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protein can be labeled without genetic modification. However, this 
method is limited by the poor incorporation rate of AHA-NCAAs 
compared to native amino acids. Starvation of specific amino acids or 
high concentrations of AHA are required for efficient labeling. Addi
tionally, cells need to be fixed to accommodate the click-chemistry 
catalysts and large size of the alkyne-conjugated fluorophores, so 
FUNCAT cannot be applied to live samples. Besides fluorescence, NCAAs 
can be detected by their distinct vibrational signatures through Stimu
lated Raman Scattering Spectroscopy [27]. 

O-propargyl puromycin (OPP) is another metabolic labeling method 
for nascent peptides. Puromycin, a t-RNA analogue, inhibits translation 
by conjugating nascent peptides and triggering their release from ribo
somes. OPP is a derivative of puromycin with an alkyne group that can 
be conjugated to fluorescent azides, or directly detected by immuno
fluorescence (Fig. 1b) [28]. OPP-labeling has been used to identify 
subcellular localization of translation in several applications. Unex
pectedly, one study suggested that translation may happen in nuclei 
[39]. Lately, the finding was challenged by two groups who warned that 
the “translation signal” may result from accumulated puromycylated 
peptides released from ribosomes, rather than the original translation 
sites [40,41]. Therefore, in vivo puromycylation assays should be care
fully interpreted, especially for local translation. 

2.3. RNA biosensors 

A unique approach to measure the first round of translation, named 
Translating RNA imaging by Coat Protein Knockoff (TRICK), was 
developed by Halstead and colleagues [29]. The authors utilized two 
orthogonal RNA stem loop motifs in a biosensor: PP7 stem loops [42], 
placed in the coding region, and MS2 stem loops in the 3’UTR [43]. 
Under this design, untranslated mRNA would be labeled by two different 
colored coat proteins. During the first round of translation, ribosomes 
will remove the upstream PP7 coat proteins, rendering the translated 
mRNA to be a single color (Fig. 1c). The TRICK biosensor was general
ized to study mRNA decay. An XRN1-resistant pseudoknot was placed 
between the two orthogonal stem loops such that the intact mRNA will 
contain two colors while the partially degraded mRNA will only harbor 
one color [44]. These RNA-based biosensors can assess translational and 
degradation status of mRNAs without visualization of nascent peptides. 

2.4. Nascent peptide labeling 

There have been tremendous efforts to visualize translation of single 
mRNAs in live cells. A breakthrough occurred in 2016 when five groups 
achieved this capability. The major challenge in visualizing translation 
sites is amplifying the weak single protein signal above background. The 
five groups used similar technologies to accomplish this. Four groups 
used the SunTag technology [45]: a tandem array of peptide epitopes is 
inserted at the N-terminus of the reporter, which are bound by 
co-expressed fluorescent antibodies to amplify the peptide signal 
[31–34]. Another group used the spaghetti monster [30]: a GFP back
bone with multiple epitopes at the edge of the beta-barrel, which are 
labeled by fluorescent antibody fragments. To label mRNAs, these 
groups used different varieties of MS2 technologies [42,43,46]. When 
the multimerized epitopes emerge from the ribosome, the fluorescent 
antibodies bind to them immediately to illuminate the translation site 
(Fig. 1d). Because several ribosomes may translate on one mRNA, one 
expects a bright translation signal to colocalize with the mRNA. The 
major advantage of these NPL methods, compared with direct fluores
cent tagging, is that the fluorescent antibody is already present and 
ready to bind, so there is no need to wait for protein folding or fluo
rophore maturation. Recently, NPL was generalized to multicolor im
aging [47,48]. Orthogonal MoonTag and Frankenbody use a similar 
strategy as SunTag and Spaghetti Monster, respectively. With these 
orthogonal labeling techniques, one can measure translation of two 
different peptides in the same cell. More interestingly, these tags were 

combined in an alternating fashion to measure translation in two 
different frames on a single mRNA, resulting in the Moon And Sun 
Hybrid Tag (MASHTag) and Multi-Frame Tag (MF-tag). These hybrid 
tags have been used to reveal heterogeneous translation products due to 
frameshifting, alternative start site selection, or translation of upstream 
open reading frames (uORFs). While frameshifting and alternative start 
site selection were formerly deemed a consequence of ribosome in
fidelity, in some cases, this heterogeneity may be employed by cells or 
viruses as regulatory/proteome diversification tools. uORFs are found in 
about half of the human transcriptome and are known to repress 
downstream ORF protein yield by 30–80% [49]. uORF repression may 
result from several ribosome paths: translating the uORF then reiniti
ating on the downstream ORF, translating the uORF then failing to 
reinitiate, or skipping the uORF altogether. Boersma and colleagues 
explored these paths with multicolor translation imaging. It was found 
that the prevalence of each path was comparable, with skipping the 
uORF AUG being the least likely [47]. 

Since the inception of NPL techniques, they have been applied to 
study canonical and non-canonical translation events. For example, 
Wang and colleagues used SunTag to study the Repeat-Associated Non- 
AUG (RAN) translation of the GGGGCC repeats in the C9ORF72 gene, 
which are the most common cause of the familial form of amyotrophic 
lateral sclerosis and frontotemporal dementia [50]. They identified that 
the substrate of RAN translation is the lariat form of an un-debranched 
intron. NPL has also been used to study RNA viruses, which is of 
particular significance now with the ongoing SARS-CoV-2 pandemic. 
Chen and colleagues applied SunTag to study translation in the HIV-1 
RNA virus [51]. This study reported that individual viral RNA mole
cules serve as either a viral genome or translation template, but not both 
simultaneously. Likewise, Boersma and colleagues developed a 
single-molecule translation assay to monitor the early infection of the 
coxsackievirus B3 (CVB3) RNA virus [52]. They discovered that trans
lation and replication of the viral genome are coordinated over several 
phases and uncovered extensive heterogeneity in cells’ responses to viral 
infections. To this end, single-molecule translation assays provide 
important mechanistic information of RNA-related genetic diseases and 
pathogenic infections. 

3. Spatial translation regulation 

3.1. Translation on membrane-bound organelles 

After an mRNA is processed and exported to the cytoplasm, it can 
diffuse in the cytosol (Fig. 2a) or anchor to specific regions of the cell to 
translate (Fig. 2b-d). Abundant evidence exists supporting local trans
lation on membrane-bound organelles (Fig. 2b) [53,54]. Biochemical 
assays and genetic studies have uncovered the proteome targeted to 
membrane-bound organelles or secretory pathways. It was proposed 
that the Endoplasmic Reticulum (ER) not only plays an essential role to 
synthesize membrane and secretory proteins but is also the central hub 
for synthesizing most cytosolic ones [55,56]. The mitochondrion is a 
double-membrane-bound organelle with many of its proteins encoded in 
nuclear DNA. Unlike the ER-targeting proteins that are 
co-translationally targeted, it was proposed that mitochondrial proteins 
are imported post-translationally. Tracking mRNAs and their translation 
status in live cells can provide key information about transcript mobility 
and their relative distance to the organelles, which offers insight into the 
long-running dispute of local translation in the cytoplasm versus on 
membranes. In this section, we discuss the recent imaging studies of 
local translation on the ER and mitochondria. 

Translation of proteins in secretory pathways on the ER surface is 
well established [57]. However, the dynamics of mRNA on the surface of 
the ER are poorly understood. Once mRNA is localized to the ER, how 
subsequent translation is initiated remains unclear. In addition, several 
studies have evidence that mRNAs coding for cytosolic proteins are also 
tethered to the ER [58,59]. This observation has contributed to a 
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mitochondria is to increase protein synthesis. Further evidence for the 
co-translational import model was seen in Drosophila ovaries. Zhang and 
colleagues used FUNCAT to visualize translation on mitochondria [64]. 
To investigate whether the nascent protein signal was coming from 
mitochondrial or cytoplasmic mRNAs, the authors treated the ovaries 
with chloramphenicol (inhibits mitochondrial ribosomes) and cyclo
heximide (inhibits cytoplasmic ribosomes). Treatment with cyclohexi
mide eliminated FUNCAT labeling, while little effect was seen with 
chloramphenicol treatment, suggesting that cytosolic ribosomes can 
translate on the mitochondrial membrane. Like the ER membrane, 
mRNAs localized to the mitochondrial membrane showed an increase in 
ribosome density, implying that mitochondrial localization may 
improve translational efficiency. Further studies are needed to under
stand how local translation to the mitochondria is affected by the 
cellular state. 

The rough ER has discrete areas with and without ribosomes, sug
gesting finer local translation control in sub-domains [67,68]. Mito
chondrial ribosomes (or mitoribosomes) similarly exhibit localized 
translation in the inner membrane boundary and cristae membrane of 
the mitochondria to orchestrate the assembly of protein complexes [69, 
70]. Super-resolution imaging techniques are needed to study the 
translation on the sub-domains of these organelles. 

3.2. Translation regulation by membraneless organelles or phase 
condensates 

mRNAs often exist in single forms [71]. However, in certain devel
opmental, physiological, and pathological conditions, RNAs may 
aggregate together to form protein-RNA granules, such as P-bodies, SGs, 
P granules (germline granules) [10], neuronal RNA granules [72], or 
repeat-induced RNA granules [73]. A common feature of these granules 
is that they are not enclosed in membranes. One proposed mechanism to 
form these granules is phase separation — a phenomena whereby spe
cific proteins and RNAs enter a condensate phase with higher local 
concentrations [74]. These granules play important roles in mRNA 
metabolism, including translation activation, repression, RNA transport, 
storage, and degradation (Fig. 2c). The formation, transport, disas
sembly, and functional roles of these RNA granules have been exten
sively studied in the literature [12,13,16,17]. Here, we reviewed the 
recent progress in SGs, P-bodies, translation factories, and artificial 
condensates, particularly those studies involved in translation imaging. 

3.2.1. Stress granules and P-bodies 
Translation is the most resource-demanding process in a cell. During 

stress, cells shut down general translation of all non-critical processes. 
This results in sequestering mRNAs in SGs or P-bodies. By fluorescent 
labeling, Wilbertz and colleagues visualized the trafficking of mRNAs 
into these granules [61]. mRNAs were recruited to the granule at 
different speeds. For example, mRNAs with 5′ terminal oligo pyrimidine 
(5′ TOP) elements were recruited to granules faster than regular tran
scripts. Once incorporated into SGs, mRNAs rarely moved to P-bodies, in 
contrast to a previous model where SGs sort mRNAs into P-bodies for 
degradation [75]. While mRNAs in SGs are generally translationally 
repressed, a subset of mRNAs is upregulated [76]. Mateju and colleagues 
used the single-molecule NPL approach to visualize translation of ATF4, 
a transcription factor needed for stress response [77]. They found that 
the mRNAs shuttled between the cytoplasm and SGs. Contrary to pre
vious understanding, the Atf4 mRNAs kept translating even when 
localized to SGs. Surprisingly, mRNA containing the 5’TOP UTR also 
continued translation in SGs, albeit at the same repressed rate as in the 
cytoplasm. This has challenged prior assumptions that SG-localization is 
solely for repression. Additionally, mRNA’s location within a SG sub
structure may play a role too. Moon and Mateju both demonstrated that 
SGs maintain different environments in their shell versus core [77,78] 
and Atf4 mRNAs prefer translation near the SG boundary than the 
center. 

P-bodies have multiple functions in mRNA metabolism. P-bodies are 
not the site of translation due to their lack of translation initiation fac
tors and ribosomes [79], except for translation observed on the outer 
edge of P-bodies in Drosophila [80]. Instead, they may function in mRNA 
storage or decay (Fig. 2c) [81]. Aizer and colleagues identified RNAs 
accumulating in P-bodies during amino acid starvation [82]. Fluores
cence recovery after photobleaching (FRAP) experiments reported rapid 
exchange of mRNAs between cytoplasm and P-bodies. After knocking 
down DCP2, a P-body-associated RNA decapping factor, the exchange 
rate decreased, and RNA decay was slowed. In another study, Horva
thova and colleagues used the TREAT biosensor to observe the move
ment of mRNAs into P-bodies during stress, followed by stable 
association without degradation [44]. Likewise, artificially tethering 
AGO2, an RNAi factor, to an mRNA caused its translation to stall fol
lowed by localization to P-bodies, where it remained intact and un
translated for hours [83]. Altogether, these data suggest that P-bodies 
are sites for both mRNA storage and decay. Capturing the RNA decay 
using disappearance of a signal is challenging. It is worthwhile to 
develop single molecule methods to visualize RNA decay in P-bodies to 
elucidate this dual role. 

What dictates the transcriptome in RNA granules is an open question. 
Firstly, it may depend on the type of stress applied. Wang and colleagues 
sequenced the RNA in P-bodies under different conditions. The P-body 
transcriptome under glucose starvation differs from the one in Na+ or 
Ca2+ stress; the RNA-binding protein PUF5P promoted storage for some 
transcripts, but decay for others [84], suggesting that both the locali
zation and fate of an mRNA in P-bodies are context-dependent. In a 
multi-color tracking experiment, Moon and colleagues discovered that 
mRNAs could interact with granules stably or transiently, depending on 
their translational status, length, and the size of the granule [78]. 
Interestingly, factors involved in ribosome-associated quality control 
(RQC), normally called upon to clear collided ribosomes at stalling sites, 
are required to recruit mRNAs to SGs [85]. Moon and colleagues 
discovered a specific stress-activated RQC (saRQC) response [86]. The 
authors argue that ribosomes stall in the middle of an mRNA during 
stress-induced translation shutdown, requiring RQC factors to clear ri
bosomes before the mRNA can be recruited to SGs. In a meta-analysis of 
published P-body/SG transcriptome data, Courel and colleagues 
discovered that P-bodies are enriched in long AU-rich transcripts or 
mRNAs with low protein yield [87]. Matheny and colleagues concluded 
that the recruitment of mRNAs into SGs and P-bodies depends on their 
translation status [88]. Interestingly, mRNAs may change conformation 
before or after entering the granule. Adivarahan and colleagues used 
separate FISH probes to target the 5’ and 3’ ends of an mRNA and 
measure the distance between the two ends. Surprisingly, they found 
that mRNAs are in open conformations when they are actively trans
lating, instead of a closed circular loop [89]. Furthermore, mRNAs 
assumed compacted conformations in the SGs. Overall, the makeup of an 
RNA granule is highly dynamic and context dependent. Future 
single-molecule imaging of RNAs targeted to membraneless organelles 
in various contexts will help to ascertain their multiple roles in further 
detail. 

3.2.2. Translation factories: a hot-spot for translation activation 
While the membraneless compartments discussed thus far are pri

marily involved in translational repression or mRNA decay, other 
compartments are found to promote translation. Translation factories, 
also known as translation ‘hot-spots,’ are locations where translation is 
highly abundant (Fig. 2c) [90]. Early smFISH experiments showed that 
mRNAs in neuronal dendrites are mostly singles [71], casting doubts on 
the translation factory hypothesis. It is unclear whether these translation 
factories are simply due to polysomes in close proximity or active phase 
separation playing regulatory roles. Methods capable of distinguishing 
between the two have been described [91]. One possibility is the 
requirement of co-translational assembly of protein complexes [92], as 
shown by ribosome profiling experiments [93,94]. Another possibility is 
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also acts as a signaling hub. Quantitative measurements of these dy
namic events are essential for a mechanistic understanding of how ri
bosomes perform these multifaceted functions. Single-molecule imaging 
in live cells revealed heterogeneous translation dynamics masked by 
ensemble average and elucidated how cells detect and resolve aberrant 
transcripts. In this section, we highlight recent single-molecule imaging 
studies on temporal translation regulations. 

4.1. Translation dynamics 

Through nascent peptide imaging, one can measure translation dy
namics in live cells and even embryos [30–34,96]. Wu and colleagues 
showed that translating mRNAs diffuse slightly slower than 
non-translating ones. However, it is unreliable to differentiate the 
translation status of mRNAs solely based on its diffusion coefficient. On 
the other hand, mobility is an excellent indicator of translation for 
mRNAs targeted to membranes (see previous discussion). In these 
studies, translation elongation rates were extracted using different 
techniques and fell in the range of 3–10 amino acids/s, which coincide 
with ribosome profiling measurements of 5.6 amino acids/s [105]. 
Interestingly, these studies demonstrated that translation may not be a 
constitutive process, but rather exhibit bursty behavior with single 
mRNAs having multiple rounds of on-and-off translation [31,33]. What 
is the benefit and biological relevance of this bursty behavior and what 
controls it? There are still many questions to be answered. 

4.2. Translation coupled with mRNA decay 

Translation and decay of mRNA are closely coupled. Translation 
elongation depends on amino acid sequence, tRNA availability, and 
secondary structure of mRNA [106]. Cells have evolved strategies to 
handle heterogeneous elongation and termination kinetics, while also 
detecting anomalies and degrading defective mRNAs and proteins 
(Fig. 3b). Recent single-molecule studies have shed light on the impor
tance of temporal dynamics of elongation and termination on mRNA 
decay and quality control pathways. 

Nonsense-mediated decay (NMD) is triggered when a premature stop 
codon (PTC) is present upstream of a splicing-dependent exon junction 
complex (EJC) [107]. mRNAs subject to NMD are quickly targeted for 
decay [108]. It has been reported that the pioneering round of trans
lation triggers NMD with nuclear cap-binding proteins CBP20/80 on the 
mRNA [109]. However, other studies show that NMD can occur during 
subsequent rounds of translation when cytoplasmic cap-binding protein 
eIF4E is on the mRNA [110,111]. Hoek and colleagues inserted a PTC 
after the SunTag to study the kinetics of translation and NMD [112]. 
They measured the timing between translation signal appearance and 
endonucleolytic cleavage of the mRNA. The resulting time distribution 
is inconsistent with the assumption that the first encounter of a ribosome 
with PTC leads to cleavage. Rather, it agrees with a model that each 
ribosome has ~10% probability of detecting the PTC and it takes ~8 
trials to induce NMD. Is it possible that the pioneering round of trans
lation marks the mRNA for degradation, but subsequent translation 
events are required for degradation to occur? By perturbing eIF4E 
binding, the authors conclude that NMD does occur on eIF4E-bound 
mRNAs, and there is no preference for CBC-bound mRNAs. In addi
tion, there is no stalling of ribosomes at the PTC for endogenous NMD 
targets [113]. It is therefore unlikely that the pioneering round of 
translation causes the ribosome to stay at the PTC longer than a normal 
termination codon. 

Small interfering RNA (siRNA) forms an RNA-induced silencing 
complex (RISC) and directs cleavage of its complementary target RNA. 
Target binding is critical for the function of the RISC complex. In vivo, 
the biochemical environment and target RNA structure renders the 
target search a non-trivial and complex process. Ruijtenberg and col
leagues developed a single-molecule translation reporter with a siRNA 
target site incorporated [114]. By measuring the time it took for the 

translation signal to separate from mRNA, they inferred the cleavage 
time taken by RISC. The authors found that RNA secondary structure 
may mask the target site, inhibiting target search. They propose that 
translation stimulates siRNA cleavage by unfolding the RNA, promoting 
binding and cleavage by the RISC complex. 

Slow elongation can signal defects within the mRNA or translation 
machinery. A stalling site in the open reading frame may induce ribo
some collisions, triggering RQC (Fig. 3c) [115]. However, incidental 
collisions occur frequently, as exemplified by the widespread disomes 
distributed throughout the transcriptome [116]. In fact, programmed 
ribosome pausing is needed for protein folding in some cases [117]. It is 
unclear how cells differentiate these pausing events from prolonged 
stalling that invokes quality control. Goldman and colleagues designed a 
single-molecule RQC reporter by inserting a stretch of poly-A sequence 
between SunTag and the stop codon [118]. The protein level was 
reduced by ten-fold, but the mRNA changed only slightly, demonstrating 
that the expression level is mainly controlled by RQC, not by mRNA 
decay (no-go decay (NGD) or non-stop decay (NSD), Fig. 3b). By 
counting the number of ribosomes on the mRNA, the authors observed 
massive ribosome queues and collisions. When initiation is inhibited, it 
takes much longer to clear the existing ribosome queues than normal 
elongation and termination. When the key sensor for collided ribosomes, 
ZNF598, was knocked down, there was a dramatic increase in the time it 
took to clear the ribosome queue. This demonstrated that cells differ
entiate RQC substrates using kinetic information; prolonged stalling is 
subject to RQC, while transient pausing is ignored. 

5. Conclusion and future directions 

There has been significant progress in translation imaging in vivo 
over the last two decades. We now have a toolbox to visualize translation 
of endogenous proteins or reporters at the single mRNA level in live cells 
and developing embryos. These in vivo studies have revealed rich spatial 
and temporal regulation mechanisms that cells use to regulate gene 
expression post-transcriptionally, monitor mRNA quality, and couple 
translation with degradation of aberrant mRNAs and nascent peptides. 
Looking ahead, there are several technical areas that need to be further 
developed. First, improvements on mRNA tracking. Translation of a 
typical protein requires a few minutes. To understand the translation 
regulation at the single mRNA level, we need to track them for tens of 
minutes, or even hours. Bright and stable RNA labeling techniques are 
needed for this purpose. Second, enhancement of in vivo microscopy 
techniques. It is still challenging to visualize freely diffusing mRNAs in 
cells and tissues. Improving imaging technology such as light sheet 
microscopy or adaptive optics may allow single mRNA imaging in live 
animals. Third, development of optogenetic or small molecule pertur
bation techniques to control translation. By synchronous induction of 
translation or RNA degradation, one can observe the resulting pheno
type with great spatial and temporal resolution. Fourth, establishing 
quantitative mathematical models that integrate single-molecule trans
lation measurements with ensemble protein output. This will allow for 
better interpretation of reporter assays performed in general biology 
labs. Finally, investigation into how cis and trans regulatory elements 
influence translation dynamics. This requires us to label protein factors 
or mRNAs endogenously at the native expression level, made possible by 
the revolution in CRISPR/Cas gene editing tools. Taken together, 
translation imaging will be an indispensable tool to uncover the intricate 
regulation mechanisms cells use to deploy their proteome in space and 
time. 
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An engineered protein tag for multiprotein labeling in living cells, Chem. Biol. 15 
(2008) 128–136, https://doi.org/10.1016/j.chembiol.2008.01.007. 

[25] D.O. Wang, S.M. Kim, Y. Zhao, H. Hwang, S.K. Miura, W.S. Sossin, et al., Synapse- 
and stimulus-specific local translation during long-term neuronal plasticity, 
Science 324 (2009) 1536–1540, https://doi.org/10.1126/science.1173205. 

[26] S. tom Dieck, L. Kochen, C. Hanus, M. Heumüller, I. Bartnik, B. Nassim-Assir, et 
al., Direct visualization of newly synthesized target proteins in situ, Nat. Methods 
12 (2015) 411–414, https://doi.org/10.1038/nmeth.3319. 

[27] W. Lu, Y. Yong, S. Yihui, C. WM, M. Wei, Vibrational imaging of newly 
synthesized proteins in live cells by stimulated Raman scattering microscopy, 
Proc. Natl. Acad. Sci. 110 (2013) 11226–11231, https://doi.org/10.1073/ 
pnas.1303768110. 

[28] L. Jing, X. Yangqing, S. Dan, S. Adrian, Imaging protein synthesis in cells and 
tissues with an alkyne analog of puromycin, Proc. Natl. Acad. Sci. 109 (2012) 
413–418, https://doi.org/10.1073/pnas.1111561108. 

[29] J.M. Halstead, T. Lionnet, J.H. Wilbertz, F. Wippich, A. Ephrussi, R.H. Singer, et 
al., An RNA biosensor for imaging the first round of translation from single cells 
to living animals, Science 347 (2015) 1367–1671. 

[30] M. Tatsuya, K. Lyon, K.F. DeLuca, J.G. DeLuca, B.P. English, Z. Zhang, et al., Real- 
time quantification of single RNA translation dynamics in living cells, Science 352 
(2016) 1425–1429, https://doi.org/10.1126/science.aaf0899. 

[31] B. Wu, C. Eliscovich, Y.J. Yoon, R.H. Singer, Translation dynamics of single 
mRNAs in live cells and neurons, Science 352 (2016) 1430–1435, https://doi. 
org/10.1126/science.aaf1084. 

[32] X. Pichon, A. Bastide, A. Safieddine, R. Chouaib, A. Samacoits, E. Basyuk, et al., 
Visualization of single endogenous polysomes reveals the dynamics of translation 
in live human cells, J. Cell Biol. 214 (2016) 769–781. 

[33] C. Wang, B. Han, R. Zhou, X. Zhuang, Real-time imaging of translation on single 
mRNA transcripts in live cells, Cell 165 (2016) 990–1001, https://doi.org/ 
10.1016/j.cell.2016.04.040. 

[34] X. Yan, T.A. Hoek, R.D. Vale, M.E. Tanenbaum, Dynamics of translation of single 
mRNA molecules in vivo, Cell 165 (2016) 976–989, https://doi.org/10.1016/j. 
cell.2016.04.034. 

[35] Y. Ji, X. Jie, R. Xiaojia, L. Kaiqin, X.X. Sunney, Probing gene expression in live 
cells, one protein molecule at a time, Science 311 (2006) 1600–1603, https://doi. 
org/10.1126/science.1119623. 

[36] J.B. Grimm, A.K. Muthusamy, Y. Liang, T.A. Brown, W.C. Lemon, R. Patel, et al., 
A general method to fine-tune fluorophores for live-cell and in vivo imaging, Nat. 
Methods 14 (2017) 987–994, https://doi.org/10.1038/nmeth.4403. 

[37] Y.J. Yoon, B. Wu, A.R. Buxbaum, S. Das, A. Tsai, B.P. English, et al., Glutamate- 
induced RNA localization and translation in neurons, Proc. Natl. Acad. Sci. 113 
(2016) E6877–E6886. 

[38] B. Zatloukal, I. Kufferath, A. Thueringer, U. Landegren, K. Zatloukal, J. Haybaeck, 
Sensitivity and specificity of in situ proximity ligation for protein interaction 
analysis in a model of steatohepatitis with mallory-denk bodies, PLoS One 9 
(2014), e96690. 

[39] A. David, B.P. Dolan, H.D. Hickman, J.J. Knowlton, G. Clavarino, P. Pierre, et al., 
Nuclear translation visualized by ribosome-bound nascent chain puromycylation, 
J. Cell Biol. 197 (2012) 45–57, https://doi.org/10.1083/jcb.201112145. 

[40] S.U. Enam, B. Zinshteyn, D.H. Goldman, M. Cassani, N.M. Livingston, G. Seydoux, 
et al., Puromycin reactivity does not accurately localize translation at the 
subcellular level, Elife 9 (2020), e60303, https://doi.org/10.7554/eLife.60303. 

[41] B.D. Hobson, L. Kong, E.W. Hartwick, R.L. Gonzalez, P.A. Sims, Elongation 
inhibitors do not prevent the release of puromycylated nascent polypeptide 
chains from ribosomes, Elife 9 (2020), e60048, https://doi.org/10.7554/ 
eLife.60048. 

[42] J.A. Chao, Y. Patskovsky, S.C. Almo, R.H. Singer, Structural basis for the 
coevolution of a viral RNA-protein complex, Nat. Struct. Mol. Biol. 15 (2008) 
103–105, https://doi.org/10.1038/nsmb1327. 

[43] E. Bertrand, P. Chartrand, M. Schaefer, S.M. Shenoy, R.H. Singer, R.M. Long, 
Localization of ASH1 mRNA Particles in Living Yeast, Mol. Cell 2 (1998) 
437–445, https://doi.org/10.1016/S1097-2765(00)80143-4. 

[44] I. Horvathova, F. Voigt, A.V. Kotrys, Y. Zhan, C.G. Artus-Revel, J. Eglinger, et al., 
The dynamics of mRNA turnover revealed by single-molecule imaging in single 
cells, Mol. Cell 68 (615–625) (2017), e9, https://doi.org/10.1016/j. 
molcel.2017.09.030. 

[45] M.E. Tanenbaum, L.A. Gilbert, L.S. Qi, J.S. Weissman, R.D. Vale, A protein- 
tagging system for signal amplification in gene expression and fluorescence 
imaging, Cell 159 (2014) 635–646, https://doi.org/10.1016/j.cell.2014.09.039. 

[46] B. Wu, V. Miskolci, H. Sato, E. Tutucci, C.A. Kenworthy, S.K. Donnelly, et al., 
Synonymous modification results in high-fidelity gene expression of repetitive 
protein and nucleotide sequences, Genes Dev. 29 (2015) 876–886, https://doi. 
org/10.1101/gad.259358.115. 

[47] S. Boersma, D. Khuperkar, B.M.P. Verhagen, S. Sonneveld, J.B. Grimm, L.D. Lavis, 
et al., Multi-color single-molecule imaging uncovers extensive heterogeneity in 
mRNA decoding, Cell 178 (458–472) (2019), e19, https://doi.org/10.1016/j. 
cell.2019.05.001. 

[48] K. Lyon, L.U. Aguilera, T. Morisaki, B. Munsky, T.J. Stasevich, Live-cell single 
RNA imaging reveals bursts of translational frameshifting, Mol. Cell 75 (172–183) 
(2019), e9, https://doi.org/10.1016/j.molcel.2019.05.002. 

[49] S.E. Calvo, D.J. Pagliarini, V.K. Mootha, Upstream open reading frames cause 
widespread reduction of protein expression and are polymorphic among humans, 
Proc. Natl. Acad. Sci. 106 (2009) 7507–7512, https://doi.org/10.1073/ 
pnas.0810916106. 

L.A. Blake et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/0092-8674(86)90326-0
https://doi.org/10.1016/0092-8674(86)90326-0
http://refhub.elsevier.com/S1084-9521(23)00067-8/sbref2
http://refhub.elsevier.com/S1084-9521(23)00067-8/sbref2
http://refhub.elsevier.com/S1084-9521(23)00067-8/sbref2
https://doi.org/10.1002/wrna.1265
https://doi.org/10.1016/j.celrep.2011.12.009
https://doi.org/10.1038/369315a0
https://doi.org/10.1242/dev.078626
https://doi.org/10.1242/dev.078626
https://doi.org/10.15252/embr.201744045
https://doi.org/10.15252/embr.201744045
https://doi.org/10.1038/s41594-019-0263-5
https://doi.org/10.1038/s41594-019-0263-5
http://refhub.elsevier.com/S1084-9521(23)00067-8/sbref9
http://refhub.elsevier.com/S1084-9521(23)00067-8/sbref9
https://doi.org/10.2164/jandrol.109.008292
https://doi.org/10.2164/jandrol.109.008292
https://doi.org/10.1016/j.molcel.2009.11.020
https://doi.org/10.1016/j.tcb.2016.05.004
https://doi.org/10.1021/acs.biochem.7b01162
https://doi.org/10.1021/acs.biochem.7b01162
https://doi.org/10.1038/s41589-021-00774-x
https://doi.org/10.1016/j.molcel.2007.02.011
https://doi.org/10.1016/j.molcel.2007.02.011
https://doi.org/10.1002/wrna.1524
https://doi.org/10.1101/cshperspect.a032813
https://doi.org/10.1126/science.289.5481.905
https://doi.org/10.1016/j.biotechadv.2011.09.016
https://doi.org/10.1016/j.biotechadv.2011.09.016
https://doi.org/10.1101/cshperspect.a011551
https://doi.org/10.1093/bfgp/elu045
https://doi.org/10.1093/bfgp/elu045
https://doi.org/10.1083/jcb.200512137
https://doi.org/10.1083/jcb.200512137
https://doi.org/10.1021/cb800025k
https://doi.org/10.1021/cb800025k
https://doi.org/10.1016/j.chembiol.2008.01.007
https://doi.org/10.1126/science.1173205
https://doi.org/10.1038/nmeth.3319
https://doi.org/10.1073/pnas.1303768110
https://doi.org/10.1073/pnas.1303768110
https://doi.org/10.1073/pnas.1111561108
http://refhub.elsevier.com/S1084-9521(23)00067-8/sbref29
http://refhub.elsevier.com/S1084-9521(23)00067-8/sbref29
http://refhub.elsevier.com/S1084-9521(23)00067-8/sbref29
https://doi.org/10.1126/science.aaf0899
https://doi.org/10.1126/science.aaf1084
https://doi.org/10.1126/science.aaf1084
http://refhub.elsevier.com/S1084-9521(23)00067-8/sbref32
http://refhub.elsevier.com/S1084-9521(23)00067-8/sbref32
http://refhub.elsevier.com/S1084-9521(23)00067-8/sbref32
https://doi.org/10.1016/j.cell.2016.04.040
https://doi.org/10.1016/j.cell.2016.04.040
https://doi.org/10.1016/j.cell.2016.04.034
https://doi.org/10.1016/j.cell.2016.04.034
https://doi.org/10.1126/science.1119623
https://doi.org/10.1126/science.1119623
https://doi.org/10.1038/nmeth.4403
http://refhub.elsevier.com/S1084-9521(23)00067-8/sbref37
http://refhub.elsevier.com/S1084-9521(23)00067-8/sbref37
http://refhub.elsevier.com/S1084-9521(23)00067-8/sbref37
http://refhub.elsevier.com/S1084-9521(23)00067-8/sbref38
http://refhub.elsevier.com/S1084-9521(23)00067-8/sbref38
http://refhub.elsevier.com/S1084-9521(23)00067-8/sbref38
http://refhub.elsevier.com/S1084-9521(23)00067-8/sbref38
https://doi.org/10.1083/jcb.201112145
https://doi.org/10.7554/eLife.60303
https://doi.org/10.7554/eLife.60048
https://doi.org/10.7554/eLife.60048
https://doi.org/10.1038/nsmb1327
https://doi.org/10.1016/S1097-2765(00)80143-4
https://doi.org/10.1016/j.molcel.2017.09.030
https://doi.org/10.1016/j.molcel.2017.09.030
https://doi.org/10.1016/j.cell.2014.09.039
https://doi.org/10.1101/gad.259358.115
https://doi.org/10.1101/gad.259358.115
https://doi.org/10.1016/j.cell.2019.05.001
https://doi.org/10.1016/j.cell.2019.05.001
https://doi.org/10.1016/j.molcel.2019.05.002
https://doi.org/10.1073/pnas.0810916106
https://doi.org/10.1073/pnas.0810916106


Seminars in Cell and Developmental Biology xxx (xxxx) xxx

9

[50] S. Wang, M.J. Latallo, Z. Zhang, B. Huang, D.G. Bobrovnikov, D. Dong, et al., 
Nuclear export and translation of circular repeat-containing intronic RNA in 
C9ORF72-ALS/FTD, Nat. Commun. 12 (2021) 4908, https://doi.org/10.1038/ 
s41467-021-25082-9. 

[51] J. Chen, Y. Liu, B. Wu, O.A. Nikolaitchik, P.R. Mohan, J. Chen, et al., Visualizing 
the translation and packaging of HIV-1 full-length RNA, Proc. Natl. Acad. Sci. 117 
(2020) 6145–6155, https://doi.org/10.1073/pnas.1917590117. 

[52] S. Boersma, H.H. Rabouw, L.J.M. Bruurs, T. Pavlovič, A.L.W. van Vliet, 
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