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SUMMARY

Nonsense-mediated decay (NMD) is a surveillance
system that degradesmRNAs containing a premature
termination codon (PTC) and plays important roles in
protein homeostasis and disease. The efficiency of
NMD is variable, impacting the clinical outcomeof ge-
netic mutations. However, limited resolution of bulk
analyses has hampered the study of NMD efficiency.
Here, we develop an assay to visualize NMD of indi-
vidual mRNA molecules in real time. We find that
NMD occurs with equal probability during each round
of translation of an mRNA molecule. However, this
probability is variable and depends on the exon
sequence downstream of the PTC, the PTC-to-intron
distance, and the number of introns both upstream
and downstream of the PTC. Additionally, a subpop-
ulation of mRNAs can escape NMD, further contrib-
uting to variation in NMD efficiency. Our study
uncovers real-time dynamics of NMD, reveals key
mechanisms that influence NMD efficiency, and pro-
vides a powerful method to study NMD.

INTRODUCTION

Nonsense mutations (i.e., point mutations that create a prema-

ture termination codon [PTC]) are responsible for �20% of all

disease-associated single-base pair substitutions (Mort et al.,

2008). In addition to genetic mutations, a PTC can also be intro-

duced into an mRNA molecule stochastically, through errors in

transcription or splicing. Understanding the fate of mRNAs con-

taining a nonsense mutation is critical to understand the pheno-

typic outcome of such mutations. Transcripts harboring a PTC

are rapidly degraded by a process called nonsense-mediated

mRNA decay (NMD), which prevents the synthesis of truncated,

and potentially toxic, proteins (Kurosaki and Maquat, 2016;

Karousis et al., 2016; Lykke-Andersen and Jensen, 2015; He

and Jacobson, 2015).

Pre-mRNA splicing is a critical regulator of NMD. Most

mammalian genes contain multiple introns, which are spliced
Molecular Cell 75, 1–1
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out before nuclear export of the mRNA (Sakharkar et al., 2004).

Concomitant with intron splicing, the exon junction complex

(EJC) is loaded onto the mRNA 20–24 nt upstream of the exon-

exon junction (Le Hir et al., 2000; Singh et al., 2012; Saulière

et al., 2012). Since stop codons are generally located in the

last exon of a gene, all EJCs will usually be deposited in the cod-

ing sequence of the mRNA. During translation, these EJCs are

removed by the first ribosome translating the mRNA (Dostie

and Dreyfuss, 2002; Sato and Maquat, 2009; Lejeune et al.,

2002), so translation termination occurs in the absence of

EJCs bound to the mRNA. In contrast, PTCs are frequently

located upstream of one or more introns, and translation termi-

nation on PTC-containing transcripts can thus occur while one

or more EJCs are still bound to the mRNA. These mRNA-bound

EJCs are thought to communicate with the ribosome during

translation termination through the NMD factor UPF1 and the

translation termination factors eRF1/3 (Kashima et al., 2006).

EJC-ribosome communication triggers degradation of the

PTC-containing mRNA, which occurs either through endonu-

cleolytic cleavage of the mRNA by SMG6 followed by exonu-

cleolytic decay of the cleavage fragments (Huntzinger et al.,

2008; Eberle et al., 2009; Gatfield and Izaurralde, 2004), or

through deadenylation, decapping, and exonucleolytic decay

stimulated by the SMG5/7 complex (Unterholzner and Izaur-

ralde, 2004; Loh et al., 2013).

For many NMD substrates, residual levels of PTC-containing

transcripts can be detected in steady-state measurements

(Cheng and Maquat, 1993; Cheng et al., 1994; Belgrader et al.,

1994; Trcek et al., 2013; Thermann et al., 1998; Boehm et al.,

2014; Lindeboom et al., 2016), suggesting that mRNAmolecules

with the same sequence display heterogeneity in timing of decay

and/or susceptibility to NMD. Interestingly, the amount of resid-

ual mRNA for an NMD substrate appears to vary depending on

the gene and the position of the PTC (Lindeboom et al., 2016;

Thermann et al., 1998; Cheng et al., 1994). Uncovering the un-

derlying cause of this variability, as well as the factors that influ-

ence it, would provide important insights into the mechanisms

that control NMD efficiency and would provide a better under-

standing of the clinical outcome of disease-associated genetic

mutations. However, current technologies such as northern

blot analysis or qRT-PCR only report the average mRNA levels

of an NMD target in a population of cells and thus preclude

insight into differences within mRNA populations. Differences
6, July 25, 2019 ª 2019 The Author(s). Published by Elsevier Inc. 1
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in levels of NMD targets could arise not only from differences in

the rate of NMD-dependent mRNA decay but also from differ-

ences in the fraction of mRNA molecules that is susceptible to

NMD or even differences in NMD efficiency between subpopula-

tions of cells. Furthermore, as NMD requires translation of the

target mRNA in the cytoplasm, steady-state mRNA levels are

likely also affected by differences in nuclear export rates and dif-

ferences in the onset and efficiency of translation of different

mRNAs. Finally, NMD has been proposed to occur preferentially

during a ‘‘pioneer round’’ of translation on mRNAs bound to the

nuclear cap-binding complex (CBC) (Ishigaki et al., 2001;

Maquat et al., 2010), which is replaced by the cytoplasmic

cap-binding protein eIF4E after nuclear export, although this

model is debated (Durand and Lykke-Andersen, 2013; Rufener

and M€uhlemann, 2013). The inability to precisely determine the

timing of both NMD and CBC replacement by eIF4E has

hampered the understanding of the effect of CBC replacement

on NMD.

To overcome the technical challenges associated with bulk

and ‘‘snapshot’’ analyses, we have developed an imaging

method that allows real-time visualization of both mRNA transla-

tion and NMD of single mRNAmolecules in living cells. Using this

system, we precisely define the timing of NMD, describe a sub-

population of mRNAmolecules of variable size that is resistant to

NMD, uncover the key parameters that control NMD efficiency,

and provide the first real-time kinetic measurements of degrada-

tion of the 30 mRNA cleavage fragment generated by NMD.

Taken together, this single-molecule imaging approach reveals

key determinants of NMD variability and efficiency and provides

a powerful assay to study NMD.

RESULTS

An Assay to Visualize NMD of Single mRNAMolecules in
Real Time
To analyze NMD of single mRNA molecules in real time, we

modified the SunTag fluorescence labeling approach that we

(Tanenbaum et al., 2014; Yan et al., 2016) and others (Wang

et al., 2016; Morisaki et al., 2016; Wu et al., 2016; Pichon et al.,

2016) have recently developed for studying translation of single

mRNA molecules. Briefly, this system uses a reporter mRNA

that encodes (1) an array of 24 SunTag peptides near the 50

end of the coding sequence to monitor translation, and (2) 24

binding sites for the PP7 bacteriophage coat protein (PCP) within

the 30 UTR to monitor the mRNA itself (Chao et al., 2008) (Fig-

ure 1A). Upon translation, the SunTag peptides recruit GFP-

tagged antibodies (scFv-GFP, stably expressed in the cell) that
Figure 1. An Assay for Real-Time Visualization of NMD of Single mRNA

(A) Schematic of NMD single-molecule imaging assay before (top) or after (bott

reporter mRNA, respectively, as observed through the microscope.

(B) Schematic of the NMD reporter constructs. e, exon; in, intron. PTC160 and P

(C–J) U2OS cells expressing scFv-sfGFP and either PCP-mCherry-CAAX (C–G, I,

(C–J) and siRNAs (G and J) and were analyzed by time-lapse microscopy.

(C) Representative images of mRNA molecules of indicated reporters are shown

(D–J) The time from first detection of translation until separation of red and gr

disappearance of the 30 cleavage fragment (red spot) (I and J) was quantified.

Solid lines and corresponding shaded regions in (D)–(J) represent mean ± SEM. D

for comparison. Number of measurements for each experiment are listed in Tab
fluorescently label the nascent protein (Figures 1A–1C). The re-

porter mRNA is fluorescently labeled and tethered to the plasma

membrane via PCP-mCherry-CAAX (Figures 1A–1C); we previ-

ously showed that tethering improves visualization without

affecting translation (Yan et al., 2016).

To generate NMD reporter mRNAs, we introduced the

sequence encoding the model NMD target Triose Phosphate

Isomerase (TPI) in the reporter (Boehm et al., 2014; Belgrader

et al., 1994), either with the native stop codon (TPIWT), or with a

PTC at amino acid 160 (TPIPTC160), or at amino acid 1 (TPIPTC1)

(Figure 1B). Furthermore, we included a sequence encoding

BFP upstream of TPI to confirm expression of the reporter and

placed the reporter mRNA under control of a doxycycline-induc-

ible promoter (Figure 1B). Human U2OS cells expressing

TPIPTC160 or TPIPTC1 displayed a 4- or 12-fold lower level of

mRNA expression, respectively, than cells expressing TPIWT,

as determined by qRT-PCR (Figure S1A). TPIPTC160 and TPIPTC1

abundance increased 3- to 6-fold upon depletion of the key NMD

factor UPF1, consistent with NMD of TPIPTC160 and TPIPTC1 (Fig-

ures S1B and S1C). Degradation of NMD reporter mRNAs was

not affected by expression of scFv-GFP and PCP-mCherry-

CAAX (Figure S1A), demonstrating that fluorescence labeling

of mRNA and nascent polypeptides or mRNA tethering do not

interfere with NMD.

To observe NMD of single mRNA molecules in real time,

human U2OS cells expressing TPIWT or TPIPTC160 reporter

mRNAs were followed using time-lapse spinning disk confocal

microscopy with a 30 s time interval. Cells expressing the TPIWT

reporter displayed red mRNA foci in the cytoplasm within

15–30 min of transcription induction by doxycycline addition.

The majority of mRNAs (86% ± 1.1%, mean ± SEM) initially ap-

peared without associated green translation signal but rapidly

initiated translation (after 2.3 ± 0.2min,mean ±SEM). Translation

was generally maintained for the remainder of the experiment

(�30–60 min) (Figures 1C, top panel, S1D–S1F; Video S1) (see

STAR Methods). Quantitative analysis revealed that the initial

GFP appearance onmRNAs represented the first round of trans-

lation for almost all mRNAs (>99%) (see STAR Methods).

Kinetics of transcription and of translation initiation of

TPIPTC160 mRNAs were similar to those of TPIWTmRNAs (Figures

S1D–S1F). However, the green and red foci associated with indi-

vidual translating TPIPTC160 mRNAs often separated rapidly after

translation had initiated (79% ± 3% in 20 min, mean ± SEM) (Fig-

ure 1C, bottom panel; Video S2). In contrast, only 13% ± 3% of

TPIWT mRNAs showed foci separation during this time period

(Figure 1D). We also observed rapid foci separation for TPIPTC1

reporter mRNAs (90% ± 3%, Video S3), or when TPI was
Molecules

om) NMD induction. Green and red spots (insets) show nascent proteins and

TC1 indicate PTC at amino acids 160 and 1, respectively.

and J) or PCP-HaloTag (H) were transfected with indicated reporter constructs

. Scale bar, 1 mm. Time is shown in min:s.

een foci (i.e., mRNA cleavage) (D–H) or the time from mRNA cleavage until

otted lines in (H) indicate that the data are replotted from an earlier figure panel

le S1. See also Figures S1 and S2 and Videos S1, S2, S3, and S4.
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replaced by another NMD model substrate, b-globinPTC39

(84% ± 3%, compared to 8% ± 1% for the b-globinWT reporter)

(Figure 1E). Separation of red and green foci likely represents

endonucleolytic cleavage of the mRNA, rather than translation

shutdown, because multiple ribosomes (5–30) associate with a

single mRNA molecule (Figure S1G) and the entire GFP spot

(i.e., all 5–30 ribosomes) separates from the mRNA signal in a

single step (Figures S1H and S1I; see STAR Methods). The

following observations support that the observed mRNA cleav-

age is induced by NMD; first, cleavage only occurred after the

first ribosome reached the stop codon, consistent with an essen-

tial role of translation termination at the PTC in NMD induction

(Figures 1D and S1J; see STAR Methods). Second, very little

cleavage was observed in the absence of a PTC (Figures 1D

and 1E). Third, mRNA cleavage required the presence of introns

in the mRNA (Figure 1F). Finally, cleavage was strongly reduced

after depletion of the important NMD factor UPF1 and the endo-

nuclease SMG6 (9% and 28% cleavage in 20 min, respectively,

compared to 78% in mock-treated cells, Figure 1G). Surpris-

ingly, the small amount of cleavage observed with the TPIWT

reporter was also reduced upon UPF1 depletion (Figure S1K),

suggesting that a small fraction of mRNAmolecules are targeted

for NMD even in the absence of a PTC, possibly due to stochas-

tic errors in transcription or splicing of TPIWT mRNAs. Together,

these results show that red and green foci separation is an accu-

rate readout of NMD induction of single mRNA molecules.

Interestingly, for all NMD reporters, a small subset of mRNAs

molecules appeared resistant to cleavage (approximately 20%,

10%, and 10% for TPIPTC160, TPIPTC1, and b-globinPTC39 re-

porters, respectively, Figures 1D and 1E), consistent with hetero-

geneous NMD kinetics for different subpopulations of mRNAs

(Trcek et al., 2013). This cleavage-resistant population could

not be explained by heterogeneity in NMD efficiency among

different cells (Figures S2A–S2D; see STAR Methods). The

cleavage-resistant population was also not a result of differ-

ences in translation efficiency betweenNMD-sensitive and resis-

tant mRNAs (Figure S2E). Therefore, these data suggest that

different mRNA molecules are heterogeneous with respect

to NMD.

Long 30 UTRs can stimulate NMD under certain conditions

(Singh et al., 2008; Boehm et al., 2014; B€uhler et al., 2006), so

we tested whether the relatively long 30 UTR in our reporter

mRNA (1,986 nt, including the 24x PP7 binding sites) might affect

NMD induction. However, reducing the length of the TPIPTC160 30

UTR length to 765 nt (containing 5x PP7 binding sites) did not

alter NMD kinetics (Figures S2F and S2G; see STAR Methods).

Tethering the reporter mRNAs to the plasma membrane also

did not detectably alter the kinetics of NMD (Figure 1H; Video

S4). Furthermore, we observed similar cleavage kinetics upon

transient transfection or stable integration of the reporter gene

(Figures S2H and S2I). Therefore, to facilitate the experimental

setup and analyses, we used transiently transfected reporters,

which contained 24x PP7 binding sites and were tethered to

the plasma membrane, unless indicated otherwise.

Finally, we examined the fate of the two mRNA fragments that

are produced by cleavage of the reporter mRNA. The 50 fragment

rapidly diffused out of the plane of observation after endonucleo-

lytic cleavage, precluding analysis of its degradation. The 30 frag-
4 Molecular Cell 75, 1–16, July 25, 2019
ment, which remains tethered to the membrane, disappeared

rapidly after mRNA cleavage (Figures 1C and 1I). Small inter-

fering RNA (siRNA)-mediated depletion of the 50-to-30 exonu-
clease XRN1, but not UPF1, reduced the rate by which red foci

disappeared by over 10-fold (Figures 1J and S2J), indicating

that red foci disappearance represents XRN1-mediated decay

of the 30 cleavage fragment. In conclusion, our imaging approach

allows us to monitor NMD of individual mRNA molecules from

start to finish in real time.

Each Ribosome that Terminates Translation at the PTC
Has an Equal Probability of Inducing NMD
Earlier studies have suggested that NMD occurs preferentially

during the pioneer round of translation, which is generally

defined as the first, or first few ribosomes that translate an

mRNA, while the mRNA is bound by CBC (Maquat et al.,

2010), while other studies provided evidence that NMD can

occur during any round of translation (Durand and Lykke-Ander-

sen, 2013; Rufener and M€uhlemann, 2013). Since our method

allows precise measurements of the timing of the first round of

translation and NMD, we wished to determine which ribosome

induced NMD.

When examining the cleavage kinetics of TPIPTC1 in more

detail, we noticed three distinct phases in the distribution of

cleavage times (Figure S3A); in the first phase (0–3 min after

GFP appearance), which represents the time it takes for the first

ribosome to translate the coding sequence and reach the PTC,

very little cleavage occurred (Figure S3A). In the second phase

(from 3 to 10 min for TPIPTC1), the curve showed a very steep

downward slope, indicating that most mRNA molecules were

cleaved during this phase. Finally, during the third phase

(>10 min) only a few cleavage events occurred, indicating that

the mRNAs that had not yet been cleaved (�5%–10% of mole-

cules for TPIPTC1) were largely resistant to NMD. Similar phases

were observed for other reporters as well (Figures 1D and 1E).

The first ribosome was predicted to arrive at the PTC of TPIPTC1

after �3 min, yet cleavage was observed over a period of

3–10 min. Two possible models could explain the observed vari-

ability in timing of cleavage; first, it is possible that the first ribo-

some translating an mRNA always induces NMD, and that the

variability is caused by variation in arrival time of the first ribo-

some at the PTC. Alternatively, the first ribosome may arrive at

the PTC around 3 min on all mRNAs, and the variability in cleav-

age time is caused by variation in which ribosome induces NMD

(i.e., the first ribosomes or one of the following ribosomes). To

distinguish between these two models, we precisely determined

the average time as well as the variation in time it takes ribo-

somes to reach the PTC, which we found to be 2.6 ± 0.8 min

(mean ± SD) (Figure S3B; see STAR Methods). We then per-

formed stochastic simulations to determine whether the experi-

mentally determined variation in rate of ribosome translocation

could explain the observed cleavage time distribution. In brief,

we developed amodel to describe the cleavage time distribution

using two parameters: (1) the time of arrival of the first ribosome,

for which we used our experimentally determined values (Fig-

ure S3B), and (2) the fraction of NMD-resistant mRNAs (see

STAR Methods). We found that the observed cleavage kinetics

of the TPIPTC1 reporter were poorly described by a model in
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represent mean ± SEM. Numbers of measurements for each experiment are listed in Table S1. See also Figure S3 and Video S5.
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which NMD is induced by the first ribosome (Figure 2A, cf. blue

and black lines).

We therefore tested an alternative model, in which the cleav-

age rate reflects both the time of arrival of the first ribosome

and the probability that a ribosome will induce NMD upon trans-

lation termination. To this end, we added a third parameter to the

model, a probability for each terminating ribosome of inducing

NMD. This parameter requires knowledge of the frequency of

ribosome termination events, which we calculated to be 3.2 ribo-

somes per minute based on the translation elongation rate and

ribosome occupancy of TPIPTC1 (Figures S1G and S3B; see

STAR Methods). The second model resulted in a very good fit

with the data (Figure 2A, cf. red and black lines, Akaike informa-

tion criterion (AIC) = �639 compared to AIC = �308 for the ‘‘first

ribosome’’ model described above; see STAR Methods) and

revealed that 90% ± 3% (mean ± SEM) of TPIPTC1 mRNAs

were degraded in the rapidly degrading population, and that

each terminating ribosome induced NMD with a probability of

0.11 ± 0.01 (i.e., a 11% chance of inducing NMD per ribosome)
(see STAR Methods). Together, these results strongly suggest

that each terminating ribosome has an equal probability of

inducing NMD.

To unambiguously determine which ribosome induced NMD

of each mRNA, we engineered a TPIPTC1 reporter with a strongly

reduced initiation rate by introducing a 21-nucleotide hairpin in

the 50 UTR (which reduced translation by �30-fold [Figure S3C])

that allowed us to count individual ribosomes translating the

reporter mRNA (HP21-TPIPTC1, Figure 2B). When tracking GFP

intensity over time on HP21-TPIPTC1 mRNAs, we observed clear

peaks of GFP signal that lasted several minutes, interspersed

by periods lacking detectable GFP signal, and we could assign

the precise number of ribosomes that made up each peak (Fig-

ure 2C; Figure S3E; Video S5; see STAR Methods).

When mRNAs are translated by a single ribosome, nascent

chain release during translation termination and mRNA cleavage

both result in complete separation of the GFP and mCherry foci

and are thus indistinguishable. Therefore, to monitor NMD of the

HP21-TPIPTC1 mRNAs we defined mRNA cleavage as red and
Molecular Cell 75, 1–16, July 25, 2019 5
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green foci separation rapidly followed by the disappearance of

the red foci (i.e., decay of the 30 cleavage fragment), which was

a reliable readout for NMD of HP21-TPIPTC1 mRNAs (Figures

S3F and S3G). When counting individual ribosomes translating

HP21-TPIPTC1 reporter mRNAs, we found that 8 ribosomes (me-

dian) typically translated the HP21-TPIPTC1 reporter mRNA

before NMD was triggered (Figure 2D). This corresponds to a

probability of 0.10 ± 0.03 (mean ± SEM) of inducing NMD for

each terminating ribosome (see STAR Methods), which is in

good agreement with the probability of 0.11 per ribosome deter-

mined through our stochastic simulation approach for the

TPIPTC1 reporter lacking the hairpin sequence (Figure 2A).

NMD Does Not Occur Preferentially on
CBC-Bound mRNAs
If NMD occurs preferentially on CBC-bound mRNAs, a progres-

sively slower NMD decay rate over time should be observed due

to gradual replacement of CBC by eIF4E within the population of

mRNAs. However, the cleavage rate of TPIPTC1, TPIPTC160, and

b-globinPTC39 was constant over time (i.e., fit an exponential

decay distribution; excluding the subset ofmRNAs that are resis-

tant to NMD) (Figure 2A). Decay of these reporters was, however,

very rapid (<10 min), so it is possible that all of these mRNAs are

degraded while the mRNA is still bound to CBC because the

CBC-eIF4E exchange occurs at a time-scale of >10 min. To

determine whether the NMD decay rate remains constant over

longer time periods, we reduced the NMD efficiency to extend

the time window during which the decay rate can be analyzed.

First, we performed partial depletion of UPF1 in cells expressing

either TPIPTC160 or b-globinPTC39, which revealed that the decay

rate remained largely constant over the entire 40min experiment,

as evident from a good fit of the data with an exponential

decay distribution (Figures 2E and S3H). Second, we examined

NMD efficiency of an mRNA with a lower translation initiation

rate to reduce the speed of NMD. For this, we re-plotted

the cleavage kinetics of the HP21-TPIPTC1 reporter and found

that it also showed a similar rate of decay over the entire exper-

iment (Figure 2F). Together, these results show that NMD occurs

at a constant rate over at least 40 min (�100 rounds of

translation).

To definitively determine the efficiency of NMD of both CBC-

and eIF4E-bound mRNAs, we wished to determine the exact

moment of CBC-to-eIF4E replacement. For this, we made use

of a specific inhibitor of eIF4E-dependent translation; a hyperac-

tive, non-phosphorylatable, non-degradable variant of the

protein 4E-BP1 (ha4E-BP1) (Yanagiya et al., 2012; Durand and

Lykke-Andersen, 2013). As CBC does not bind to 4E-BP1, we

reasoned that translation initiation rates of single mRNAs

would be unaffected by overexpression of ha4E-BP1 as long

as mRNAs were bound to CBC (Durand and Lykke-Andersen,

2013). However, at some point in time, translation rates of single

mRNAs would decrease in ha4E-BP1-overexpressing cells

compared to control cells, and this time point would represent

the moment of replacement of CBC by eIF4E. In the absence

of ha4E-BP1 expression, the majority of newly transcribed

mRNAs rapidly initiated translation, as evident by the appear-

ance of a green fluorescence signal and continued translating

for the remainder of the movie (20–45 min) (Figures 3A, 3B,
6 Molecular Cell 75, 1–16, July 25, 2019
and S4A). In cells overexpressing ha4E-BP1, initial appearance

of green fluorescence occurred with similar kinetics as in

control cells (Figures 3C and S4B), suggesting that initial transla-

tion is likely driven by CBC on most mRNAs. However, in ha4E-

BP1-expressing cells, translation was rapidly shut down on the

majority of mRNAs within minutes of initial translation initiation

(Figures 3A, 3B, and S4A), indicative of the CBC-to-eIF4E

switch.

To determine the precise moment of translation initiation of

each ribosome, we made use of a fluorescence fitting algorithm,

RiboFitter, which we recently developed (Boersma et al., 2018).

In control cells, we found an average translation initiation rate of

2–3 ribosomes per minute, which remainedmostly constant over

time (Figures 3D and 3F). In contrast, in ha4E-BP1-expressing

cells most mRNAs showed a brief burst of translation initiation

during which the initiation rate was similar as in control cells, fol-

lowed by a period without initiation (Figures 3E and 3F). Note that

after the period with no translation initiation events, additional

bursts of initiation were often observed, which might represent

removal of ha4E-BP1 from the cap or binding of a new eIF4E

molecule that was not bound to ha4E-BP1 to themRNA cap (Fig-

ures 3E and S4C). The first burst of translation initiation in ha4E-

BP1-expressing cells likely reflects CBC-bound translation, and

the end of the translation initiation burst thus reflects the transi-

tion of CBC-to-eIF4E and binding of ha4E-BP1 to eIF4E.

Analysis of the size of the first translation initiation burst in

ha4E-BP1-expressing cells revealed that the median number

of ribosomes that initiated on a CBC-bound mRNA before

CBC was replaced by eIF4E was 8.7 (average of 3 experiments,

Figure 3G). As the NMD cleavage rate remained constant for

>40 min (�100 rounds of translation, much longer than the dura-

tion of CBC-dependent translation), it follows that NMD effi-

ciency is similar on CBC- and eIF4E-bound mRNAs.

Using the quantitative data on the kinetics of the CBC-to-

eIF4E switch, we developed a model to calculate the fraction

of mRNAs on which NMD was induced while CBC was bound

to the mRNA cap. This fraction not only depends on the effi-

ciency of NMD induction, but also on the length of the open

reading frame (ORF); ribosomes require more time to reach

the stop codon of long ORFs, which increases the time during

which CBC-to-eIF4E replacement could occur. Our modeling

approach suggests that for highly efficient NMD substrates

with a short ORF, such as the endogenous b-globin mRNA

with a PTC at position 39 (ORF of 117 nt), 56% of mRNAs would

be targeted for NMD while CBC is bound to the cap (Figure 3H).

However, onmRNAs that are less rapidly targeted for NMD, such

as weaker NMD substrates (e.g., TPIPTC160), mRNAswith a lower

translation initiation rate (e.g., HP21-TPIPTC1), or substrates with

a longer ORF (e.g., endogenous mRNAs with a long ORF, or re-

porters mRNAs containing the SunTag sequence), NMD will be

induced more frequently when eIF4E is bound to the cap. For

example, our modeling suggests that only 13% of cleavage

events of the HP21-TPIPTC1 reporter mRNA (ORF length of

2,517 nt) occur while the mRNA is bound to CBC (Figure 3H).

To confirm that a subset of TPIPTC160 or TPIPTC1 mRNAs are

bound by eIF4E at the moment of NMD induction, we also

analyzed their cleavage rate in ha4E-BP1-expressing cells. As

expected, NMD was delayed in these cells compared to control
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Figure 3. NMD Does Not Occur Preferentially on CBC-Bound mRNAs

(A–G) U2OS cells expressing scFv-sfGFP, PCP-mCherry-CAAX, and the translation reporter shown in (A) were transfected with ha4E-BP1 or mock transfected

and analyzed by time-lapse microscopy.

(A) (top) Schematic of standardized translation reporter. Representative images of a single mRNA molecule of either mock (upper image panel) or ha4E-BP1

(lower image panel) transfected cells are shown. Scale bar, 1 mm. Time is shown in min:s.

(B–E) GFP fluorescence intensity over time of a representative mRNA (B, D, and E) or of the average of all mRNAs (C). Blue lines (D and E) indicate the best fit from

simulations. Blue triangles indicate translation initiation events.

(F) Quantification of the mean translation initiation rate determined by the fitting approach illustrated in (D) and (E).

(G) Quantification of the number of ribosomes that initiated in the first burst of translation. Data were fit with a single exponential decay distribution (blue line).

(H) The calculated fraction of mRNAs that is targeted for NMD while CBC is bound to the mRNA cap (mean ± SEM).

Dotted lines in (D) and (E) indicate that the data are replotted from an earlier figure panel for comparison. Solid lines and corresponding shaded regions in (C), (F),

and (G) represent mean ± SEM. Number of measurements for each experiment are listed in Table S1. See also Figure S4.
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cells, and themagnitude of this delay was close to themagnitude

predicted by our modeling (Figures S4D and S4E). Taken

together, these data demonstrate that NMD occurs with equal
probability on CBC- and eIF4E-bound mRNAs and that the frac-

tion of mRNAs undergoing NMD while bound to CBC depends

on the NMD efficiency, translation initiation rate, andORF length.
Molecular Cell 75, 1–16, July 25, 2019 7
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Figure 4. The NMD Cleavage Rate Is Variable and Depends on Exon Sequences Downstream of the PTC
(A) Schematic of indicated reporter.

(B–G) U2OS cells expressing scFv-sfGFP and PCP-mCherry-CAAXwere transfectedwith indicated reporter plasmids (B–G) and UPF1 siRNA (D) and analyzed by

time-lapse microscopy. The time from first detection of translation until mRNA cleavage was determined (B–F).

(B) Reporters were designed as in (A) and encoded an intron cassette of indicated genes.

(C) Cleavage rates for each reporter shown in (B).

(E) Schematic of indicated reporters.

(G) Quantification of the duration that individual mRNAs that were not cleaved could be observed over time.

Solid lines and corresponding shaded regions in (B), (D), (F), and (G) represent mean ± SEM. Dotted lines in (D) and (F) indicate that the data are replotted from an

earlier figure panel for comparison. Error bars in (C) represent SEM. Number of measurements for each experiment are listed in Table S1. See also Figure S5.
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Exon SequenceDownstreamof the PTC Influences NMD
Efficiency
Our real-time imaging approach revealed that both the cleavage

rate and the fraction of NMD-resistant mRNAs can vary between

different reporter mRNAs (e.g., Figure 1D). This assay therefore

provides a unique opportunity to determine the mechanisms

regulating these parameters, and thus NMD efficiency.

First, we focused on the role of gene-specific nucleotide se-

quences on NMD efficiency. We found that the sequence of

the PTC sequence itself did not affect NMD efficiency (Fig-

ure S5A). Next, we examined the effect of nucleotide sequences

downstream of the PTC. To directly compare different se-

quences, we generated a standardized reporter that contains

a constant coding (Kif18b) and PTC (TAA) sequence but variable

sequences downstream of the PTC. We then inserted 14
8 Molecular Cell 75, 1–16, July 25, 2019
randomly selected single introns with their native flanking exons

(‘‘exon-intron-exon’’ referred to as ‘‘intron cassettes’’) in the

standardized reporter downstream of the PTC (Figure 4A). First,

we assessed splicing efficiency of the introns in each of these re-

porters, either using a two-color fluorescence splicing reporter

(Figure S5B; see STAR Methods), or by qPCR (Figures S5C

and S5D). As expected, reporters that were efficiently spliced

generally showed NMD, while unspliced reporters did not (Fig-

ure S5E) and hence were excluded from further analysis. Two re-

porters, ERAL1 and MITD1, showed moderate to strong splicing

in the fluorescence-activated cell sorting (FACS)-based reporter

but no splicing by qPCR, yet both reporters showed cleavage in

the NMD assay. The observed cleavage was dependent on

splicing of the intron, as cleavage was eliminated upon removal

of the intron or mutation of the splice sites (Figures S5G and
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S5H), indicating that they are undergoing splicing-dependent

NMD as well.

Among well-spliced reporters, we observed striking differ-

ences in the cleavage rates, with the probability of inducing

NMD for each terminating ribosome ranging from 0.008 to 0.14

(for MITD1 and TPI, respectively, Figures 4B, 4C, and S5F). For

three reporters with varying cleavage rates, we confirmed that

cleavage was dependent on UPF1 and on splicing (Figures 4D,

S5G, and S5H), confirming that the observed cleavage is caused

by NMD. The differences in the observed cleavage efficiencies

were not caused by differences in intron sequences, as swap-

ping introns did not affect NMD efficiency (Figures 4E and 4F),

suggesting that the exon sequences downstream of the PTC

determine the NMD cleavage rate. For reporters that showed a

relatively slow rate of cleavage (ERAL1, MITD1, DNAL4, and

NUBP2), we examined whether the mRNA molecules that were

not cleaved were instead degraded through exonucleolytic

decay but found no evidence for exonucleolytic decay within

the time frame of our experiments (Figure 4G). These results

show that NMD cleavage rates can vary substantially depending

on the mRNA sequence downstream of the PTC.

The PTC-to-Intron Distance Affects Both the Cleavage
Rate and Fraction of NMD-Resistant mRNAs
Genome-wide studies revealed that in longexons, a largePTC-to-

intron distance can result in a reduced NMD efficiency (Linde-

boom et al., 2016). However, if a PTC is close (<50–55 nt) to the

last intron, NMD efficiency is also reduced, likely because EJCs

are displaced from themRNAby the translocating ribosome (Dos-

tie and Dreyfuss, 2002; Lejeune et al., 2002). Using our assay, we

can distinguish whether PTC-to-intron distance affects the cleav-

age rate or fraction of NMD-resistant mRNAs, which could shed

new light on the mechanisms underlying these observations. We

introduced linker sequences of different lengths (100, 175, 250,

and 1,000 nt) between the PTC and downstream intron of the

Kif18bPTC-TPI-intron 6 reporter, in which the PTC is located 91 nt up-

streamof intron (Figure5A). Increasing the linker lengthdecreased

the cleavage rate up to 7-fold (Figures5B–5D), suggesting that the

probability that a terminating ribosome will induce NMD depends

on its proximity to the downstream EJC. The dependence of the

cleavage rate on the PTC-to-intron distance was also observed

with other linker sequences and reporters (Figures S6A–S6E).

Interestingly, although larger PTC-to-intron distances resulted in

reduced cleavage rates, the fraction of NMD-resistant mRNAs

was not substantially unaffected (Figures 5C and 5D).

To explore the effects of very short PTC-to-intron distances on

NMD, we introduced new PTCs in the TPI gene (Figure 5E).

Decreasing the distance between the PTC and the downstream

intron to 73, 52, or 40 nt (TPIPTC185, TPIPTC192, and TPIPTC196,

respectively) led to a strong reduction in NMD (Figure 5F), as ex-

pected. Interestingly, the reduction in NMD efficiency was

mostly caused by a substantial increase in the fraction of

NMD-resistant mRNAs (Figure 5F), consistent with a model in

which the EJC can be displaced from the mRNA by the trans-

lating ribosome if it is too close to the PTC, thereby preventing

NMD during future rounds of translation. Surprisingly, we found

that a fraction of mRNAs was still susceptible to NMD in all 3 re-

porters (TPIPTC185/192/196) (Figure 5F), suggesting that the EJC
was not displaced by translating ribosomes from all mRNAs,

even when it is positioned very closely to the PTC.

The Number of Introns Both Upstream and Downstream
of the PTC Affects the NMD Cleavage Rate and the
Fraction of NMD-Resistant mRNAs
Next, we examined the effect of altering the number of introns in

an mRNA on the NMD decay rate and the fraction of NMD-resis-

tant mRNAs. We added an extra copy of a single intron cassette

to our standardized reporter (Kif18bPTC-CD63) to create the

Kif18bPTC-2xCD63 reporter (Figure 6A). These reporters have an

identical PTC-to-intron distance, and the same nucleotide

sequence immediately downstream of the PTC, but a different

number of introns. Introduction of a second intron downstream

of the PTC resulted in a faster decay rate and also a reduced

fraction of NMD-resistant mRNA molecules (Figure 6B), indi-

cating that multiple downstream introns enhance NMD through

two parallel mechanisms. Similar results were obtained with a

second set of reporters (Figures S7A and S7B). To support these

findings, we performed analysis of the effects of nonsensemuta-

tions on mRNA levels in a large cohort of previously sequenced

cancer samples (Lindeboom et al., 2016). Genome-wide analysis

revealed that PTCs with only a single EJC downstream of the

PTC had a significantly lower NMD efficiency than PTCs with

multiple (>3) downstream EJCs (p = 4.9 * 10�5, Mann-Whitney

U test, Figure 6C).

We considered two possible models to explain the enhanced

NMD cleavage rate of mRNAs containing multiple introns. First,

deposition of multiple EJCs downstream of the PTC could in-

crease the probability that a terminating ribosome interacts

with an EJC and induces NMD. Alternatively, multiple introns

could enhance NMD through altered mRNA processing, for

example, by enhancing the loading of a protein factor onto the

mRNA that stimulates NMD. In the first model, NMD efficiency

is only enhanced when introns are placed downstream of a

PTC, while, in the second model, NMD efficiency could also be

affected when introns are inserted upstream of a PTC. To distin-

guish between these models, we placed additional introns either

upstream or downstream of the PTC in the Kif18bPTC-NUBP2 re-

porter (Figure 6D) (which had a moderate cleavage rate and

thus allows detection of both increases and decreases in the

cleavage rate). Interestingly, inserting 4 additional intron cas-

settes upstream of the PTC enhanced NMD efficiency (Fig-

ure 6E). The observed cleavage was still mostly dependent on

the presence of the PTC, suggesting that upstream introns did

not trigger NMD through generation of new PTCs due to splicing

errors (Figure 6E). Inserting 4 intron cassettes downstream of the

PTC stimulated the NMD decay rate even further (Figure 6E),

suggesting that the presence of multiple EJCs downstream of

the PTC also enhances NMD induction during translation termi-

nation. Similar results were obtained when using multiple

different sets of reporters (Figures S7C–S7F). Enhancement of

NMD by upstream introns was also observed in the genome-

wide cancer dataset; when the PTC was located in the penulti-

mate exon, we observed a significantly lower NMD efficiency

when 0 or 1 upstream introns were present than when 4 or

more upstream introns were present (p = 0.04 and p = 0.001,

respectively, Mann-Whitney U test, Figure 6F). Upstream introns
Molecular Cell 75, 1–16, July 25, 2019 9



Figure 5. PTC-to-Intron Distance Affects Both the Decay Rate and Fraction of NMD-Resistant mRNA Molecules

(A) Schematic of indicated reporters.

(B–D and F) U2OS cells expressing scFv-sfGFP and PCP-mCherry-CAAX were transfected with indicated reporter plasmids and analyzed by time-lapse

microscopy.

(B) The time from first detection of translation until mRNA cleavage was determined.

(C and D) Cleavage rates (C) and fraction of mRNAs sensitive to NMD (D) for each reporter shown in (B).

(E) Schematic of indicated reporters.

(F) The time from first detection of translation until mRNA cleavage was determined.

Dots represent experiments; lines show the mean of all experiments. Solid lines and corresponding shaded regions in (B) and (F) represent mean ± SEM. Dotted

line in (B) indicates that the data are replotted from an earlier figure panel for comparison. Number of measurements for each experiment are listed in Table S1.

See also Figure S6.
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did not further increase NMDefficiency when two ormore introns

were present downstream of the PTC (Figure S7G). Together,

these results suggest that the presence of multiple introns in

an mRNA enhances NMD through two distinct mechanisms.

Decay Kinetics of the 30 Fragment after mRNA Cleavage
After NMD-dependent mRNA cleavage, the 30 cleavage frag-

ment is degraded by XRN1 (Gatfield and Izaurralde, 2004; Fig-

ure 1J). While in vitro studies have shown that XRN1 displays
10 Molecular Cell 75, 1–16, July 25, 2019
high processivity (Jinek et al., 2011; Chang et al., 2011; Stevens,

1980), very little is known about the speed and processivity

by which XRN1 degrades mRNAs in vivo. To examine the

kinetics of XRN1-mediated mRNA degradation in vivo, we

imaged TPIPTC160 mRNAs with high temporal resolution (5 s in-

terval) (Figures 7A and 7B) and quantified the decrease in red

fluorescence intensity of individual mRNAs over time (Figures

7B and 7C). This analysis revealed an exonucleolytic decay

speed of 38 nt/s (median, see STAR Methods and Figure 7C).
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To examine processivity of XRN1, we determined how partial

depletion of XRN1 affects the onset and rate of decay; if XRN1

is highly processive, reduced levels of XRN1 would be expected

to slow the onset but not the rate of decay. In contrast, if XRN1 is

non- or weakly processive, decay should initiate at approxi-

mately the same time but show a decreased rate (Figure 7D).

We found that the onset of decay was delayed by XRN1 deple-

tion (160 s versus 50 s in XRN1-depleted versus control cells,

Figures 7D and 7E) but that the decay rate was similar (median

rate 38 versus 31 nucleotides/s; Figure 7F; see STAR Methods),

suggesting that most TPIPTC160 30 cleavage fragments are

degraded by a single, processive XRN1 molecule.

To analyze XRN1 processivity more precisely, we generated

a new reporter with a second 24x PP7 array followed by a

2.6 kb linker sequence upstream of the original 24x PP7 array
(TPIPTC160-48xPP7), which showed an approximately 2-fold

increased mCherry fluorescence, as expected (Figures 7A and

7G). The TPIPTC160-48xPP7 reporter has a much longer 30 UTR
than TPIPTC160 (5 versus 1.5 kb), increasing the likelihood of

XRN1 dissociation from the 30 cleavage fragment, thus providing

amore sensitive readout for XRN1 processivity. Decay of the first

24x PP7 array results in an�50%decrease in fluorescence, after

which the fluorescence intensity remains constant during the

decay of the 2.6 kb linker sequence (referred to as the plateau

phase), followed by another decrease in fluorescence when

the second 24x PP7 array is degraded (Figures 7H and 7I; Video

S6). Interestingly, when analyzing many mRNA molecules, the

duration of the plateau phase showed a clear bimodal distribu-

tion; �60% of molecules displayed rapid degradation of the

linker (median time 0.8 min, Figure 7J, black line), which is in
Molecular Cell 75, 1–16, July 25, 2019 11
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Figure 7. mRNA Decay Kinetics of XRN1

(A) Schematics of indicated reporters.

(B, C, and E–K) U2OS cells expressing scFv-sfGFP and PCP-Cherry-CAAX were transfected with either TPIPTC160 (B, C, E, and F) or with TPIPTC160-48xPP7

(G–K) reporter plasmids and with indicated siRNAs (C, E, F, and I-K). Cells were analyzed by time-lapse microscopy at 5 s (C, E, and F) or 15 s (H–K) time interval.

(legend continued on next page)
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good agreement to the predicted decay time of �1.1 min for the

linker sequence based on ourmeasured XRN1 decay speed. The

remaining molecules displayed much slower decay of the linker

(median time 8.5 min). The rapidly degrading mRNA population

likely represents processive degradation of the linker via a single

XRN1 binding event, whereas the slowly degrading mRNAs

could represent degradation that requires two or more XRN1

binding events. Consistent with this hypothesis, depletion of

XRN1 did not substantially affect the fraction of rapidly degraded

mRNA molecules (�50%) but dramatically increased the decay

time of the slowly degrading mRNAs (Figure 7J). Furthermore,

a strong delay in the initial recruitment of XRN1 was observed

by XRN1 depletion, and this delay was similar to the delay in

the degradation time of the linker (Figures 7J and 7K; see

STAR Methods). This further suggests that the slowly decaying

population of mRNAs represent mRNAs in which XRN1 fell

off the mRNA before completing degradation, and that the

increased time required for degradation of the linker in XRN1-

depleted cells is caused by slower recruitment of a new XRN1

molecule when cellular XRN1 levels are low. Together, these

results show that XRN1 is a fast and highly processive enzyme

in vivo, but many mRNAs nonetheless require two or more

XRN1 binding events for complete mRNA degradation.

DISCUSSION

SunTag Translation Imaging—A Method to Study NMD
A major strength of our single-molecule imaging NMD assay is

that it accounts for many variable factors that can influence the

steady-state mRNA levels of an NMD target. For example, de-

layed nuclear export or delayed translation initiation would

extend the lifetime ofmRNAs,making them appear less sensitive

to NMD in bulk mRNA decay measurements, while our assay

distinguishes between these possibilities. In addition, single-

molecule measurements can uncover different mRNA subpopu-

lations, for instance, with distinct sensitivities to NMD. Although

exogenous mRNA sequence elements are required for the assay

(i.e., SunTag and PP7 binding sites), we find that our NMD

reporter faithfully recapitulates key aspects of NMD, including

the dependence on a PTC and an EJC downstream of the

PTC, a requirement for the key NMD factors UPF1 and SMG6,

and exonucleolytic decay of the 30 cleavage fragment by

XRN1. We note that a small percentage of mRNAs (�5%) is

cleaved even in the absence of a PTC or EJCs, so it is possible

that these mRNAs are cleaved through EJC-independent NMD

or through a mechanism other than NMD. Long 30 UTRs can

stimulate NMD by increasing the distance between a PTC and

the poly(A) tail (B€uhler et al., 2006; Singh et al., 2008; Eberle
(B and H) Representative images of single mRNA molecules are shown. Scale ba

over time of representative example mRNAs. Dashed blue lines in (C) indicate be

(D) Schematic illustrating the expected fluorescence intensities over time upon X

(E, F, J, and K) Quantification of the time between cleavage and onset of 30 frag
complete disappearance of the 30 cleavage fragment (F) and of the duration of the p

of mRNAs that could be analyzed. (G) mCherry fluorescence intensities of ind

immediately before the mRNA was cleaved. Dots in (E) and (F) represent single mR

regions in (K) represent mean ± SEM. Number of measurements for each experi

See also Video S6.
et al., 2008). However, for the reporters tested here, the length

of the 30 UTR did not play a major role in inducing NMD (Figures

1F, S2F, S2G, S5G, and S5H). Thus, our single-molecule imaging

method faithfully recapitulates most, if not all, aspects of NMD

and therefore adds a unique tool to study NMD timing, kinetics,

and heterogeneity. The mRNA cleavage and exonucleolytic

decay assays developed here may also be adapted to study

other forms of mRNA quality control and more generally other

aspects of RNA biology involving mRNA translation and decay.

Probability that a Ribosome Induces NMD during
Termination
We provide multiple lines of evidence that NMD occurs with

equal probability during each round of translation (Figure 2)

and that NMD efficiency is not preferentially induced on CBC-

bound mRNAs (Figure 3). Nonetheless, we find that on efficient

NMD substrates up to 56% of mRNA molecules are targeted

for NMD, while the mRNA is still bound to the CBC. Together,

these findings could reconcile the apparently contradictory

observations that NMD is preferentially induced during the

‘‘pioneer’’ round of translation (Ishigaki et al., 2001) and observa-

tions that NMD can be efficiently induced on eIF4E-bound

mRNAs (Durand and Lykke-Andersen, 2013; Rufener and

M€uhlemann, 2013), thus potentially providing a unifying model

for NMD induction.

The observation that only a relatively small subset of termina-

tion events results in NMD may also explain why translation of

upstream open reading frames (uORFs) does not result in sub-

stantial NMD (Calvo et al., 2009). If a ribosome translates a

uORF before the main ORF has been translated, it would termi-

nate on the uORF stop codon, while EJCs are still associated

with the main ORF, potentially triggering NMD. Since only a

few termination events would occur on the uORF stop codon

before the main ORF is translated and EJCs are removed, a

low probability of inducing NMD for each translation termination

event would largely prevent NMD on uORF-containing mRNAs,

while allowing rapid NMD of mRNAs containing a bona fide PTC.

An NMD-Resistant Subpopulation of mRNA Molecules
Most mRNA molecules are efficiently degraded by NMD, but a

subpopulation of mRNA molecules, generally ranging from

5%–30%, is resistant to NMD-dependent mRNA cleavage,

consistent with a previous report (Trcek et al., 2013). One possi-

bility is that NMD-resistant mRNA molecules arise from a

(stochastic) failure in splicing or EJC deposition on a subset of

mRNA molecules. Consistent with this, our results show that

insertion of additional introns downstream of a PTC reduces

the fraction of NMD-resistant mRNAs (Figure 6B). The presence
r, 1 mm. Time is shown in min:s. (B, C, H, and I) mCherry fluorescence intensity

st fit from simulations (see STAR Methods).

RN1 depletion.

ment degradation (E and J) and the time between onset of degradation and

lateau phase (K). 3 experiments in (J) were grouped because of the low number

ividual mRNA foci of indicated reporters were measured at the time point

NAmolecules; lines showmean ± SEM. Solid lines and corresponding shaded

ment are listed in Table S1.
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of multiple introns would increase the fraction of mRNAs that

contains at least one EJC complex downstream of the PTC. In

this study, all mRNAs were expressed from a single promoter,

so an interesting open question is to what extent the promoter

and chromatin context affects the fidelity of splicing and EJC

loading, and thus potentially the fraction of NMD-resistant

mRNAs. While variability in splicing and/or EJC deposition may

explain part of the NMD-resistant mRNAs, a small fraction of

mRNAs escapes NMD even in reporter mRNAs that contain mul-

tiple introns located downstream of the PTC, suggesting that an

additional mechanism may also contribute to NMD escape.

XRN1 Speed and Processivity
We found that XRN1 degrades 30 cleavage fragments with high

speed and processivity but occasionally dissociates from the

mRNA. The observed XRN1 degradation speed (38–55 nt/s) is

substantially higher than the translocation speed of ribosomes

(9–15 nt/s), which explains why XRN1 trails ribosomes during

co-translational mRNA decay (Pelechano et al., 2015). We also

found that human XRN1 efficiently degrades structured RNAs

with tightly bound RBPs (i.e., PP7 binding site with bound

PCP), consistent with a previous study, but contrasting results

obtained with yeast XRN1 (Garcia and Parker, 2015; Horvathova

et al., 2017; Kim et al., 2019). Finally, a recent study found that

degradation of PTC-containing mRNAs in zebrafish can lead to

transcriptional adaptation, a process in which genes with

sequence similarity to the degraded mRNA are upregulated,

and the study showed that transcriptional adaptation was

dependent on XRN1-mediated decay of NMD substrates

(El-Brolosy et al., 2019). Upregulation of these genes was

sequence specific, and the authors speculated that mRNA

decay intermediates may play a role. Since we found that

XRN1 occasionally dissociates from an mRNA during degrada-

tion, which results in production of decay intermediates, XRN1

dissociation from mRNAs during decay could be important for

this process of transcriptional adaptation.
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CONTACT FOR REAGENTS AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by Marvin Tanenbaum

(m.tanenbaum@hubrecht.eu)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

U2OS and HEK293T cell culture
Human U2OS cells and HEK293T cells (ATCC) were grown in DMEM (4.5g/L glucose, GIBCO) containing 5% fetal bovine serum

(Sigma-Aldrich) and 1% penicillin/streptomycin (GIBCO). Cells were grown at 37�C and with 5% CO2.

METHOD DETAILS

Cells, Plasmids, Transfections and Lentiviral infections
Plasmids

The complete list and sequence of all plasmids used in this study is provided in Table S1.

Plasmid and siRNA transfections

For imaging experiments, plasmid transfection of U2OS cells was performed in 96-well glass-bottom imaging plates 24 hr before

imaging, using 0.5 ml FuGENE 6 (Promega) and 100-200 ng DNA per well. In experiments in which ha4E-BP1 was overexpressed,

cells were transfected with ha4E-BP1 plasmid 16h before the start of imaging to reduce toxicity associated with overexpression

of this protein. The transfection mix was prepared in OptiMEM (Sigma-Aldrich) and added to the cells in a total volume 150-

200 mL of medium. Transfections in 24-well plates were performed using 1 mL FuGENE and 200-400 ng DNA per well in a total volume

of 300 ml.

For experiments in which siRNA transfections and plasmid transfections were combined, U2OS cells were first reverse transfected

with siRNAs at a final concentration of 10 nM (unless stated otherwise) using Lipofectamine RNAiMAX (Invitrogen) and seeded

in plastic 24-well plates. After 24hr, the cells were trypsinized, transfected with a second dose of 10 nM siRNA and re-plated in

96-well glass-bottom imaging plates. 48 hr after the first siRNA transfection, cells were transfected with plasmid DNA, as described

above. 24 hr after DNA transfection, cells were analyzed by time-lapse microscopy. The sequences of the siRNAs used in this study

are listed in the Key Resource table.

For generation of cells stably expressing reporter mRNAs, U2OS cells were transfected with indicated reporter plasmids. 24 hr

after transfection, selection for stable integration was performed using 0.4mg/ml Zeocin (Invitrogen) for 10 days.

Lentivirus production and infection

For lentivirus production, HEK293T cells were transfected with the lentiviral vector along with lentiviral packaging plasmids pMD2.g

and pspax2 using Polyethylenimine (PEI) (Polysciences Inc). The medium was replaced the day after transfection with fresh culture

medium, and 72 hr after transfection, viral supernatant was collected. For lentiviral infections, cells were seeded in a 6-well plate at

about 70% confluency. Viral supernatant was added to the cells along with Polybrene (10mg/ml) (Santa Cruz Biotechnology Inc) and

the cells were spun at 2000 rpm for 90 min at 22�C (Spin-infection). After the spin-infection, the culture medium was replaced with

fresh medium, and cells were incubated for at least 48 hr before further analysis.

Microscopy
Unless stated otherwise, all live-cell imaging experiments were performed using U2OS cells expressing TetR, scFv-sfGFP and PCP-

mCherry-CAAX (Yan et al., 2016; Ruijtenberg et al., 2018). Cells were seeded 48h before imaging in 96-well glass bottom dishes

(Matriplates, Brooks Life Science Systems) at 20%–25% confluency. Cells were transfected with reporter plasmid DNA 24h before

imaging. Thirty minutes before imaging, the cell culturemediumwas replacedwith pre-warmedCO2-independent Leibovitz’s-15me-

dium (GIBCO) and transcription of the reporters was induced by addition of doxycycline (1 mg/ml) (Sigma-Aldrich). Images were

acquired using a Nikon TI inverted microscope with perfect focus system equipped with a Yokagawa CSU-X1 spinning disc, a

100x 1.49 NA objective and an iXon Ultra 897 EM-CCD camera (Andor) using Micro-Manager software (Edelstein et al., 2010) and

NIS software (Nikon). During the experiment, cells were maintained at a constant temperature of 37�C. Unless stated otherwise, sin-

gle Z-plane imageswere acquired, with the bottom of the cell in the focal plane. Camera exposure times of 500mswere used for both

GFP and mCherry, and images were acquired with an interval of 30 s, unless stated otherwise. Of note, mCherry-positive lysosomes

were visible inmost cells, but these could easily be distinguished frommRNAs based on fluorescence intensity and diffusion kinetics.

In experiments in which untetheredmRNAswere tracked, U2OS cells expressing PCP-Halo (instead of PCP-mCherry-CAAX) were

used. Cells were labeled with Halo-TMR ligand (Promega) (50nM concentration for 2 h) before imaging. Single Z-plane images were

acquired, with the region just below the nucleus of the cell in the focal plane. Images were taken with an interval of 15 s and camera

exposure times of 500 ms were used for both GFP and TMR.

In experiments in which the intensity of green spots was measured in 3D before and after cleavage, Z stacks were acquired for

GFP. We acquired 11 slices with an inter-slice distance of 1 mm each, and used a 100 ms exposure time. For mCherry, a single

Z-plane was imaged with 500 ms exposure time. Images were acquired at a 10 s time interval.
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In experiments in which the intensity of red spots was measured after mRNA cleavage, low laser power (�8x lower than used for

other imaging) and high exposure times (1500 ms) were used for mCherry to reduce photobleaching and increase signal-to-noise.

This enabled accurate detection and measurement of mCherry foci for > 300 time points.

Quantitative RT-PCR
U2OS cells stably expressing TetR or TetR, scFv-sfGFP, PCP-mCherry-CAAX (Yan et al., 2016) were seeded in 24-well plastic bot-

tom plates at�10% confluency 72h before harvesting of cells. When the effect of UPF1 siRNA on reporter expression was assessed,

a reverse transfection with 10 nM siRNA against UPF1 was performed during seeding, and another siRNA transfection was per-

formed 24h after seeding. 48h after seeding, equal amounts of TPIWT, TPIPTC160 or TPIPTC1 reporter constructs were co-transfected

with a control plasmid, and doxycycline was added for 24h to induce transcription of the reporters. 72hr after cell seeding, RNA was

isolated using RNeasy plus mini kit (QIAGEN) according to manufacturer’s guidelines, and cDNA was generated using Bioscript

reverse transcriptase (Bioline) and Oligo-d(T) primers. qPCRs were performed using SYBR-Green Supermix (Bio-Rad) on a

Bio-Rad Real time PCR machines (CFX Connect Real-Time PCR Detection System). RNA abundance of reporter mRNAs was

measured using two different primer sets that amplified a �200 nt regions upstream or downstream of the PTC. Reporter mRNA

abundance was normalized to the expression of the control plasmid that was co-transfected to control for differences in transfection

efficiency. The average of the two primer sets was then used as the final value for mRNA abundance.

For checking efficiencies of UPF1 and XRN1 siRNAs by qPCR, U2OS cells expressing TetR, scFv-sfGFP and PCP-mCherry-CAAX

(Yan et al., 2016) were seeded in 24-wells plates. Respective siRNAs (10mM) were transfected during cell plating using reverse

translation and cells were harvested 3 days after transfection. RNA isolation was performed using TRIsure (Bioline) according to

manufacturer’s protocol. cDNA synthesis and qPCRs were performed as described above, except that GAPDH mRNA levels

were used to normalize mRNA abundance.

For determining splicing efficiency of NMD reporters, U2OS cells expressing TetR were seeded in 24-wells plates at 20%–25%

confluency 48h before harvesting. After 24h cells were transfected with either a kif18b reporter that contained an intron or a matched

reporter in which the intron sequence was removed from the plasmid. 3h before harvesting of cells, doxycycline was added to the cell

culture medium to induce transcription, and 200 mg/ml cycloheximide was added to prevent degradation of spliced transcripts by

NMD. RNA was isolated using RNeasy plus mini kit (QIAGEN) with on-column DNase treatment (RNase-free DNase set, QIAGEN)

according tomanufacturer’s protocol. cDNA synthesis and qPCRwere performed as described above. To assess splicing efficiency,

we used a primer set that amplified the reporter mRNA independent of its splicing status (total transcript) and a primer set for which

one primer binds at the exon-exon junction, which only generates a PCR product when the transcript is spliced. The no-intron control

reporter has the same mRNA sequence as the spliced transcript, and should therefore be amplified by both primer sets. We

compared the ratio in abundance of the two amplicons (e.g., ‘total’ and ‘spliced’), and normalized this ratio to the ratio of total

and spliced amplicons obtained with the no-intron control reporter.

To ensure that the ‘spliced’ mRNA-specific primer set is indeed specific to spliced mRNAs, we tested the spliced mRNA-specific

primer set on plasmid DNA. Amplification was tested on plasmid DNA in which the intron was present, which resembles unspliced

mRNA and should thus not be amplified, and plasmid DNA in which the intron was not present, which resembles spliced mRNA and

should be efficiently amplified. Each spliced mRNA-specific primer set amplified plasmid DNA lacking an intron > 500 fold more

efficiently than plasmid DNA containing an intron, confirming the specificity of these primer sets.

Flow Cytometry
For analysis of splicing by flow cytometry using fluorescence splicing reporters, U2OS cells were seeded in 24-well plates at

20%–25% density. 24 hr after seeding, cells were transfected with plasmids encoding the splicing reporters and 1mg/ml doxycycline

was added to induce expression of the reporter. 48 hr after seeding, cells were harvested and analyzed for GFP and BFP expression

by flow cytometry using a Cytoflex analyzer (Beckman Coulter). The ratio of BFP-to-GFP signal intensity was then determined for

each cell and the average BFP/GFP ratio for the cell population was calculated for each reporter. The BFP/GFP ratio of intron-

containing reporters was then normalized to the average ratio of BFP/GFP of 6 no-intron control reporters (which represent fully

spliced mRNAs) to determine the splicing efficiency.

QUANTITATION AND STATISTICAL ANALYSIS

Quantification of mRNA degradation
mRNA cleavage

To calculate the precise moment of cleavage of reporter mRNA molecules relative to the start of translation, we determined for each

mRNA at which moment we could first visually observe GFP signal, and at which moment the red and the green signals separated

from each other (cleavage). For mRNAs for which we did not observe cleavage, we determined the total time that the mRNA was

tracked. An mRNA track was ended either when: 1) the end of the time lapse was reached, 2) two mRNAs crossed each other’s

paths, 3) when translation of the mRNA could no longer be observed, 4) when the mRNA moved out of the field of view, or 5)

when the mRNA detached from the plasmamembrane. To ensure we only analyzed newly transcribed mRNAs, we excludedmRNAs

that were already present at the membrane at the start of the time-lapse experiment, mRNAs that were already associated with a
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green fluorescent signal in the frame that they appeared in the field of view, or mRNAs on which we never observed a green fluores-

cence signal during the time lapse (�50%ofmRNAs). For eachmRNA, we calculated the time fromGFP appearance until cleavage or

until the last time point in which the mRNA could be tracked, and we plotted the fraction of uncleaved mRNAs using a Kaplan-Meier

plot, which takes into account both the track length of the cleaved and uncleaved mRNAs.

Cleavage of mRNAs with 5xPP7 binding sites

Reporter mRNAs containing a 5x PP7 binding array did not recruit sufficient mCherry molecules to detect the mRNA molecule over

the background fluorescence. Therefore, mRNA cleavage could not be defined as physical separation of GFP and mCherry foci. As

an alternative approach to define the time from translation initiation until mRNA cleavage, we analyzed the fluorescence intensity and

diffusion of translation sites; translation initiation on a newly transcribed mRNAmolecule was determined by the gradual appearance

of a GFP spot that diffused slowly (indicative of membrane tethering). Cleavage was determined as either the rapid disappearance of

the translation site, or a sudden large increase in the diffusion speed of the translation site, both of which occur because the 50 cleav-
age product, which contains all the ribosomes and is thus GFP-labeled, is no longer physically connected to the PP7 binding sites in

the 30UTR after cleavage, and has thus lost its membrane tethering. An issue with determining the moment of cleavage based on the

GFP signal alone is that cleavage cannot be distinguished from detachment of the entire mRNA from the plasma membrane. Mem-

brane detachment may be especially prevalent when analyzing mRNAs containing only 5x PP7 binding sites, as they are connected

to the membrane by fewer PP7molecules. Therefore, for each reporter the rate of mRNAmembrane detachment was determined by

analyzing the rate of translation site disappearance for reporters that did not include a PTC. Cleavage times were then corrected for

mRNA detachment by dividing the fraction of uncleaved mRNAs in the reporters containing a PTC by the fraction of remaining

mRNAs (i.e., not detached) of the control reporter lacking a PTC for each time point.

Cleavage of HP21 reporters

Because reporters with reduced initiation rates are frequently translated by a single ribosome at a time, cleavage cannot be distin-

guished from translation termination as they both result in the separation of a single ribosome/SunTag array from the mRNA. Since

mRNA cleavage, but not translation termination, results in rapid disappearance of the 30 cleavage fragment, we classified disappear-

ance of a green fluorescent signal as mRNA cleavage when the mRNA signal disappeared after GFP disappearance.

Although the mRNA foci can also disappear through mechanisms other than NMD cleavage (e.g., mRNA detachment from the

membrane), mRNAs on which no NMD occurred rarely disappeared from the membrane, indicating that mRNA disappearance after

GFP disappearance mostly represents NMD.

Cleavage of untethered mRNAs

To observe cleavage ofmRNAmolecules that were not tethered to themembrane, cells were imaged in a single focal plane just below

the nucleus of the cell. This region was selected to allow observation of mRNAs immediately after nuclear export, and because

mRNAs could be easily tracked in the region below the nucleus. Similar to analysis on tethered mRNAs, we excluded from our anal-

ysis mRNAs which were already present at the start of the time-lapse video, or first appeared in the field of view in a translating state.

For mRNAs that were not cleaved for the duration of the video, the time was noted at which we could no longer accurately track the

mRNA and/or GFP signal (e.g., when mRNAs get out of focus or cross each other). The fraction of cleaved mRNAs was plotted as

Kaplan-Meier plots.

Estimating SMG5/7-dependent NMD

NMD-dependent mRNA decay through SMG5/7 does not result in cleavage, but rather in exonucleolytic decay (Unterholzner and

Izaurralde, 2004; Loh et al., 2013). Exonucleolytic decay of an mRNA would result in disappearance of both the GFP and mCherry

signals. Therefore, we tested whether reporter mRNAs that were not degraded by endonucleolytic decay were subject to exonucleo-

lytic decay. To do this, we determined the duration that mRNA and translation foci that did not get cleaved could be observed.

Analysis of decay of 30 cleavage fragments

To determine how quickly 30 decay intermediates were degraded after mRNA cleavage (Figure 1I), we precisely determined the

moment ofmRNA cleavage (as described above) and themoment ofmRNAdisappearance. FormRNAs that did not disappear during

the video, we determined the last frame in whichwe could track themRNA. AnmRNA track could be lost, because themRNA spatially

overlapped with another mRNA, moved out of the field of view, or because the end of the video was reached. We then calculated for

each individual mRNA the time between cleavage and mRNA disappearance and determined the fraction of remaining mRNAs over

time using a Kaplan-Meier plot.

Observing the first round of translation

It is possible that a minor fraction of the mRNAs that initially appeared in the field of view in the untranslated state had already un-

dergone the first round of translation previously followed by translation shutdown. To determine the likelihood that an mRNA that

appears without an associated GFP signal had previously been translated, we analyzed which fraction of their lifetime TPIWT mRNAs

spend in a state of temporary translational shutdown. The duration of a temporary shutdown event was defined as the number of

frames during which no GFP signal could be detected on an mRNA before translation reinitiated. We determined the total time

that an mRNA was translated as the duration from first GFP appearance until the last frame in which GFP was observed. We then

calculated which fraction of their lifetime TPIWT mRNA spends in a state of temporary shutdown, which was 4% ± 2%. If all newly

appearing mRNAs would already have been translated, 96% of the newly appearing mRNAs should be associated with a green

signal, while 4% should not have an associated green signal. However, 86% of the newly appearing mRNAs did not have an asso-

ciated green signal, suggesting that the majority of these mRNAs had not yet initiated translation. The 14% of mRNAs that appeared
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with a GFP signal represent 96% of the mRNAs that had already initiated translation. Therefore, the 4% of mRNAs in a state of

temporary shutdown should represent only 4/96 * 14% = 0.6% of all mRNAs, meaning that we observe the first round of translation

on > 99% for the mRNAs that appear without an associated GFP signal.

Measuring fluorescence intensities
Fluorescence intensities of mRNAs and translation sites

To determine the fluorescence intensity of individual translation or mRNA foci over time, mean spot intensities were measured in

ImageJ in a region of interest (ROI) 4x4 pixels in size (0.54 3 0.54 mm). For each spot, local background fluorescence intensity

was measured in a 10x10 pixel ROI directly next to the spot of interest, and mean background fluorescence intensities was sub-

tracted from the mean spot intensity. To correct for photobleaching during the time-lapse video, the mean fluorescence intensity

of the entire cell (for GFP fluorescence) or of mRNAs that remained present for the entire duration of the video (mCherry fluorescence)

was determined at each time point in the video and the decrease in fluorescence over time was fit with a single exponential decay

distribution, from which a bleaching rate was determined. All spot and background fluorescence intensity measurements were then

corrected for the bleaching.

Tracking and intensity measurements of translation sites

FormRNA tracking and fluorescence intensity measurements of singlemRNAs described in Figure 3, we used a previously described

software package called ‘TransTrack’ (Boersma et al., 2018). Using TransTrack, we measured the GFP fluorescence intensity and

performed background subtraction and bleach correction. All traces were manually curated.

Ribosome initiation and elongation rates
Calculating the number of ribosomes present on an mRNA

For TPIPTC1, calculation of the number of ribosomes present on individual mRNA molecules was performed as described previously

(Yan et al., 2016). In brief, mRNAs were imaged with short (30 ms) exposure time and high laser intensity (�20x higher than used for

normal translation imaging). With this short exposure time, mature SunTag proteins that have completed translation and are freely

diffusing in the cytoplasm and are not co-localizing with an mRNA molecule can be observed as distinct foci. In contrast, translation

sites are visible as brighter foci that co-localized with an mRNA molecule. We compared the background-subtracted fluorescence

intensity of translation sites with the mean fluorescence intensity of mature proteins in the same cell. Since some ribosomes (that

have not yet translated the entire SunTag sequence) will recruit fewer scFv-sfGFP molecules, a mature protein produces more fluo-

rescence intensity than an average ribosome translating an mRNA. Therefore, we corrected for the average fluorescence intensity

associated with a translating ribosome to obtain the final ribosome occupancy on mRNA molecules, as described previously (Yan

et al., 2016)).

For other reporters, we determined the ribosome occupancy by comparing the fluorescence intensity of translation sites of each of

these reporters with the fluorescence intensity of TPIPTC1 translation sites, for which the ribosome number had been calculated, as

described above.

Determining ribosome elongation speeds

To determine the time a ribosome takes to translate the entire coding sequence of a reporter mRNA, the 50UTR sequence of the Emi1

gene (Yan et al., 2016; Tanenbaum et al., 2015) was introduced into the reporter, which severely reduces the translation initiation rate,

frequently limiting the number of ribosomes permRNAmolecule to one. To determine the time taken by the ribosomes to translate the

entire reporter mRNA coding sequence, we measured the time between appearance and disappearance of GFP signal. To ensure

that only translation events by single ribosomes were analyzed, only events with low GFP signal were included in this analysis. In

addition, only translation events on which the time between GFP appearance and disappearance was < 4.5 min were included,

as longer events are more likely to represent either translation events by multiple ribosomes or stalled ribosomes. The duration of

all analyzed translation events was then plotted, and fit with a Gaussian distribution. The mean of this Gaussian distribution

(2.38 min) was used as a mean time from the moment of GFP appearance to GFP disappearance.

AsGFP cannot be detected until�8 SunTag peptides have been synthesized due to limited fluorescence intensity, GFPwill only be

detected after the first�735 nucleotides have been translated (Yan et al., 2016). Therefore, the translation time of 2.38min represents

the time required for translation of the mRNA reporter from nt 735 until the end of the coding sequence (nt 2517), resulting in an

effective coding sequence length of 2517 – 735 = 1782 nucleotides, which results in an elongation speed of 12.45 nucleotides/s

(4.15 codons/s).

When translation initiation is not reduced (e.g., for TPIPTC1), multiple ribosomes will simultaneously translate the mRNA, resulting in

a brighter fluorescent signal than when the mRNA is translated by a single ribosome. Therefore, the GFP signal can already be

detectedwhen the first ribosome has translated fewer than 8 SunTag peptides, resulting in a longer effective coding sequence length.

With the determined ribosome occupancy of 10.85 ribosomes on TPIPTC1, the average distance between ribosomes will be 232 nu-

cleotides, corresponding to 3.2 SunTag peptides. When the first ribosome has on average translated 5.6 SunTag peptides, or 562

nucleotides, the next ribosome trailing the first at a distance of 232 nucleotides will have translated 2.4 peptides, resulting in a total

fluorescence of 8 SunTag peptides of the two ribosome combined, which we determined to be our detection limit (see above). Trans-

lation of the remaining 1955 nucleotides (2517minus the 562 undetected nucleotides), which corresponds to the time required for the

first ribosome to reach the stop codon after GFP appearance, should therefore require on average 1955/12.5 = 2.62 min.
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In Figure 1D, we state that the timing of the first mRNAs undergoing NMD coincides with the expected time of arrival of the first

ribosome at the stop codon. This statement is based on elongation rates measured in a previous study, in which we found elongation

rates of 9-15 nt/s for different reporters ((Yan et al., 2016)). TPIPTC1 and TPIPTC160 have effective coding sequence lengths (see above)

of 1955 and 2429 nt respectively. Assuming elongation rates of 9-15 nt/s, translation of TPIPTC1 should take between 1955/15 = 130

and 1955/9 = 217 s (2.1-3.6 min), which corresponds to 2.1-3.6 min. Translation of TPIPTC160 should take between 2.7-4.4 min.

Calculation of translation initiation rates

Calculation of the translation initiation rate was performed as described previously (Yan et al., 2016). In brief, it requires both knowl-

edge of the translation elongation rate (4.15 codons/s, see ‘Determining ribosome elongation speeds’) and the inter-ribosome

distance. The inter-ribosome distance was calculated based on the coding sequence length (2517 nucleotides for TPIPTC1) and

the number of ribosomes present on the mRNA (10.85 for TPIPTC1, see ‘Calculating the number of ribosomes present on an

mRNA’). The inter-ribosome distance for TPIPTC1 was 2517/10.85 = 232 nucleotides. In steady state, ribosomes need to initiate

as frequently as they terminate. With an inter-ribosome distance of 232 nucleotides, and an elongation speed of 4.15 codons/s, a

ribosome terminates and initiates every 232/12.45 = 18.6 s, corresponding to an initiation rate of 3.2 ribosomes per minute.

Cell-to-cell heterogeneity in NMD efficiency
Since we only analyze a relatively small number of mRNAs in each cell, cleavage distributions in individual cells are expected to show

substantial variation, even when they have the same NMD efficiency. In order to determine if NMD efficiency was variable among

different cells, it is therefore essential to determine the extent of heterogeneity that is expected between different cells based on

random chance, assuming that each cells has an equal NMD efficiency. To determine how much heterogeneity is expected when

all cells have equal NMD efficiency, we performed stochastic simulations for TPIWT, TPIPTC160 and TPIPTC1 reporters to determine

the expected ranges in cleavage time distributions. The number of cells and the number of mRNAs per cell in each simulation

were kept equal to the number of cells andmRNAs per cell in the corresponding experiment. For each simulated mRNA, the moment

of cleavage was determined by randomly picking a value from the experimentally observed cleavage time distribution. Then, the

cleavage time distribution for each simulated cells was plotted using a Kaplan-Meier plot.

Next, we determined whether the cell-to-cell variation in the experimental cleavage time distributions exceeded the variation in the

simulated cleavage time distribution (which would indicate that different cells have distinct NMD efficiencies). For simulated data, we

compared the cleavage time distributions of single cells with the experimentally observed average cleavage distribution of all cells,

and calculated the Summed Squared Error (SSE) for each simulated cell individually. We then summed the SSE’s of all individual cells

to get a measure of the total variation. These simulations were performed 10.000 times to generate a 95% confidence interval of the

SSE that is expected if all cells have an equal NMD efficiency. Similarly, for experimental data, we compared the cleavage time dis-

tributions of single cells with the experimentally observed average cleavage distribution of all cells to get a measure of the total

variation in the experiment. Finally, we compared the experimental variation with the variation in the simulations to determine if

the experimental data showed significantly greater heterogeneity in NMD efficiency among different cells than the simulated data.

Counting ribosomes that translate HP21 mRNAs
Determining how many ribosomes have translated a HP21-TPIPTC1 reporter mRNA molecule, requires knowledge of the GFP fluo-

rescence produced over time by a single ribosome translating the mRNA, and of the GFP fluorescence associated with an mRNA

during each time point.

Distinguishing translation events from noise

To generate GFP intensity time traces, we measured the GFP fluorescence intensity of an mRNA at every time point in which the

mRNA was present. GFP intensity time traces showed peaks of high fluorescence intensity that lasted for multiple consecutive

time points, consistent with the expected fluorescence intensity produced by a translation event of one or more ribosomes. In order

to count how many ribosomes had translated an mRNA, we first distinguished translation events (originating from one or multiple

ribosomes translating the mRNA) from noise. Fluorescence intensity peaks were defined as translation events when the mean pixel

intensity was either above 0.3 (arbitrary units) for 4 consecutive time points, or above 0.3 for 5 out of 6 consecutive time points. When

a fluorescence intensity peak was categorized as a translation event, GFP intensity of earlier and later time points were also deter-

mined to obtain the entire fluorescence intensity peak associated with that translation event. Earlier time points were included until a

time point was encountered in which the mean pixel intensity was < 0.05, or when a local minimum with an intensity of < 0.15 was

encountered. Later time points were included until the first time point was encountered with a pixel intensity of < 0.2. The total fluo-

rescence intensity of each translation event was then calculated as the sum of the fluorescence intensities at each time point of the

translation event, i.e., the integrated fluorescence intensity of the peak.

Fluorescence intensity of a single ribosome

As the observed translation events (i.e., GFP peaks in the GFP intensity time traces) can originate from one or multiple ribosomes,

interpretation of fluorescence intensities requires knowledge of the fluorescence intensity produced by single ribosome translation

events. We reasoned that a single ribosome translation event can be distinguished from multi-ribosome translation events based

one: 1) the duration of the translation event, and 2) the fluorescence intensity; translation events that include multiple ribosomes

will, on average, last longer and have a higher fluorescence intensity. Translation events with a duration of 2.5 min or less always

had a low maximum intensity, whereas translation events with a duration of more than 2.5 min occasionally had higher maximum
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intensities (Figure S2G). Therefore, we reasoned that all translation events with a duration of 2.5 min or less are highly enriched from

translation events originating from a single ribosome.

Wemeasured themaximum pixel intensity for all peaks of 2.5 min or less, and found that the averagemaximum intensity of GFP for

thosemRNAswas 0.76. To acquire the integratedGFP fluorescence intensity of a single ribosome translation HP21-TPIPTC1, we used

our previously described model to correct for the lower fluorescence intensity when ribosomes have not yet completed translation of

all 24 SunTag peptides (Yan et al., 2016). This correction takes into account the delay in fluorescence buildup caused by sequential

production of SunTag peptides and the delay in binding of scFv-sfGFP to a newly translated SunTag peptide when the SunTag pep-

tide has not left the ribosomal exit tunnel. Using this correction we estimated the mean fluorescence intensity of the entire translation

event to be 0.43. Finally, the integrated fluorescence intensity was calculated as the mean fluorescence intensity multiplied by the

average duration of a single-ribosome translation event, which we determined to be 2.38 min (in Emi1-TPIPTC1) or 9.5 frames, result-

ing in an integrated fluorescence intensity of 4.1 for single ribosomes.

Counting ribosomes translating an HP21-PTC1 mRNA

To calculate the total number of ribosomes that had translated an mRNA, we calculated how many ribosomes contributed to the

fluorescence intensity of each translation event. The number was rounded, so that translation events with a total fluorescence inten-

sity between 0.5 and 1.5 ribosomes (e.g., between 2.05 and 6.15 arbitrary intensity units) were scored as originating from 1 ribosome,

translation eventswith intensities of 1.5-2.5 ribosomes as 2 ribosomes, etc.We then summed the number of ribosomes from all trans-

lation events observed on an mRNA to get the total number of ribosomes that had translated an mRNA.

Probability per ribosome to induce NMD of HP21-TPIPTC1 mRNAs

After counting how many ribosomes translated each HP21-TPIPTC1 mRNA before NMD was induced, we calculated the chance per

ribosome by fitting the cumulative decay graphwith a 2-component exponential decay distribution (containing a fast and slow decay-

ing population, similar to the fitting approach described in ’Modeling of NMD kinetics’) in GraphPad Prism. Since 10% of TPIPTC1

mRNAs appeared to be insensitive to NMD (Figure 1D), we used a slow component that represented 10% of the mRNAs. The decay

rate for this slow decaying population was set to the same value as the slow decay rate for our modeling of reporters without reduced

translation initiation. The decay rate of the fast component was than fitted byGraphPad Prism.We then converted the decay rate that

was determined by prism to a probability per ribosome to induce NMD. An exponential decay distribution is described the by the

equation:

Fraction uncleaved ðRÞ= e^ð� l � RÞ
In this equation, R represents the number of ribosomes that have translated the mRNA, while l is the decay rate (in ribosomes-1.

Therefore, after 1 ribosome has translated an mRNA, the fraction of mRNAs that has not yet been degraded is given by:

Fraction uncleaved ð1 ribosomeÞ= e^ð� lÞ
The probability per ribosome to induce NMD is then given by:

Probability per ribosome to induce NMD= 1� e^ð­ lÞ

Analysis of the first burst of translation
Fitting initiation events based on the fluorescence intensities

To determine the timing of individual translation initiation events based on fluorescence intensity time traces of single mRNAs, we

used a previously described algorithm to fit initiation events to the fluorescence intensity trace of translation sites (Boersma et al.,

2018). This algorithm calculates the fluorescence intensity trace of a single ribosome translating the mRNA, and fits multiple intensity

traces of single ribosomes along the intensity trace of a translation site. The fit in which the combined traces of single ribosomes best

fit the trace of the translation site is determined by minimizing the root mean squared error between the fit and the experimentially

determine intensity trace. In the best fit, the timing of translation initiation events is recorded. Generating the intensity trace of a single

ribosome requires knowledge of 1) the fluorescence intensity of a ribosome when all SunTag peptides are occupied by scFv-GFP,

and 2) the duration of translation of the SunTag peptides and of the mRNA downstream of the SunTag peptides. To obtain these

values, wemeasured the intensity of a single ribosome as described above for TPIPTC1 (‘Calculating the number of ribosomes present

on an mRNA‘), which we found to be 0.155 a.u.. We calculated the time of translation of the SunTag peptides and the downstream

sequence based on the previously published translation elongation rate of 3.3 codons/s for the Kif18b reporter (Yan et al., 2016).

Defining the first burst of translation

In cells overexpression ha4E-BP1, newly transcribedmRNAs frequently showed a high translation initiation rate initially (referred to as

the ‘‘first burst of translation’’), followed by a period in which no or very few new ribosomes initiated translation (For example, see

Figure 3E). To distinguish initiation events that occurred during this first burst of initiation from events that happened during later

bursts of translation, we defined the end of the first burst of translation as the first moment in which no translation initiation events

had occurred for 2 consecutive minutes. In addition, we also called the end of a burst when only a very low initiation rate was observe

for 3 consecutive minutes (initiation rate lower than 1 ribosome per minute). Finally, we plotted the duration of the first bursts of trans-

lation as a cumulative distribution, and fit this distributionwith an exponential decay distribution to determine the average andmedian

duration of the first burst.
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XRN1 decay kinetics
Measurement of fluorescence intensities of mRNAs

To analyze changes in mCherry fluorescence caused by XRN1-mediated degradation of the PP7 binding site array, images were ac-

quired with a time interval of 5 (TPIPTC160) or 15 (TPIPTC160-48xPP7) seconds. The mCherry fluorescence intensity of 30 cleavage frag-

ments was measured starting 10 frames before cleavage until the moment the mRNA could no longer be detected or the track was

lost, and intensities were normalized to the average mCherry fluorescence intensity in the 10 frames before cleavage.

Calculating XRN1 decay kinetics

mCherry fluorescence intensity profiles during the decay of the 30 cleavage fragments for the TPIPTC160 reporter (containing a 24x PP7

array) were characterized by an initial delay phase, during which no changes in fluorescence intensity were observed, followed by a

degradation phase, during which the fluorescence intensity decreased linearly until themRNA could no longer be detected. A fraction

of mRNAs did not show a degradation phase for the duration of the experiment and were excluded from further analysis. To calculate

the duration of the delay and the degradation phase, we determined the onset of the degradation phase by fitting each intensity trace

with a model consisting of a plateau followed by a linear decrease. To determine onset of degradation, the quality of fit was deter-

mined for different initial moments of linear decrease, ranging from immediately after cleavage to the moment of degradation. The

initial moment of linear decrease that best fit the data was then used for further calculations. The duration of the delay phase was

calculated as the time from cleavage until the onset of degradation, while the duration of the degradation phase was calculated

as the time from the onset of degradation till the last moment the mRNA signal could be detected.

Calculating mRNA decay kinetics using the TPIPTC160-48xPP7 reporter

Degradation of TPIPTC160-48xPP7 occurred in 4 phases: mCherry fluorescence initially remained constant during a delay phase, after

which it decreased to�50%, followed by a plateau phase during which mCherry intensity again remained constant, and finally com-

plete disappearance of themCherry signal was observed. Because these traces showed a complex profile, wemanually inspected all

traces to identify the different phases. The duration of the initial delay phase was calculated as the time betweenmRNA cleavage and

the first moment of a steep decline in fluorescence intensity to < 75% of the initial intensity. The duration of the plateau phase was

defined by the number of frames during which fluorescence intensity remained constant over time while having a fluorescence in-

tensity of 15%–75% of the initial intensity. For some traces, we could not observe all 4 phases because mRNAs could not be tracked

sufficiently long; for these traces we noted the last frame in which the delay phase or plateau phase could be observed. We finally

plotted the duration of delay phase and plateau phase using a Kaplan-Meier plot.

Calculation of the XRN1 degradation speed

To calculate the degradation speed of XRN1 degrading a 24x PP7 binding site array, we used the degradation time which was deter-

mined as described above. We estimated that we could no longer track the mRNA when 19 of 24 PP7 binding sites were degraded

(i.e., when 5 binding sites were remaining), as we generally observed a steep decrease in fluorescence intensity when �1/5th of the

fluorescence intensity was remaining, suggesting that we could no longer accurately identify the mRNA spot at that point and were

insteadmeasuring background fluorescence. Therefore, the degradation time represents the time required for degradation of 19/24th

of the 24xPP7 array, or 1153 of the total 1456 nucleotides. Using this value, we calculated the degradation speed by dividing the 1153

nucleotides by the median degradation time (30 s for TPIPTC160) to obtain a degradation speed of 38 nucleotides/s.

To calculate the degradation speed of XRN1 degrading the 2642 nucleotide linker sequence of TPIPTC160-48xPP7, we assumed that

plateau phases with durations of 2 or less min were degraded by a single XRN1 binding event, and that plateau phases that lasted

longer were degraded by 2 or more XRN1 binding events (seemain text ‘Decay kinetics of the 30 fragment after mRNA cleavage’). The

degradation speed was then calculated by dividing the linker length of 2642 nucleotides by the median degradation time (48 s for

TPIPTC160-48x PP7) to obtain a degradation speed of 55 nucleotides/s.

Modeling of NMD kinetics
General information

We used MATLAB to perform stochastic simulations that describe NMD cleavage kinetics with quantitative parameters. Each simu-

lation was run using four parameters: 1) themoment the ribosome reaches the stop codon, whichwas experimentally determined and

was assumed to be constant for all reporters with the same coding sequence. 2) The fraction of mRNAs that is sensitive to NMD; this

parameter was variable and the value that best described the data was determined by the modeling. 3) The probability that a termi-

nating ribosomes induces NMD of an NMD-sensitive mRNA; this parameter was variable and the value that best described the data

was determined by the modeling. 4) The probability that a terminating ribosomes induces NMD of an NMD-insensitive mRNA; this

probability was constant and set to the decay rate of an NMD reporter without introns (TPIPTC1-no introns). Since 2 parameters were

kept constant, decay kinetics were determined by the 2 variable parameters (fraction NMD-sensitive mRNAs and decay rate of

NMD-sensitive mRNAs). Decay kinetics were simulated using a wide range of input values for the two variable parameters, and

the best fitting values were determined based on similarity between data and simulation using least square fitting.

Running a single simulation

Each simulation was run for 100.000 mRNA molecules. The moment of cleavage was determined for each mRNA molecule and

depended on the values of the four parameters.

First, the 100.000 mRNAs were divided into either NMD-sensitive or NMD-insensitive mRNAs based on the value of the parameter

that describes the fraction of NMD-sensitive mRNAs
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NNMD�sensitive = 100:000 � fraction sensitive
NNMD�insensitive = 100:000 � ð1� fraction sensitiveÞ
Next, the time from first detection of translation until induction of NMD (tdegraded) was calculated for each mRNA based on two pa-

rameters: 1) the time from first detection of translation until arrival of the first ribosome at the stop codon (t1), and 2) the time from

arrival of the first ribosome at the stop codon until the moment of induction of NMD (t2), which depends on the probability that a

terminating ribosome induces NMD:

tdegraded = t1 + t2

A value for t1 was randomly selected from aGaussian distribution; themean and standard deviation of this Gaussian distribution were

experimentally determined using the Emi-TPIPTC1 reporter (2.38 ± 0.79 min). For other reporters, the mean was scaled linearly based

on the effective coding sequence length (See ‘Determining ribosome elongation speeds’), while the standard deviation was scaled

with the square root of the effective coding sequence length (e.g., a reporter with a 2x longer effective coding sequence length will

have a 1.41x higher standard deviation). Since a Gaussian distribution was used, ribosomes could occasionally be predicted to reach

the stop codon in less than 0 s (< 0.1% of the cases); therefore a lower limit of 0 s was used for the time at which ribosomes reached

the stop codon.

A value for t2 was randomly selected from an exponential decay distribution; the decay rate of this exponential decay distribution

depended on the probability that a terminating ribosome induces NMD. For the NMD-sensitive population (NNMD sensitive), we used a

fitting approach to determine which decay rate best described the experimental data (see below, ‘Comparing simulations and data’).

The decay rate was then converted to a probability per ribosome to induce NMD using the equation:

Fraction uncleaved ðtÞ= e^ð�l � tÞ
In which l is the decay rate (in min-1), and t is the time (in min). Since 3.2 ribosomes terminate per minute, t can be converted to

ribosomes (R):

Fraction uncleaved ðRÞ= e^ð�l � R=3:2Þ
After a single ribosome has translated the mRNA (R = 1), the fraction of mRNA that has not been degraded is given by:

Fraction uncleaved ð1 ribosomeÞ= e^ð� l=3:2Þ
Thus, the probability per ribosome to induce NMD is given by

Probability per ribosome to induce NMD= 1� e^ð�l=3:2Þ
In the ‘first ribosome’ model, degradation of the NMD-sensitive population was based purely on the moment the ribosome reached

the stop codon (Figure 2A), and decay was therefore modeled to be induced immediately after the ribosome had reached the stop

codon (t2 = 0).

For the NMD-insensitive population of mRNAs, the time required to induce NMD after the first ribosome had reached the stop

codon was also randomly selected from an exponential decay distribution. The decay rate of this exponential distribution was set

at a fixed value for all simulations, and was similar to the decay rate of TPIPTC1-no introns (decay rate = 0.0029 min-1)

After we determined the moment of degradation for all 100.000 molecules, a cumulative distribution function was made that de-

scribes the fraction of uncleaved mRNAs over time, similar to the Kaplan-Meier plots used to describe cleavage data. We then deter-

mined howwell the simulation fit the data by calculating the Summed Square Error (SSE): at each time point (e.g., every 30 s for most

experiments), we calculated the squared difference in fraction of remaining mRNAs in simulation and data, and then summed all

these values to get the total SSE. Simulations that describe the data well will have a small SSE, while simulations that do not fit

well will have a large SSE.

Comparing simulations and data

To find which values for the two variable parameters best described the data, we first ran simulations with a wide range of initial

NMD decay rates and fractions of NMD-sensitive mRNAs. The initial values for (1/decay rate) ranged from 0-400 min with steps

of 1 min, whereas the fraction of cleaved mRNAs range from 10 to 100% with steps of 1%. The lower limit of 10% prevented

fitting very high decay rates in situations where a single mRNA molecule was cleaved early on but very little cleavage occurred

during the rest of the experiment. We calculated the SSE for each simulation, and determined which parameter values

resulted in the lowest SSE and thus best described the data. We then ran the simulation with a new, smaller range of parameter

values centered on the values that were found to describe the data most accurately in the previous round. This was repeated

for several rounds with increasingly small parameter ranges until the change in the parameter 1/decay rate was less than

0.01 min.

The entire fitting process was repeated 5 times, and the mean of best fitting parameter values of the 5 replicates were used as the

final value that was used to describe the data. In general, the 5 replicate fitting processes had differences of < 1%, indicating that

stochasticity does not have a major effect on the outcome of the simulation.
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Comparing quality of fit of different models

We have used two different models to describe the cleavage kinetics of TPIPTC1 based on either one variable parameter (‘first ribo-

some’ model) or two variable parameters (‘any ribosome’ model). As models with two parameters generally produce better fits, we

calculated Akaike information criterion (AIC) for both models, which corrects for the number of variable parameters through the

following equation:

AIC= n � lnðSSE=nÞ+ 2 � K
In this equation, SSE is the summed squared error of the fit and the data, n is the number of time points, which was 81 (i.e., 40 min),

and K is the number of variable parameters in the model. The model that best describes the data will have the lowest (most negative)

AIC, which we found to be the model with two variable components.

Predicting NMD decay rates in cells expressing ha4E-BP1

To predict the effect of ha4E-BP1 overexpression on kinetics of NMD of TPIPTC160 and TPIPTC1 reporters, we assumed that ha4E-BP1

did not affect the NMD decay rate while mRNAs were bound to CBC, but reduced the decay rate while mRNAs were bound to eIF4E

by decreasing the number of ribosomes that initiate translation and could induce NMD. To calculate the predicted NMD decay rate in

ha4E-BP1 overexpressing cells, two parameters are required. 1) The number of ribosomes that initiated on CBC-bound mRNAs. 2)

The fold decrease in the NMD decay rate while eIF4E is bound tomRNAs for cells overexpressing ha4E-BP1, which is directly related

to the initiation rate on eIF4E-bound mRNAs in the presence and absence of ha4E-BP1 overexpression. The number of ribosomes

that initiated on CBC-bound mRNAs was described by an exponential decay distribution with an half-live of 8.7 ribosomes (see Fig-

ure 3G). Translation initiation rates on eIF4E-bound mRNAs were on average 2.4-fold lower in ha4E-BP1 overexpressing cells, thus

we used a NMDdecay rate that was also reduced by 2.4-fold upon ha4E-BP1 overexpression. We then adjusted the stochastic simu-

lation described above (See ‘Running a single simulation‘) to predict how ha4E-BP1 overexpression affects the NMD decay rate.

For each mRNA, we simulated 3 values:

1) t1, the time from first detection of translation until arrival of the first ribosome at the stop codon (see above, ‘running a single

simulation’).

2) t2, the time from arrival of the first ribosome at the stop codon until the moment of induction of NMD (in a situation without

ha4E-BP1 overexpression,see above, ‘running a single simulation’).

3) t3, the duration of the first burst of translation (inmin), whichwas randomly selected from the exponential decay distribution that

described the duration of the first burst of translation (and has a half-live of 8.7 ribosomes (See Figure 3G)).

We then determined for each simulated mRNA whether it was degraded by ribosomes that initiated in the first burst of translation, or

by ribosomes that initiated after the first burst of translation. mRNAs were considered to be degraded in the first burst of translation

when t3 > t2, as this indicated that the time required for degradation was shorter than the duration of the first burst of translation, and

thus that NMDwas induced by a ribosome that initiated in the first burst of translation. For these mRNAs, the moment of degradation

was defined as above (‘running a single simulation’):

tdegraded = t1 + t2

For mRNAs that were not degraded in the first burst of translation (t3 < t2), we assumed that the initiation rate (and thus NMD decay

rate) was unaffected during the first burst of translation, and reduced by 2.4-fold after the first burst of translation in the presence of

ha4E-BP1 (see Figure 3F). The time from the end of the first burst of translation until degradation (during which decay is delayed by

2.4-fold) is defined as:

tdelayed = t2 � t3:

Therefore, the moment of degradation for mRNAs not degraded during the first burst of translation is defined as:

tdegraded = t1 + t3- +
�
tdelayed�2:4

�

After we determined the moment of degradation for all molecules in the simulation, a cumulative distribution function was made that

describes the fraction of uncleaved mRNAs over time.

Fraction of mRNAs degraded while CBC-bound

To predict which fraction of mRNAs are degradedwhile still bound to CBC, we need to determine when replacement of CBC by eIF4E

occurs relative to themoment of NMD induction for each reporter. We assumed that the CBC-to-eIF4E switch kinetics was similar for

all reporters. Therefore, the fraction of mRNAs that are degraded while still bound to CBC could be calculated based on the NMD

decay rate for each reporter. We assumed that the end of the first burst of translation (see above, ’Predicting NMD decay rates

in cells expressing ha4E-BP1’) indicates the moment of CBC-replacement by eIF4E. For each mRNA, we again simulated the

three values t1, t2 and t3. Next, we determined the moment of degradation (tdegraded) for each mRNA as described above in

‘Running a single simulation’. An mRNA was considered to be degraded while CBC-bound if degradation happened

before CBC-replacement (i.e.. tdegraded < t3). We then determined for each mRNA whether degradation happened before (i.e.,

tdegraded < t3) or after (i.e., tdegraded > t3) CBC-replacement to calculate the fraction of mRNAs that is degraded while bound to
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CBC. Of note, this fraction was calculated for the population of mRNAs that was cleaved efficiently; we did not include the fraction

uncleaved mRNAs in this calculation.

Analysis of genome-wide data on NMD efficiency
Filtering the TCGA dataset

To determine the effect of the number and position of upstream and downstream introns on NMD efficiency, we used the previously

published TCGA dataset (Lindeboom et al., 2016). This dataset contains expression levels of PTC-containing transcripts for 2840

high-confidence nonsense mutations, compared to expression levels of their wild-type counterparts. These expression levels

were filtered for non-random noise by principal component analysis (see (Lindeboom et al., 2016) for details), and the ratio of abun-

dances of nonsense and wild-type transcripts is used as a measure for NMD efficiency. For our analyses, we removed all transcripts

with an intron in their 30 UTR (98 nonsense mutations removed), as they are likely to behave differently regarding the effect of the

number of upstream and downstream introns on NMD efficiency. We also removed transcripts in which the PTC was located within

250 nucleotides of the start codon (413 nonsense mutations removed), as these PTCs have been shown to induce NMD less effi-

ciently and would therefore skew analyses independently of the effect we are analyzing.

Effect of the number of downstream EJCs on NMD efficiency

To determine the effect of the number of downstream EJCs on NMD efficiency, we assumed that an EJCwill be present on themRNA

when the intron is located at least 50 nucleotides downstream of the PTC, while the EJC will be displaced by translating ribosomes if

the PTC is within 50 nucleotides of a downstream intron (refs). We grouped transcripts based on the number of EJCs downstream of

the PTC, and compared NMD efficiency for transcripts with 0, 1, 2, 3, or more than 3 EJCs downstream of the PTC. Statistical

significance was tested using a two-tailed Mann-Whitney U test.

Effect of the number of upstream introns on NMD efficiency

To determine the effect of the number of upstream EJCs on NMD efficiency, we grouped transcripts based on the number of introns

upstreamof the PTC, and compared NMDefficiency for transcripts with 0, 1, 2, 3, ormore than 3 upstream introns.We performed this

analysis independently for either transcripts containing a PTC with 1 downstream EJC, or containing a PTC with 2 or more down-

stream introns. Statistical significance was tested using a two-tailed Mann-Whitney U test.

DATA AND SOFTWARE AVAILABILITY

Raw imaging data of key experiments related to Figures 1, 2, 3, and 7 (including related supplemental figures) can be accessed on

Mendeley data. Microscopy data reported in this paper can be found at Mendeley Data: https://doi.org/10.17632/bw255hcw7h1.
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