, PTMs might not be essential for mRNP formation and export, but rather 

serve to differentiate the free RBPs from mRNA-bound RBPs [99]. The application of 

sequencing technologies to the identification of RNA modifications has also lead to the 

cataloguing of abundant PTMs on mRNA, including N6-methyladenosine (m6A), 5-
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methylcytosine (m5C), and pseudouridine (Ψ) [100–102]. In these cases, SMI could be 

employed to address how mutations in protein or RNA modification sites alter mRNA 

transport kinetics.

mRNA transit through NPCs: Is there extensive mRNP remodeling?

Transit through the central channel of the NPC (~50 nm in length) has been suggested to 

require mRNP remodeling. This notion stems from observations in Chironomus tentans 
salivary glands of the ~40 kb Balbiani Ring (BR) mRNA undergoing export [103]. By EM, 

large BR mRNPs (~25 nm wide and ~135 nm long) are observed to unfold into elongated 

fibrils to transit through an NPC. A similar unfolding/remodeling process has also been 

proposed for the large human Dystrophin mRNP [18]. In contrast, Saccharomyces cerevisiae 
mRNPs have been described as being much smaller (5 nm wide, 20–30 nm long) [53] and 

most mRNPs might therefore fit through an NPC without extensive remodeling. Yeast 

mRNPs with an average mass of 2 MDa [104–106] are similar in size to eukaryotic 

ribosomal subunits, for which no remodeling within NPCs has been described [107]. It also 

remains to be tested if transcript identity defines the “degree” to which mRNPs are 

remodeled, with longer mRNA substrates requiring more remodeling and longer transport 

times, as suggested by a mathematical model of mRNA transport [34]. Analysis of NPC 

transport times for individual β-actin transcripts in mouse cells suggested that transit through 

the channel is not the rate-limiting step. Instead, events close to the nucleo- and cytoplasmic 

face of the NPC were observed to contribute the most to overall export times [17]. If this is a 

general feature of mRNA export or changes in relation to mRNP size remains to be tested, 

but this could be addressed by selecting transcripts of various sizes for SMI imaging of 

export dynamics.

Besides mRNAs, other RNA and protein cargos undergo transport through NPCs and it 

remains poorly understood how these concurrent processes are spatially and temporally 

coordinated. For example, it is possible that mRNAs share transport routes and compete with 

other cargos. Alternatively, cargo-specific paths within NPCs and/or specialized NPCs may 

exist to facilitate transport of select cargos. However, work to date has only studied a few 

cargos in vivo and the technical challenges of imaging these fast processes with high spatial 

precision requires much more work to be done [35]. However, we expect that multi-color 

SMI of different cargo types, in concert with transport receptors or NPC components, will 

help elucidate how various transport processes are coordinated within and across NPCs.

mRNP export and translation: Are they coupled?

Where and when the first round of translation occurs in relation to NPCs and the completion 

of export is not well understood. Towards addressing this question, an RNA biosensor was 

recently developed that could visualize the pioneer round of translation in live Drosophila 
oocytes, showing that the translation event first occurs within minutes of export for the 

transcript tested [27]. Moreover, the authors showed that a subpopulation of their reporter 

construct diffused several micrometers away from the nucleus before being translated, 

indicating that, at least in Drosophila oocytes and for this transcript, the first round of 

translation does not need to be spatially confined to NPCs or the immediate vicinity. 
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However, EM images have shown that BR mRNAs in the process of export are often 

oriented to export 5′ cap first [108] and the cytoplasmic portion of the exporting mRNP can 

be associated with ribosomes [103], which suggests that the mRNA can associate with 

translation machinery during the export process. Whether translation plays a role in export 

and mRNP remodeling of this extremely large mRNP or whether it is a result of slow 

transport times is not known. In yeast, export factors are not asymmetrically distributed over 

mRNA transcripts in a manner that would explain a mechanism for asymmetric export [40, 

44]. Furthermore, during the pioneer round of translation, mRNAs are subject to quality 

control to ensure upstream biogenesis events have successfully completed [109]. Key to the 

surveillance process is the presence of factors in the mRNP that were loaded in the nucleus 

(e.g. exon-junction complex), which interact with cytoplasmic components to provide an 

opportunity for crosstalk between nuclear and cytoplasmic processes for the purposes of 

quality control. Whether certain aspects of quality control are linked to NPCs and export is 

an open question. Consequently, SMI approaches could be applied to transcripts of different 

types, including those subject to quality control (e.g. non-sense mediated decay), in different 

mutant backgrounds to understand the links between export, translation, and RNA quality 

control activities.

mRNP visualization: What improvements are needed?

SMI requires a sufficient signal to noise ratio (SNR) to both detect and track particles [110]. 

Current mRNA labeling approaches suffer from low SNR when used to follow dynamic 

processes due to the requirement of short exposure times (~10–20 ms) and photobleaching 

over an imaging series. Consequently, 6 – 24 repeats of the MS2- or PP7-specific RNA 

hairpins are commonly introduced into an mRNA to achieve the required SNR. Both MS2 

and PP7 bind as dimers, therefore up to 48 FP-CP can bind to an array of 24 RNA hairpins, 

adding significant protein mass to the labeled mRNP. This must be taken into consideration, 

in addition to the location of the hairpins in the transcript, to ensure that the mRNP retains 

its functionality. With such proper characterization, transcripts have been identified that 

when tagged show no differences in abundance or functionality [20, 26]. However, recent 

publications have reported that the presence of multiple MS2 hairpins can lead to the 

stabilization of MS2-containing decay fragments [111–113], which may act as false-positive 

signals in imaging experiments.

To increase SNR and spatial detection precision, and in turn reduce the number of hairpins 

needed to visualize the transcript, fluorophores with improved brightness and photostability 

are an attractive labeling alternative. Examples include fluorescent proteins such as 

mNeonGreen [114] or dye-based labeling systems [115–118]. However, these optimized 

probes are still fluorescent even if not bound to the RNA hairpins, which can lead to 

substantial background fluorescence. Labeling strategies that bypass undesired background 

fluorescence include dye-binding aptamers, which only become brightly fluorescent when 

the dye is in complex with RNA. A range of dye-aptamer combinations has been developed 

in recent years (Spinach [119], Spinach2 [120], Broccoli/dBroccoli [121], and Mango [122]. 

So far only the Spinach/Spinach2 system has been applied to eukaryotic RNA imaging, 

although it did not allow for single molecule detection [120, 123]. Fluorescence 

complementation systems such as bimolecular fluorescence complementation (BiFC) or 
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dimerization-dependent FPs provide another mRNA labeling alternative that strongly reduce 

fluorescent background signal [124, 125]. However, such complementation systems exhibit 

unfavorable dissociation constants (KD >10 μM), as well as slow folding and maturation 

rates, which restricts mRNA visualization to the cytoplasm. In addition, BiFC fragment 

fusion is irreversible, with fusion products potentially exceeding mRNA transcript lifetime 

and therefore complicate single mRNA particle tracking and introduce background 

fluorescence. A recent development in mRNA labeling involves the CRISPR/Cas9-

dependent tagging of RNA [126]. In this approach, the RNA itself does not harbor a 

genetically encoded tag, but a nuclease-inactive fluorescently labeled Cas9 can bind to the 

RNA in a sequence-specific manner and thus allow endogenous RNA labeling. This 

approach has the advantage that the RNA does not require modification and would allow 

visualization of endogenous transcripts, although this technique has so far only been applied 

to bulk mRNA localization studies and needs further development in order to track single 

mRNPs.

In addition to RNA labeling strategies, advancements in imaging technology have been 

instrumental to the imaging of mRNPs in vivo with high spatial precision and temporal 

resolution. These developments were critical since discrete steps within many RNA-related 

processes take place in the millisecond range, but the complete event can last seconds or 

more. Therefore, single particle imaging systems have to balance imaging speed, sufficient 

SNR to reliably detect particles over background, and illumination intensities that minimize 

photobleaching and phototoxic effects over time. Specialized single particle microscope 

systems that were developed to meet these criteria include widefield [17, 20, 31] and light 

sheet microscopy solutions [19]. The latter shows improved SNR, reduced phototoxicity and 

increased 2D and 3D resolution compared to conventional widefield or confocal microscopy 

[127]. Temporal resolution with these systems ranged from 2 ms [31] to 15 ms [20] or 20 ms 

[17, 19] using EMCCD based systems (Table 1). New camera developments, such as high-

sensitivity, low-noise sCMOS cameras, allow for detection speeds below 1 ms, but whether 

they will permit sufficient SNR for single particle detection in vivo remains to be seen.

The required temporal resolution also depends on the biological question to be addressed. To 

visualize discrete steps of mRNA remodeling within and around the NPC, (sub-)millisecond 

resolution and high SNR are critical, but the higher laser powers that are currently required 

for this can lead to photodamage and phototoxicity. Conversely, to follow an mRNA 

throughout its lifetime, minimizing photo-bleaching becomes more important than high-

speed imaging, as transcription, translation and decay take minutes in Saccharomyces 
cerevisiae and are even slower in mammalian cells (reviewed in [128]). In addition, 

extracting positional information of single particles relative to distinct subcellular or sub-

organelle structures requires both high spatial precision as well as multi-color imaging 

setups. Several recently reported single mRNA particle studies employ two-camera 

microscopy systems to simultaneously detect the transcript relative to fluorescently labeled 

NPCs, with comparable co-localization precision (8nm [31], 10 nm [19], 26 nm [17]; 56 nm 

[20]). A recent study, adapting the imaging setup by Grunwald et al. (2010), attempted to 

visualized mRNPs with individual ribosomes or polysomes by using a total internal 

reflection fluorescence (TIRF) setup to excite only a subset of fluorescently-labeled 

ribosomes, but imaging was limited to a few frames due to photobleaching [129]. Taking it 
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one step further, several recent studies visualized translation in vivo by direct labeling of the 

nascent protein that emerges from ribosomes translating an MS2-labeled reporter mRNA 

[118, 130–132].

Finally, prolonged RNA tracking will require imaging of larger cellular volumes, which 

demands high-speed 3D imaging modalities. Light sheet microscopy, in its various forms 

[133], allows for long-term imaging and high 3D resolution via fast sectioning along the 

optical z axis. Other novel approaches that do not rely on z-sectioning are able to image 3D 

volumes simultaneously through multi-focus imaging [76] or using novel 3D point spread 

functions [134–136]. Further development and application of these approaches will be 

central to in vivo RNA imaging and addressing the many questions raised in this review.

Conclusions

In summary, recent work by multiple groups has begun to address the spatial and temporal 

dynamics of directional mRNA transport in live cells using SMI approaches. However, we 

are far from understanding nuclear and cytoplasmic mRNA processing at the level of a 

single transcript. Improved SMI labeling strategies, 3D imaging, and multi-camera setups 

that extend beyond two-colors will allow for further investigation of functional relationships 

between transcripts, RBPs, and cellular structures that include the gene locus, NPCs, 

nucleoli, and cytoplasmic processing bodies. This will undoubtedly provide information on 

mRNA export dynamics and the spatial and temporal control of the eukaryotic gene 

expression program.

Abbreviations

NPC nuclear pore complex

RBP RNA-binding protein

RNP RNA–ribonucleoprotein particle

SMI single molecule imaging
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Figure 1. 
Single molecule techniques can overcome limitations in understanding cellular mRNP 

function obtained from ensemble composition data from large-scale sequencing and 

proteomic approaches. A: Single molecule fluorescence in situ hybridization (smFISH) can 

reveal localization, abundance and cell-to-cell variability of individual mRNPs, but is a static 

method that does not allow visualization of in vivo dynamics, such as nuclear export kinetics 

or transport directionality of single transcripts. B: Single molecule imaging (SMI) enables a 

dynamic profiling of individual transcripts in vivo and provides spatial information on RBP 

function with high temporal resolution. C: Large-scale approaches analyzing RBP binding 

to mRNA transcripts are based on numerous data points that are compiled into an ensemble 

average, which may not be representative of individual mRNP composition in vivo. For 

example, the binding profile of an RBP may differ substantially across transcripts from 

different genes and/or transcripts residing in different cellular compartments.
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Figure 2. 
Regulating gene expression: A role for the nuclear periphery and NPCs? A: Transcriptional 

activation (blue with yellow arrow) and silencing (green with black arrow) have both been 

associated with peripheral gene positioning. The molecular basis for such chromatin 

rearrangements and the local environment this places a gene in to alter gene expression 

remains largely unknown, as does the impact gene tethering has on mRNA export. B: SMI 

techniques using multi-camera setups can determine the dynamic position of a transcript 

relative to its gene locus in different cellular conditions. C: Genome organization may also 

affect the transport routes taken by different classes of RNAs. rRNA export might be biased 

to NPCs associated with the nucleolus (blue), and mRNA export even disfavored, due to the 

different biophysical properties of the nucleolus or function of nearby NPCs (exemplified by 

the lack of Mlp1/2 in NPCs close to the nucleolus). Other genomic regions might play a 

similar role by facilitating local environments that select for distinct mRNPs. D: SMI can 

unravel such gene expression features through differential labeling of sub-nuclear structures 

and/or different classes of mRNAs.
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Figure 3. 
Models of Dbp5-dependent directional mRNA export. A: Schematic of a ‘scaffold’ model of 

Dbp5 dependent export. Dbp5 is recruited to the mRNA in the nucleus and incorporated into 

the mRNP to generate a platform for other proteins to bind. Dbp5 travels through the pore 

with the mRNP and upon reaching the cytoplasmic side of the NPC remodels the mRNP 

though its ATPase activity due to the presence of regulators (e.g. Gle1:InsP6 and Nup159). 

Dbp5 is then recycled back to the nucleus. B: Using SMI techniques, individual mRNPs 

would be expected to show nuclear maturation and/or docking defects in the ‘scaffold’ 

scenario. C: Schematic of a ‘Brownian ratchet’ model of Dbp5 dependent export. Dbp5 

waits at the cytoplasmic side of the NPC for a translocating mRNP with regulators (e.g. 

Gle1:InsP6 and Nup159) and continuously remodels the mRNP through its ATPase activity. 

D: In contrast to the ‘scaffold’ model, individual mRNPs in the ‘ratchet’ scenario would be 

expected to show cytoplasmic release defects and/or mRNP re-import using SMI.
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