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SUMMARY

RNA degradation plays a fundamental role in regu-
lating gene expression. In order to characterize the
spatiotemporal dynamics of RNA turnover in single
cells, we developed a fluorescent biosensor based
on dual-color, single-molecule RNA imaging that
allows intact transcripts to be distinguished from
stabilized degradation intermediates. Using this
method, we measured mRNA decay in single cells
and found that individual degradation events occur
independently within the cytosol and are not en-
riched within processing bodies. We show that
slicing of an mRNA targeted for endonucleolytic
cleavage by the RNA-induced silencing complex
can be observed in real time in living cells. This meth-
odology provides a framework for investigating the
entire life history of individual mRNAs from birth to
death in single cells.

INTRODUCTION

Gene expression is regulated by the abundance of mRNA. The

levels of all cellular transcripts are determined by the balance

between the rates of transcription in the nucleus and degrada-

tion in the cytoplasm. The life of an mRNA begins when it

emerges from RNA Pol II and is recognized by factors that are

responsible for its capping, splicing, and polyadenylation. The

mature transcript is then exported to the cytoplasm where it

can be transported, translated, and eventually degraded. While

the importance of transcription in controlling gene expression

is well established, it has become increasingly clear that the

regulation of mRNA stability, particularly during development

or rapid changes in environmental conditions, can dramatically

influence mRNA levels (Elkon et al., 2010; Friedel et al., 2009;

Hao and Baltimore, 2009; Miller et al., 2011; Rabani et al.,

2011). RNA degradation also plays a crucial role in mRNA quality

control that safeguards cells from the deleterious effects of

aberrant transcripts (Isken and Maquat, 2007).
Degradation of mRNAs is a multi-step process that requires

an orchestrated series of enzymatic reactions (Garneau et al.,

2007). For most mRNAs, shortening of the poly(A) tail is thought

to be the first step in mRNA decay and requires the consecu-

tive actions of the Pan2-Pan3 and the Ccr4-Caf1-Tob com-

plexes (Funakoshi et al., 2007; Yamashita et al., 2005).

Following deadenylation, the 50-cap structure is hydrolyzed by

the Dcp1-Dcp2 complex (Dunckley and Parker, 1999; Lykke-

Andersen, 2002; van Dijk et al., 2002). The body of the tran-

script can then be degraded by Xrn1 (50-to-30 exonuclease) or
the cytoplasmic exosome complex (30-to-50 exonuclease) (Gar-

neau et al., 2007). Currently, Xrn1-mediated degradation is

believed to be the dominant cytoplasmic decay pathway,

perhaps through the coupling of Xrn1 to Dcp1-Dcp2 by the

scaffold protein Edc4 (Chang et al., 2014). Additional mRNA

decay pathways have also been identified that enable re-

gulation of mRNA stability (e.g., AU-rich elements, miRNAs)

or quality control (Garneau et al., 2007; Schoenberg and

Maquat, 2012).

While many of the proteins and pathways involved in mRNA

degradation have been elucidated, our understanding of when

and where these events occur within cells has not kept pace.

Single-molecule fluorescent in situ hybridization (smFISH) has

enabled some aspects of mRNA degradation to be character-

ized, but the loss of signal resulting directly from the process

being studied has prevented this approach from being widely

applied (Kramer, 2017; Trcek et al., 2011, 2013). Here, we

describe a single-molecule fluorescent microscopy methodol-

ogy for measuring the spatial and temporal dynamics of mRNA

degradation in fixed and living single cells.

DESIGN

Recently, a viral RNA pseudo-knot (PK) structure was identified

in flaviviruses that blocks Xrn1 by sequestering the 50-phosphate
from the enzyme, thereby preventing further degradation of the

viral genome (Kieft et al., 2015). We took advantage of this

feature to engineer a single-molecule mRNA turnover biosensor

that contains a 30 UTRwith the tandemPKs from the Kunjin strain

of West Nile virus placed between the orthogonal PP7 and MS2

bacteriophage stem loops (Chapman et al., 2014a; Hocine et al.,

2013) (Figure 1A). Since the MS2 stem loops are protected from
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Figure 1. TREAT Imaging of mRNA Degra-

dation in Single Cells

(A) Schematic of the intact TREAT reporter mRNA

and its stabilized degradation fragment. Renilla

luciferase is in the open reading frame, and the

30 UTR contains two viral pseudo-knots

(PKs, blue) that are flanked by PP7 (green) and

MS2 (magenta) stem loops. The stabilized 30 end
(MS2 stem loops only) arises from partial degra-

dation by Xrn1 that is blocked by the PKs. In fixed

cells, smFISH probes can be targeted to Renilla

luciferase and MS2 stem loops, and in live cells,

PP7 and MS2 coat proteins (PCP and MCP,

respectively) can be fused to spectrally distinct

fluorescent proteins.

(B) Representative smFISH images of HeLa

cells stably expressing control (�PKs) or

TREAT (+PKs) reporters hybridized with Renilla

(green) and MS2 (magenta) probes. Cells were

induced by addition of doxycycline for 2 hr and

fixed 2 hr after induction was stopped. Scale

bar, 2 mm.

(C) Viral PKs are required for accumulation

of stabilized 30 ends. Quantitative analysis

of smFISH reveals that the fraction of intact

transcripts (Renilla + MS2, white) decreases while

the fraction of stabilized 30 ends (MS2, magenta)

increases in cells expressing TREAT reporter

(10,810 particles, 62 cells) compared to control

reporter (3,465 particles, 66 cells) (p values,

**** < 0.0001; n.s., not significant; unpaired t test).

Graph shows mean ± SEM.

(D) Representative live-cell images of a HeLa

cell line stably expressing the TREAT

reporter with NLS-PCP-GFP and NLS-MCP-

Halo. Intact mRNAs are dual labeled with

NLS-MCP-Halo (magenta) and NLS-PCP-GFP

(green) and appear as white spots, whereas

stabilized 30 ends are labeled by only NLS-MCP-

Halo.

(E) TREAT mRNAs are degraded in the cytoplasm. Quantification of intact and degraded RNAs in the nucleus (388 particles, 11 cells) and cytoplasm (594

particles, 12 cells) was performed using two-color SPT, and co-localization analysis was normalized by detection efficiencies in both channels. p values,

**** < 0.0001; n.s., not significant; unpaired t test.
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Xrn1-mediated degradation by the PKs, this biosensor allows

discrimination between intact (PP7 and MS2) transcripts and

stabilized 30 end degradation intermediates (MS2 only) in living

cells that express the PP7 coat protein (PCP) and MS2 coat pro-

tein (MCP) fused to spectrally distinct fluorescent proteins. Simi-

larly, smFISH probes can be targeted to the two distinct regions

of the transcript in order to image mRNA decay in fixed cells. We

refer to this technique as 3(three)0-RNA end accumulation during

turnover (TREAT).

RESULTS

Development of TREAT for Imaging mRNA Degradation
In order to monitor physiological mRNA decay, expression of the

TREAT reporter should not disrupt Xrn1-mediated degradation.

While Xrn1 does not form a stable complex with the viral PKs,

it has been reported that overexpression of the entire Kunjin fla-

viviral subgenomic RNA, which contains the PKs and other

structured RNA elements, results in stabilization of endogenous
2 Molecular Cell 68, 1–11, November 2, 2017
mRNAs (Chapman et al., 2014b; Moon et al., 2012). The stability

of endogenous c-MycmRNAmeasured by RT-qPCRwas similar

in HeLa cells that expressed the TREAT reporter and cells that

did not express it (Figure S1A). Importantly, the PKs also did

not alter the stability or translation of the TREAT reporter

compared to a control lacking these elements (Figures S1B

and S1C). To validate the potential of the PKs to block Xrn1

from fully degrading the TREAT reporter, we determined the

size of TREAT and control transcripts by northern blot. A probe

complementary to a sequence in the 30 UTR in both types of tran-

scripts demonstrated that accumulation of the specific degrada-

tion intermediate occurred only in the presence of the PKs

(Figure S2). Importantly, co-expression of NLS-MCP-Halo and

NLS-PCP-GFP did not stabilize alternative degradation interme-

diates of the reporters without PKs as reported in yeast (Fig-

ure S2) (Garcia and Parker, 2015; Heinrich et al., 2017). Taken

as a whole, the presence of the viral PKs in the TREAT reporter

does not perturb RNA degradation in either cis or trans in

HeLa cells.



Figure 2. Half-Life Measurement of TREAT

mRNAs in Single Cells

(A) Representative smFISH images of the TREAT

reporter in HeLa cells. Cells were induced for 2 hr

with doxycycline and fixed at successive time

points (0, 2, 4, 8, 12, 16 hr) after induction was

stopped. Images show that the stabilized 30 end
(MS2, magenta) accumulates within cells while the

number of intact TREAT mRNAs (Renilla + MS2,

white) decreases over time. Scale bar, 2 mm.

(B) Schematic model of the TREAT mRNA life

cycle within a cell with depicted rates: a, nuclear

export rate; b, degradation rate of the TREAT

transcript; g, stabilized 30 end degradation rate.

(C) Counts of intact mRNAs (nuclear or cyto-

plasmic) and stabilized 30 ends were obtained

from the quantitative analysis of smFISH data at

fixation time points (> 120 cells per time point in

two biological replicates). Data were fit to the

model to calculate the experimental rate con-

stants (a, b, g). All error bars indicate SEM.
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The TREAT reporter was integrated into a single genomic

locus in doxycycline-inducible HeLa cells that stably express

NLS-PCP-GFP and NLS-MCP-Halo to monitor mRNA turnover

in single cells. The ability of TREAT to detect mRNA degrada-

tion requires quantification of the co-localization of fluorescent

signals positioned 50 and 30 of the PKs. To this aim, a control

reporter without PKs was used to benchmark co-localization

and determine detection efficiencies in both fixed and living

cells, since only intact two-color transcripts should be detected

with this construct (Figure S3, Movie S1). In fixed cells, smFISH

probes targeting the Renilla luciferase coding sequence and

MS2 stem loops demonstrated that introduction of the PKs

into the TREAT reporter enabled detection of an increase in

the fraction of MS2-only particles (Figures 1B and 1C). Impor-

tantly, there was no change in the number of Renilla-only

particles, indicating the effect of the PKs was specific for the

stabilized 30 end. In live cells, single-particle tracking (SPT) of

TREAT mRNAs in the nucleus demonstrated that the majority

of transcripts are intact (> 94%) (Figures 1D and 1E,

Movie S2). In the cytoplasm, however, SPT and co-localization

analysis of TREAT transcripts revealed two distinct populations

of RNA, intact mRNAs (MS2 and PP7) and stabilized 30 ends
Mo
(MS2 only) (Figures 1D and 1E). Similar

to the fixed-cell data, there was no in-

crease in the number of PP7-only-

labeled particles. These experiments

demonstrated that TREAT can measure

mRNA turnover with single-molecule

resolution in both fixed and living cells.

TREAT Measurement of mRNA
Degradation in Single Cells
We measured the kinetics of TREAT

mRNA degradation in single cells using

smFISH. Expression of the reporter was

induced for 2 hr with doxycycline, and

cells were fixed at successive time points
after induction was stopped (Figure 2A). The turnover of intact

TREAT mRNAs and the stabilized 30 ends in the cytoplasm can

be described by

d½Nuc�
dt

= � a½Nuc�

d½Cyt�
dt

=a½Nuc� � b½Cyt�

d½Deg�
dt

= b½Cyt� � g½Deg�;

whereNuc is the number of intact nuclearmRNAs, a is the export

rate of mRNAs to the cytoplasm,Cyt is the number of intact cyto-

plasmic mRNAs, b is the decay rate of the intact cytoplasmic

mRNA, Deg is the number of stabilized 30 ends, and g is the

decay rate of the stabilized 30 ends (Figure 2B). Fitting the evolu-

tion of the mean numbers of RNA species in time to this model

resulted in an export time of 0.74 ± 0.05 hr and degradation

half-lives of 1.63 ± 0.24 hr (cytoplasmic intact mRNA) and

4.39 ± 0.47 hr (stabilized 30 end) (Figure 2C). RNAi knockdown
lecular Cell 68, 1–11, November 2, 2017 3
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of Xrn1 increased the half-life of the TREAT reporter while knock-

down of Rrp40, an exosome core subunit, had no effect, indi-

cating that Xrn1-mediated degradation is indeed the dominant

decay pathway for TREAT transcripts (Figure S4).

Single-cell measurements enabled the observation that tran-

scription is not a simple Poisson process and can occur in

bursts; however, it has not yet been possible to determine if

similar dynamics also occur during mRNA turnover (Raj and

van Oudenaarden, 2008). During analysis of the smFISH im-

ages, we observed considerable cell-to-cell variation in the

abundance of stabilized 30 ends in individual cells. The ratio

of the variance to the mean (Fano factor) of the number of sta-

bilized 30 ends at each time point was greater than one, which

is indicative of possible deviations from Poisson processes.

To determine the nature of this variability, we used a discrete

stochastic approach to solve the master equation associated

with the model described above and generated the probability

distribution of intact mRNAs and stabilized 30 ends based upon

their distribution at the initial time point. Simulation of the RNA

populations at later time points, assuming that the turnover of

intact and degraded mRNA are single-step Poisson processes

governed by the measured decay rates, was in good agree-

ment with the experimental data (Figure S5). Virtually all of

the variability in the number of stabilized 30 ends of the TREAT

transcript could be accounted for by the initial cell-to-cell het-

erogeneity in mRNA numbers that results from variable levels

of transcription in individual cells. This indicates that the degra-

dation of each TREAT transcript occurs independently within

the cell.

Real-Time Observation of mRNA Degradation in
Living Cells
Due to the difference in timescales between the half-life of the

TREAT mRNA (1.6 hr) and our live-cell experiments (5–10 s), it

was challenging to directly detect TREAT degradation events

in live cells. In order to generate a TREAT reporter that would

be more rapidly degraded, we incorporated an siRNA

sequence derived from Firefly luciferase between the PP7

stem loops and the PKs and stably expressed the correspond-

ing shRNA in the HeLa cell line used for imaging (Figure 3A).

Using smFISH, the cytoplasmic half-life of the TREAT siRNA

reporter was determined to be �7.5 min, while the export

time and degradation of the stabilized 30 ends were not

changed (Figure 3B). We were also able to detect the transient

appearance of the 50 end of the transcript in the cytoplasm

generated by Ago2-mediated endonucleolytic cleavage, which

was degraded with a half-life of �9.7 min. Similar to our

modeling of the variability of TREAT reporter degradation, we

also did not detect degradation bursts for TREAT siRNA tran-

scripts (Figure S6).

In order to identify the cellular site of slicing, we imaged the

TREAT siRNA reporter in live cells. While RNAi factors have

been detected in the nuclei of mammalian cells, they were found

to be inactive and unable to degrade nuclear transcripts (Zeng

and Cullen, 2002). Recently, however, it has been suggested

that Ago2 can be active in mammalian cell nuclei and was shown

to degrade the nuclear lncRNA Malat1 (Gagnon et al., 2014). We

quantified the co-localization of nuclear TREAT siRNA tran-
4 Molecular Cell 68, 1–11, November 2, 2017
scripts and did not observe a change in the number of intact tran-

scripts, 50 ends, or stabilized 30 ends compared to a non-sliced

control, indicating that the short half-life of TREAT siRNA tran-

scripts was not due to increased nuclear degradation (Figures

3C and 3D).

To quantify cytoplasmic slicing, we developed an automated

SPT and co-localization algorithm to identify degradation

events within our movies. We reasoned that slicing could be

visualized as either the rapid disappearance of the 50 signal

(NLS-PCP-GFP) from a dual-labeled transcript or the spatial

separation of the 50 signal (NLS-PCP-GFP) and 30 signal

(NLS-MCP-Halo) after endonucleolytic cleavage (Figure 4A).

Loss of the 50 signal (NLS-PCP-GFP) from a transcript could

arise from either slicing or photo-bleaching. We measured the

slope of the loss of NLS-PCP-GFP and did not detect any sig-

nificant outliers for intact TREAT siRNA transcripts compared to

a non-sliced control (Figure 4B). We did, however, detect

slicing decay events (n = 17) where intact mRNAs were

observed to sever into 50 ends (PP7) and 30 ends (MS2) that

then spatially move apart from one another and could be inde-

pendently tracked (Figure 4C, Movie S3). Since the 50 end is not

immediately degraded and can separate from its 30 end after

Ago2-mediated endonucleolytic cleavage, this suggests that

there is not a tight coupling between slicing and the down-

stream degradation of the decay intermediates. We measured

the cytoplasmic position of slicing events from the nucleus

and found that their distribution was similar to non-sliced con-

trol transcripts, indicating that slicing does not preferentially

occur in a specific location, but is homogenously distributed

throughout the cell (Figure 4D).

P-Bodies Are Not Sites of TREAT mRNA Degradation
Phase transitions have been implicated in an increasing num-

ber of diverse biological phenomena; however, their underlying

molecular mechanisms are not well understood (Banani et al.,

2017). Processing bodies (P-bodies), evolutionarily conserved

membrane-less cytoplasmic compartments that are formed

by the condensation of RNA-binding proteins and mRNAs,

were one of the first phase transitions to be identified (Jain

and Parker, 2013). Since they are enriched for proteins involved

in many aspects of mRNA turnover, including decapping fac-

tors, deadenylases, and Xrn1, it was initially proposed that

they functioned as cellular sites of active mRNA degradation

(Cougot et al., 2004; Sheth and Parker, 2003). Subsequently,

it was shown that microscopically visible P-bodies accounted

for only a small fraction (�0.3%) of the cytoplasmic volume

and were not required for degradation of transcripts, indicating

that mRNA turnover does not require compartmentalization

(Chu and Rana, 2006; Eulalio et al., 2007; Leung et al., 2006;

Stoecklin et al., 2006). Whether mRNA decay, however, was

more efficient or inhibited within P-bodies remained an open

question. It has also been suggested that P-bodies function

as sites of mRNA storage during cellular stress from which

mRNAs return to the cytoplasm for translation upon recovery

(Bhattacharyya et al., 2006; Brengues et al., 2005). Since the

TREAT reporter can directly report on the cellular site of

mRNA decay, we set out to clarify the role of P-bodies in this

process.



Figure 3. TREAT siRNA Transcripts Are Rapidly Degraded in the Cytoplasm

(A) Schematic of TREAT siRNA reporter and slicing degradation fragments. An siRNA target sequence was placed between the PP7 stem loops and the PKs in the

30 UTR. After expression of the cognate siRNA, endonucleolytic cleavage results in a 50 end containing PP7 stem loops and the stabilized 30 end containing MS2

stem loops.

(B) Measurement of TREAT siRNA reporter stability. Counts of intact mRNA (nuclear or cytoplasmic), 50 ends, and stabilized 30 ends were obtained from

quantification of smFISH data (> 190 cells per time point in two biological replicates).

(C) Representative live-cell image of HeLa cells expressing TREAT siRNA reporter labeled with NLS-PCP-GFP (green) and NLS-MCP-Halo (magenta). Intact

mRNAs are dual labeled with NLS-PCP-GFP (green) and NLS-MCP-Halo (magenta) and appear as white spots. Scale bar, 10 mm.

(D) Quantification of co-localization of NLS-PCP-GFP and NLS-MCP-Halo for TREAT siRNA reporter in the nucleus (534 particles, 14 cells) compared to nuclear

TREAT data (388 particles, 11 cells) (p values: n.s., not significant; unpaired t test).
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A HeLa cell line was generated that stably expresses a

SNAP-Dcp1a fluorescent fusion protein, which labels P-bodies,

in combination with NLS-PCP-GFP and NLS-MCP-Halo, which

allowed imaging of P-bodies and TREAT reporter mRNAs in

living cells (Kedersha and Anderson, 2007). The number of

SNAP-Dcp1a-labeled P-bodies detected by live-cell imaging

was similar to the number of endogenous P-bodies detected

by immunofluorescence against DDX6, an established P-body

marker, and the foci formed by SNAP-Dcp1a also co-localized

with endogenous Xrn1 (Figure S7). We then assessed the co-

localization of intact and degraded TREAT transcripts with

P-bodies in living cells. Simultaneous acquisition of the TREAT

reporter in two channels (NLS-PCP-GFP, NLS-MCP-Halo) was

followed by imaging of P-bodies (SNAP-Dcp1a). P-bodies were

segmented and used to generate distance maps where posi-

tions within P-bodies were defined as positive values while

locations outside received negative values. P-body co-localiza-

tion of intact and degraded TREAT transcripts was measured at

each time point. A cumulative P-body localization index was

calculated from three consecutive frames (3 3 50 ms) in order
to account for spurious co-localization. This index was negative

for all intact TREAT transcripts and stabilized 30 ends, indi-

cating that neither species accumulated in P-bodies (Figures

5A and 5B, Movie S4).

Transcripts that contain an AU-rich element (ARE) within their

30 UTRs undergo rapid degradation, and this cis-acting element

has also been shown to promote the association of mRNAs

with P-bodies (Franks and Lykke-Andersen, 2007). We modi-

fied the TREAT reporter to include the TNF-a ARE between

the PP7 stem loops and the viral PKs (Figure 5C). The half-

life of TREAT TNF-a ARE reporter transcripts was reduced

to �30 min, which is consistent with the role of the ARE on

mRNA stability (Figure S8). Interestingly, we also found that

the nuclear export rate and the degradation of the stabilized

30 ends was faster for the TREAT TNF-a ARE reporter. We

detected a small number of intact TREAT ARE transcripts

with positive cumulative P-body localization values; however,

we found no evidence for the accumulation of degraded frag-

ments within P-bodies (Figures 5C and 5D, Movie S5). To

confirm that the RNAs within P-bodies were not a mixture of
Molecular Cell 68, 1–11, November 2, 2017 5



Figure 4. TREAT Imaging of siRNA-Medi-

ated Endonucleolytic Cleavage in Live Cells

(A) Cartoons depicting potential slicing scenarios

in live cells. Non-sliced: Dual-labeled transcripts

have green and magenta signals that co-localize

and do not change in fluorescence intensity (I) over

time (t) compared to initial intensity (I0). Dotted

lines show theoretical linear fits to the bleach-

corrected fluorescence intensity of the green

signal curves. The slope (m) of the linear regres-

sion was used to quantify intensity changes.

Sliced: Dual-labeled transcripts are cleaved

between green and magenta signals that can

independently be tracked. Sliced and rapid 50 end
decay: After slicing of a dual-labeled transcript,

the green signal is rapidly lost.

(B) Beeswarm plot of the slopes (m) of the

linear regressions of the bleach-corrected

NLS-PCP-GFP intensities of dual-labeled parti-

cles (> 5 frames) collected for the TREAT siRNA

reporter (575 particles, 681 cells) as well as the

non-sliced control (361 particles, 125 cells).

Populations do not differ in their outlier composi-

tion. In control data, 5% ofm are less than�0.093,

and an almost identical fraction of TREAT siRNA

reporters (5.4%) are also within this threshold.

(C) Time sequence showing a slicing event in a live

cell. A dual-colored intact mRNA (PP7 + MS2)

is observed for several consecutive frames fol-

lowed by slicing and spatial separation of the

50 (PP7, green) and 30 (MS2, magenta) fragments.

Time series projection of two-channel SPT shows

co-localization and separation of signals.

(D) Distribution of slicing events in the cytoplasm.

The location of slicing events (black dots) relative

to the nucleus is similar to the positions of control

transcripts (black line). p value = 0.74; Kolmo-

gorov-Smirnov test. All error bars indicate SEM.

Scale bar, 1 mm.
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intact mRNAs and stabilized 30 ends resulting from active

degradation, we compared the ratio of the fluorescence inten-

sity of NLS-PCP-GFP to NLS-MCP-Halo for RNAs in P-bodies

with intact transcripts that remained in the cytosol (Figure 5E).

The RNAs in P-bodies and intact mRNAs in the cytosol had

similar ratios, indicating that RNAs within P-bodies were intact

and were not undergoing degradation.

Since the number of P-bodies is low in unstressed cells, we

stressed cells with arsenite for 1 hr to increase the number and

size of P-bodies. It has been proposed previously that cellular

transcripts may be triaged through stress granules into

P-bodies for degradation during stress (Anderson et al., 2015;

Decker and Parker, 2012). During arsenite stress, we detected

only intact TREAT mRNAs and not stabilized 30 ends with pos-

itive cumulative P-body localization values (Figures 6A and 6B,

Movie S6). To increase the association of mRNAs with

P-bodies, we added a 50-TOP sequence to the TREAT reporter,

because this cis-element was shown to promote the interaction

of mRNAs with P-bodies during arsenite stress (Halstead et al.,

2015). Similarly, only intact 50-TOP TREAT transcripts were

found within P-bodies during stress (Figures 6C and 6D,

Movie S7). Further experiments will be required to determine
6 Molecular Cell 68, 1–11, November 2, 2017
if P-bodies are sites of specialized mRNA degradation, but

our data suggest that these cellular compartments are not gen-

eral sites of active mRNA turnover during normal cell growth or

stress.

Translation Inhibition Stabilizes TREAT mRNAs
While analyzing the spatial position of TREAT transcripts dur-

ing stress, we observed an increase in the total number of

intact mRNAs within cells (Figures 7A and 7B). Since only a

small percentage of TREAT reporter transcripts accumulate

in P-bodies or stress granules during arsenite stress, this

increase in stability cannot be explained by these cellular

compartments serving as protective storage sites. Because

arsenite stress inhibits general translation via eIF2a phosphor-

ylation, we tested the effect of several other translation inhibi-

tors, which target distinct stages of protein synthesis, for their

effects on mRNA stability. TREAT transcripts were induced for

2 hr with doxycycline followed by addition of harringtonine,

cycloheximide, or puromycin (Figure 7C). Similar to arsenite,

these translation inhibitors caused a dramatic stabilization

of TREAT transcripts (Figure 7D). The effect was more pro-

nounced after 4 hr of treatment with translation inhibitors, as



Figure 5. TREAT Transcripts Are Not

Degraded in P-Bodies

(A) Representative live-cell image of TREAT re-

porter in HeLa cells expressing NLS-MCP-Halo

(magenta), NLS-PCP-GFP (green), and SNAP-

Dcp1a (blue).

(B) TREAT transcripts do not accumulate in

P-bodies. Two-channel SPT identified intact

(PP7 + MS2) and stabilized 30 ends (MS2)

(516 particles, 27 cells) in cells. The position in

pixels of all RNAs with respect to P-bodies was

measured, and the cumulative P-body localization

index was calculated from three successive

frames (3 3 50 ms).

(C) Representative live-cell image of TREAT TNF-a

ARE reporter in HeLa cells expressing NLS-MCP-

Halo (magenta), NLS-PCP-GFP (green), and

SNAP-Dcp1a (blue). The yellow arrowhead points

to an intact TREAT mRNA bound to a P-body.

(D) Low accumulation of intact TREAT TNF-a ARE

transcripts within P-bodies. SPT identified intact

(PP7 + MS2) and stabilized 30 ends (MS2) (772

particles, 55 cells).

(E) Intact mRNAs in P-bodies are not undergoing

degradation. The ratio of the fluorescent intensity

of NLS-PCP-GFP and NLS-MCP-Halo was similar

for all dual-colored mRNAs in P-bodies and

cytosol (n.s., not significant; unpaired t test). His-

tograms are plotted with bin widths of 10 pixels.

Scale bars, 5 mm. Error bars indicate SEM.
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degradation remained completely blocked. While harringtonine

and cycloheximide could immobilize ribosomes on TREAT

transcripts, thereby blocking Xrn1 degradation, puromycin

causes disassociation of ribosomes from transcripts. Our

data indicate that any inhibition of translation results in stabili-

zation of TREAT mRNAs.

The global inhibition of mRNA degradation we observed

during arsenite stress is consistent with a general inhibition of

decay resulting from proteolytic degradation of Tob and Pan3,

which are the factors responsible for recruitment of deadeny-

lases to transcripts (Yamagishi et al., 2014). Inhibition of deade-

nylation has also been observed in yeast and mammalian cells in

response to a variety of cellular stresses, suggesting that this

may be a conserved pathway that is activated when translation

is inhibited (Gowrishankar et al., 2006; Hilgers et al., 2006).

Alternatively, the release factor eRF3 has also been shown to

compete with Tob/Pan3 for PABPC1, suggesting a possible

direct coupling between translation and mRNA decay (Funa-

koshi et al., 2007; Yamagishi et al., 2014).
Mo
DISCUSSION

Single-molecule measurements of the

mRNA life cycle have profoundly altered

our understanding of gene expression;

however, it has not yet been possible to

directly measure how these processes

are inter-connected within single cells.

The continued development of multicol-

ored RNA biosensors will enable a more
sophisticated investigation of the coupling between transcrip-

tion, translation, and mRNA degradation. A variety of orthogonal

fluorescent proteins and RNA-labeling methods exist that would

enable translation (TRICK) and mRNA turnover (TREAT) to be

imaged simultaneously in three channels (Chen et al., 2009;

Daigle and Ellenberg, 2007; Grimm et al., 2015; Halstead et al.,

2015). Similarly, TREAT could also be coupled with the recently

developed methods for nascent polypeptide imaging that would

allow the relationship between translation andmRNA turnover to

be understood in greater detail (Morisaki et al., 2016; Pichon

et al., 2016; Wang et al., 2016; Wu et al., 2016; Yan et al.,

2016). A complete accounting of an individual transcript’s life

from birth to death is now possible.

Limitations
Previously, overexpression or viral infection of RNAs containing

Xrn1-blocking PKs was shown to affect degradation of endoge-

nous mRNAs (Moon et al., 2012). While TREAT and a conceptu-

ally similar approach using Xrn1-resistant RNA elements did not
lecular Cell 68, 1–11, November 2, 2017 7



Figure 6. TREAT Transcripts Are Not

Degraded in P-Bodies during Stress

(A) Representative live-cell image of TREAT

reporter in HeLa cells expressing NLS-MCP-Halo

(magenta), NLS-PCP-GFP (green), and SNAP-

Dcp1a (blue) as a P-body marker stressed with

arsenite (500 mM) for 1 hr.

(B) Intact TREAT transcripts accumulate in

P-bodies during arsenite stress. SPT experiments

were performed to identify intact (MS2 + PP7,

white) and stabilized 30 ends (MS2 only, magenta)

in arsenite-stressed cells (539 particles, 19 cells).

(C) Representative live-cell image of 50-TOP

TREAT reporter in HeLa cells expressing NLS-

MCP-Halo (magenta), NLS-PCP-GFP (green), and

SNAP-Dcp1a (blue) as a P-body marker stressed

with arsenite (500 mM) for 1 hr.

(D) Intact 50-TOP TREAT transcripts accumulate in

P-bodies during arsenite stress to a greater extent

than TREAT transcripts. SPT experiments were

performed to identify intact (MS2 + PP7, white)

and stabilized 30 ends (MS2 only, magenta) in

arsenite-stressed (556 particles, 22 cells) cells.

Histograms are plotted with bin widths of 10 pixels

and centered at shown values. Scale bar, 5 mm.

Please cite this article in press as: Horvathova et al., The Dynamics of mRNA Turnover Revealed by Single-Molecule Imaging in Single Cells, Molecular
Cell (2017), https://doi.org/10.1016/j.molcel.2017.09.030
detect inhibition of endogenous mRNA decay, this effect could

be concentration dependent (Boehm et al., 2016). It will be an

important control when establishing TREAT in other experi-

mental systems that the approach itself does not influence

mRNA degradation.

In order to directly detect mRNA decay events in live cells, we

incorporated an siRNA target sequence within the TREAT re-

porter to shorten the half-life of the transcript. Continued devel-

opment of automated SPT and analysis routines will enable the
TREAT mRNAs. Shown are untreated (2 hr, 20 cells; 4 hr, 23 cells), harringtonine

puromycin (2 hr, 39 cells; 4 hr, 36 hr). Graph shows mean ± SEM. p values: ** <

8 Molecular Cell 68, 1–11, November 2, 2017
detection of decay events for more stable transcripts. Further-

more, tethering of TREAT reporter mRNAs to cytoplasmic struc-

tures (e.g., membranes via addition of a CAAX prenylation

sequence to MCP) can immobilize the transcript and has been

shown to allow monitoring of individual mRNAs for extended

time periods (Yan et al., 2016). While restricting mobility of

mRNAs may not be appropriate for all applications of TREAT, it

will overcome limitations in decay detection due to movement

of RNAs. Alternatively, advances in the speed and sensitivity of
Figure 7. Stabilization of TREAT Tran-

scripts during Stress and Translation

Inhibition

(A) Representative smFISH images of the TREAT

reporter in HeLa cells with and without arsenite

stress. HeLa cells were induced for 2 hr with

doxycycline and then treated with 500 mMarsenite

for another 2 hr. Intact mRNAs (Renilla + MS2,

white) and stabilized 30 ends (MS2, magenta) were

measured by smFISH.

(B) Intact mRNAs are stabilized in arsenite-

stressed cells (16 cells) compared to unstressed

cells (8 cells).

(C) Representative smFISH images of the TREAT

reporter in HeLa cells treated with translational

inhibitors. HeLa cells were induced for 2 hr with

doxycycline followed by addition of translational

inhibitors harringtonine (5 mM), cycloheximide

(100 mg mL�1), and puromycin (100 mg mL�1) for 2

or 4 hr.

(D) Quantification of smFISH of HeLa cells treated

with translational inhibitors shows stabilization of

(2 hr, 34 cells; 4 hr, 37 cells), cycloheximide (2 hr, 38 cells; 4 hr, 38 cells), and

0.01, **** < 0.0001; n.s., not significant; unpaired t test. Scale bars, 5 mm.
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multi-color, multi-focal plane microscopy may enable single

mRNAs to be observed continuously while freely moving in the

cytosol (Abrahamsson et al., 2013).
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GATTATTTATTATTTATTTATTATTTATTTATTTAC

Franks and Lykke-

Andersen, 2007

N/A

50-TOP of RPL32:

TCCTCTCTTCCTCGGCGCTGCCTACGGAGGTGGCAGCCATC-

TCCTTCTCGGC

Damgaard and Lykke-

Andersen, 2011

N/A

Software and Algorithms

Graphpad Prism 7.0a https://www.graphpad.com N/A

Fiji including the TrackMate plugin Schindelin et al., 2012;

Tinevez et al., 2017

N/A

KNIME Analytics Platform version 3.2.1 Berthold et al., 2009 N/A

Data File S1

(Track-basedColocalizationAnalysis.knwf)

Voigt et al., in press N/A
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Trans-Blot Turbo Mini PVDF Transfer Packs BioRad 170-4156
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CONTACT FOR REAGENT AND RESOURCE SHARING

All plasmids generated in this study are available from Addgene. For any other reagents or questions, please contact the

corresponding author, Jeffrey A. Chao (jeffrey.chao@fmi.ch).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and tissue culture
All cell lines are derivatives of a HeLa cell line (HeLa-11ht) constitutively expressing the reverse tetracycline controlled transactivator

(rtTA2-M2) for inducible expression that also contains a single FLP recombinase-mediated cassette exchange (RCME) site (Weiden-

feld et al., 2009). Cells were grown at 37�C and 5% CO2 in DMEM containing 4.5 g L�1 glucose, 4 mM L-Glutamine, 100 U mL�1

Penicillin, 100 mg mL�1 Streptomycin and 10% FBS (Sigma Aldrich). To creat stable cell lines, RMCE was performed by replacement

of the hygromycin-thymidine kinase (positive/negative) selection cassette with the individual TREAT reporter constructs.

METHOD DETAILS

Plasmid construction
To generate the TREAT reporter, the sequence of the tandemWest Nile Virus Kunjin (WNVKUN) pseudoknots (PKs) from the 30 UTR of

the genomic viral RNA was inserted between either 12 or 24 copies of PP7 stem loops and 24 copies of MS2 stem loops. This

cassette was placed in the 30 UTR of a Renilla luciferase transcript whose expression is driven by a doxycycline-inducible promoter.

The TREAT reporter is composed of a doxycycline-inducible promoter – chimeric b-globin/IgG intron – Renilla luciferase coding

sequence– stop codon –12x (24x) PP7 stem loops – 2x PKs – 24x MS2 stem loops – constitutive transport element – SV40 poly(A).

In order to enable single genomic integration in HeLa cells, the TREAT construct was flanked by recognition sites for the FLP

recombinase.

A control dual-color reporter was generated by removal of the PKs from the TREAT construct andwas used to benchmark co-local-

ization experiments in fixed and live cells and determine detection efficiencies. To generate a TREAT siRNA reporter that can be

cleaved by Ago2, a 21nt long sequence from the firefly luciferase ORF was placed between the PP7 stem loops and the PKs

of the TREAT construct. The firefly siRNA target sequence (CGCTGAGTACTTCGAA ATGTC) corresponds to the MISSION

pLKO.1-puro firefly luciferase shRNA control (SHC007, Sigma Aldrich). Lentiviral transduction was used to stably integrate the

cognate shRNA into HeLa cells. To enhance interaction of TREAT mRNAs with P-bodies, the AU-rich elements from TNF-a

(Franks and Lykke-Andersen, 2007) were cloned in front of the PKs or the 50-TOP sequence from RPL32 (Damgaard and Lykke-An-

dersen, 2011) was inserted into the 50 UTR of the TREAT reporter.

HeLa stable cell line construction
A day before transfection, 33 105 HeLa cells were seeded into a 6-well plate. The targeting plasmid that contained a TREAT reporter

(2 mg) and pCAGGS-FLPe-IRESpuro plasmid (2 mg) were transfected using Lipofectamine 2000 (Invitrogen) according to the manu-

facturer’s protocol (Beard et al., 2006). Transfected cells were selected for two days with 5 mg mL�1 puromycin (Invivogen) followed

by 10-14 days of negative selection with 50 mMganciclovir (BioCat GmbH (TargetMol)) in order to obtain single resistant colonies that

had undergone RCME. Individual colonies were then tested for expression of TREAT reporters using the Renilla Luciferase Assay

System (Promega) according to the manufacturer’s instructions. Total protein concentration in the lysates was measured using

the Bradford Protein Assay (BioRad Laboratories) and used for normalization of luciferase activity.

Northern Blot
HeLa cells (1.53 106) with and without expression of the fluorescent coat proteins were seeded in a 10-cm plate. The following day,

cells were transiently transfectedwith 20 mg of plasmid DNA that expressed either the TREAT reporter or a control reporter lacking the

viral PKs by Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. The next day, expression of the reporters

was induced by addition of doxycycline (1 mg mL�1) for 16 hr. Total RNA was extracted from these cells using TRIzol (Ambion). The
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concentration of isolated RNAs was measured using a Nanodrop (Thermo Scientific) and 5 mg of total RNA for each condition was

loaded on a 1.2% denaturing agarose gel containing 2% formaldehyde. The resolved RNA was transferred onto an Amersham

Hybond-N+ membrane (GE Healthcare) by capillary transfer overnight in UltraPure 20 x SSC (Invitrogen) at room temperature. After

the RNA was UV-cross-linked to the membrane, methylene blue staining (0.04% (w/v) Methylene Blue (Sigma) in 500 mM NaOAc

pH 5.1) was used to assess loading and transfer of the RNA.

An anti-sense RNA probe was designed to detect the 30 end of the transcript. The RNA probes were synthesized using the

DIG-Starter Northern Blot Kit (Roche), and detection of transcripts was performed using the same kit according to themanufacturer’s

instructions. In brief, the concentration of in vitro transcribed DIG-labeled RNA probe was estimated based on an evaluation of

labeling efficiency. The membrane was incubated with �50 ng mL�1 RNA probes for 16 hr at 68�C. Upon detection with an anti-DIG

antibody, the chemiluminiscent signal of the membrane was detected using an Azure c300 (Axonlab).

RT-qPCR
HeLa cells (63 105) stably expressing the TREAT reporter were seeded the day before in a 15-cm tissue culture plates. Induction of

reporter transcription was done as described for the smFISH half-life experiment for time points 0, 2, 4 and 8 hr. Total RNA was

isolated using TRIzol (Ambion). Total RNA (5 mg) was DNase-treated (TURBO DNA-free Kit, Ambion) and reverse transcribed

(SuperScript Reverse Transcriptase III, Thermo Fisher Scientific) using oligo-dT primers to generate cDNA. The abundance of TREAT

reporter transcripts was determined by real-time qPCR using FastStart Universal SYBRGreenMaster mix (Roche) and normalized to

an endogenous reference gene GAPDH using the DDCt method. The data were fit to one phase exponential decay using Prism 7.0a

(https://www.graphpad.com) in order to calculate the half-life of the TREAT mRNA.

The same procedure was performed when actinomycin D (10 mg mL�1) (Sigma) was added to inhibit transcription of endogenous

mRNA. In this experiment, 1 mg of total RNA was used to measure the half-life of c-Myc mRNA.

Renilla luciferase assay
One day in advance, HeLa cells (2.53 104) stably expressing the TREAT reporters were seeded into a 24-well plate. Expression of the

reporter was induced the next day for 2 hr by addition of doxycycline followed by lysis with 100 mL Passive Lysis Buffer from the

Renilla Luciferase Assay System (Promega). The lysate (5 mL) was used to measure Renilla activity according to the manufacturer’s

protocol, and 30 mL of the lysate was used for total protein measurement using the Bio-Rad Protein Assay (Bio-Rad) to normalize

the data.

siRNA transfection
HeLa cells (2 3 106) stably expressing the TREAT reporter were seeded onto 10-cm dish one day before siRNA transfection. Using

Lipofectamine RNAiMAX (Invitrogen) either siXrn1 (ON-TARGETplus Human Xrn1 siRNA – SMARTpool, Dharmacon), siRrp40

(ON-TARGETplus Human Exosc3 siRNA – SMARTpool, Dharmacon), or siCtrl (ON-TARGETplus Non-targeting Pool, Dharmacon)

were transfected at a final concentration of 50nM. The transfected cells were re-plated 8 hr later as follows: 0.5 3 106 cells onto a

6-cm dish for subsequent western blot quantification of the knock down efficiency; 2.5 3 104 cells onto a glass coverslip placed

in a 12-well plate for smFISH analysis. Both western blot and FISH procedures were started 48 hr after siRNA transfection.

Western Blotting
Cells were washed with 1x PBS and lysed in 200 mL Passive Lysis Buffer (Promega). After a 15 min incubation on ice, cells were

collected by scraping and centrifuged at 12,000 rpm for 20 min at 4�C. The supernatant was mixed with Laemmli buffer (Bio-Rad)

and boiled for 5 min at 95�C. The protein samples were resolved by SDS-PAGE on a 4%–20% gel (Bio-Rad) followed by transfer

to a PVDF membrane. The membrane was blocked with 5% BSA (Sigma) in PBST (1x PBS with 0.1% (v/v) Tween) for 1 hr at

room temperature and subsequently probed with antibodies diluted in the same blocking buffer supplemented for 4 hr at room

temperature: mouse derived anti-Rrp40 (Abcam, ab67661, 1:500) and rabbit derived anti-a-Tubulin (Abcam, ab18251, 1:1,000);

rabbit derived anti-Xrn1 (Abcam, ab70259, 1:1,000) and mouse derived anti-Actin-pan (ThermoFisher Scientific, MA5-11869,

1:2,500). The membrane was washed four times in PBST for 5 min. Secondary antibodies were diluted in the blocking buffer

supplemented with 0.01% (v/v) SDS and applied to the membrane for 1 hr at room temperature: anti-rabbit IRDye 800 CW (LI-COR,

1:15,000) and anti-mouse IRDye 680 RD (LI-COR, 1:15,000). After washing the membrane four times in PBST for 5 min, the mem-

brane was imaged using an Odyssey infrared imaging system (LI-COR) and quantitative densitometry was performed using Fiji

(Schindelin et al., 2012).

Single-molecule FISH
HeLa cells (23 104) were seeded on glass coverslips placed in a 12-well tissue culture plate two days before smFISHwas performed.

To induce transcription, the medium was replaced by complete DMEM containing doxycycline (1 mg mL�1) for 1.5 hr. Cells were

washed extensively with 1x PBS to remove doxycycline in order to stop transcription of TREAT reporter mRNAs. Fresh DMEM

was then added to the cells and they were returned to the incubator for an additional 30min to enable nascent transcription of TREAT

reporters to finish. Afterward, cells were fixed at successive time points using 4%paraformaldehyde (ElectronMicroscopy Sciences)

in 1x PBS for 10 min. Following fixation cells were washed twice with 1x PBS before storage in 70% ethanol at 4�C.
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Single-molecule RNA detection was performed using Stellaris FISH probes (Biosearch Technologies). Briefly, cells on coverslips

were prehybridized in wash buffer (2x SSC (Invitrogen), 10% (v/v) formamide (Ambion)) twice for 5min. Two sets of FISH probes were

designed to detect the Renilla ORF (Quasar670) or MS2 stem loops in the 30 UTR (Quasar570). Cells were then hybridized with a

solution that contained 150nM of each FISH probes, 2x SSC, 10% (v/v) formamide, 10% (w/v) dextran sulfate (Sigma) for 4 hr at

37�C. Cells were washed twice with wash buffer for 30 min before counterstaining DNA with DAPI solution (500 mg L�1

in 1 x PBS) and mounted on slides using ProLong Gold Antifade Mountant (Molecular Probes).

In order to investigate the effect of oxidative stress and of translational inhibitors on mRNA stability, prior to smFISH, cells were

induced for 2 hr by doxycycline followed by either a 2 or 4 hr incubation with: 500 mM arsenite (Sigma), 5 mM harringtonine (LKT

Laboratories), 100 mg mL�1 cycloheximide (Sigma), 100 mg mL�1 puromycin (Invivogen).

Images were acquired using a wide-field microscope (Zeiss) with a Plan-APOCHROMAT 100x 1.4 NA oil objective equipped with

an AxioCam 506 mono camera and an X-Cite 120 EXFO metal halide light source. Cells were optically sectioned using a 240 nm

z-step, spanning a 5 mm z-depth. Exposure times of 1600 ms were used to acquire images of each plane in the channel for

Quasar670, 800 ms in the channel for Quasar570, and 10 ms in the DAPI channel.

Detection of mRNA spots from smFISH and co-localization analysis
Single mRNAs were detected in maximum projections of images using the spot detection algorithm AIRLOCALIZE (Lionnet et al.,

2011) written in MATLAB (MathWorks) providing sub-pixel positions of the spots as described previously (Halstead et al., 2015).

To detect the diffraction-limited fluorescent spots, thresholding was adjusted for each set of images depending on the signal-to-

noise ratio. Either a custom MATLAB script or a KNIME Analytics Platform (Berthold et al., 2009) workflow (allowing segmentation

for nuclear and cytoplasmic fraction based on DAPI staining using the Otsu thresholding method [Otsu, 1979]) were used to evaluate

pairwise spot co-localization from both FISH channels. Renilla and MS2 spots that were within a maximum distance of 5 pixels

(225 nm) were considered to be co-localized and were classified as intact mRNAs. Orphan MS2 spots were defined as stabilized

30 ends.

Correction of co-localization data for detection efficiency
As a result of imperfect detection of single particle fluorescent labels, the observed fraction of co-localized particles underestimates

the true fraction. For example, a missed magenta label from a double-labeled particle causes it to be wrongly classified as a single-

labeled green particle. In order to correct for this type of error, we assumed that particles and color channels are independent and that

there is a fixed rate of detection for each color label (detection efficiency, emagenta and egreen).

The detection efficiencies are estimated from a control experiment in which all particles are known to be double-labeled, using the

following equations: emagenta = (nmagenta+nwhite)/N and egreen = (ngreen+nwhite)/N, where nmagenta, ngreen, and nwhite are the normalized

numbers of magenta, green, and double-labeled particles, and N is the total number of particles. In practice, N is estimated from

N = nmagenta+ngreen+nwhite, which underestimates its true value by the number of particles for which both labels have been missed

(nblack). For relatively large detection efficiencies as the ones obtained here (e > 0.85), nblack > 0.0225 and using nblack = 0 is an

acceptable approximation.

In an experiment where we do not know the number of double-labeled particles, we can now express the observed numbers of

particles (nx, where x is magenta, green or white) in terms of the true underlying number of particles (mx) and the above detection

efficiencies. For example, assuming that labels are never detected if they are truly absent, magenta particles can be observed

from truly magenta particles (if the magenta label was detected) and from truly white particles (if the magenta label was detected

and the green label was not detected): nmagenta = mmagenta,emagenta+mwhite,emagenta,(1�egreen). Double labeled particles can only

be detected from truly double labeled ones if both labels were detected: nwhite = mwhite,emagenta,egreen. Solving these equations

for the true particle numbers yields:

mwhite = nwhite

��
emagenta,egreen

�
;

mmagenta = nmagenta

�
emagenta �mwhite,

�
1� egreen

�
;

mgreen = ngreen

�
egreen �mwhite,

�
1� emagenta

�
:

Finally, the fraction of co-localized particles is obtained from the estimated true numbers using fwhite = mwhite/

(mmagenta+mgreen+mwhite).

Means and 95%-confidence intervals (CI) of means for detection efficiencies (emagenta and egreen) and normalized counts (nx) were

estimated using data frommultiple experiments (cells) by xHt � ,s= ffiffiffi
n

p
, where xis the arithmetic mean over themeasurements xi from

individual cells, t* is the critical value corresponding to the 97.5% quantile for a t distribution with n-1 degrees of freedom, s is the

standard deviation estimated from the xi, and n is the number of cells. These confidence intervals were then propagated to the

derived entities calculated using the formulas described above using the R package propagate (version 1.0-4) calculated based

on first-order Taylor expansion.
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Modeling of mRNA half-lives from smFISH measurements
In the absence of transcription, we assumed that the turnover of intact mRNAs and stabilized 30 ends is described by the following

three rate equations, which account for the degradation of these RNA species in terms of three single-step Poisson processes:

d½Nuc�
dt

= � a½Nuc�
d½Cyt�
dt

= a½Nuc� � b½Cyt�
d½Deg�
dt

= b½Cyt� � g½Deg�

where Nuc is the number of nuclear mRNAs, Cyt is the number of cytoplasmic mRNAs, and Deg is the number of stabilized 30 ends,
respectively, and a, b and g are their decay rates.

We fitted the solutions of this model to the population-averaged intact mRNA and stabilized 30 end numbers, and obtained

a = 0.94 ± 0.07 hr�1, and b = 0.43 ± 0.06 hr�1. g = 0.16 ± 0.02 hr�1. The goodness of fit with adjusted R2 for the rates was

a = 0.99, b = 0.97, and g = 0.98.

For the TREAT siRNA reporter, we added an additional rate to model the cytoplasmic degradation of the 50 end generated by

slicing:

d
�
5

0
Deg

�

dt
= b½Cyt� � d

�
5

0
Deg

�

We obtained rates of a = 0.99 ± 0.25 hr�1, b = 5.45 ± 0.52 hr�1, g = 0.17 ± 0.04 hr�1, and d = 4.27 ± 0.70 hr�1. The goodness of fit

with adjusted R2 for the rates were a = 0.94, b = 0.97, g = 0.96, and d = 0.89.

Stochastic simulation of mRNA decay
To evaluate to what extent the experimental cell-to-cell variability in mRNA numbers can be predicted by a simple model, we

assumed that degradation of intact mRNA and stabilized 30 end are single-step Poisson processes. To this end, we performed kinetic

Monte Carlo simulations using the Gillespie algorithm to solve the master equation associated to the refined model described above,

using the same export and decay rates (Gillespie, 1977). To simulate the time evolution of the probability distributions of intact mRNA

and stabilized 30 end after induction was stopped, we took the experimental distributions of all mRNA species after removal of

doxycycline as the initial condition (t = 0).

We performed the simulations using the calculated rate constants a, b, g, and d that were extracted from fitting the rate equations

(thick red lines in Figure S5, 6). We generated confidence intervals by running the simulation with a± εa; b± εb; g± εg ; d± εd where

ε are the fitting errors on each parameter returned by the NonLinearModelFit function in Mathematica (red shaded areas in

Figure S5, 6).

Immunofluorescence
The HeLa cells (23 105) expressing SNAP-Dcp1a fusion were seeded onto glass coverslips placed in 12-well plate 2 days prior the

immunostaining. After pre-staining the cells with SNAP dye Janelia Fluor 549 (JF549) (Grimm et al., 2015), the cells were treated with

arsenite (500 mM) for 1.5 hr to stress cells and increase P-body levels. All the downstream stepswere carried out at room temperature

while coverslips were protected from light. Cells were washed with 1x PBS and fixed with 4% paraformaldehyde (Electron Micro-

scopy Sciences) in 1x PBS for 10 min, washed once in 100mM glycine in 1x PBS and twice in 1x PBS, and subsequently permea-

bilized bymethanol for 5min. Following permeabilization, cells were washed twicewith 1x PBS and then blocked for 1 hr in 0.5%BSA

in 1x PBS. Cells were then incubated with Xrn1 antibody (Abcam, ab70259; 1:500) diluted in 0.5% BSA in 1x PBS for 1 hr. Cells were

washed three times in 0.5% BSA in 1x PBS for 5 min. Cells were then incubated with goat anti-rabbit secondary antibody coupled to

Alexa Fluor 647 (Molecular Probes; 1:5,000) diluted in 0.5% BSA in 1x PBS for 30 min. Cells were washed twice with 0.5% BSA in

1x PBS and once onlywith 1x PBS for 5min each time. Nucleuswas quickly counterstained byDAPI (500 ngmL�1 in 1x PBS), washed

twice with 1 x PBS and coverslips were mounted onto glass slides with ProLong Gold Antifade Mountant (Molecular Probes).

Image acquisition was performed using awide-field microscope (Zeiss) with a Plan-APOCHROMAT 63x 1.4 NA oil objective equip-

ped with an AxioCam 506 mono camera and an X-Cite 120 EXFO metal halide light source. Cells were optically sectioned using a

240 nm z-step, spanning a 5 mm z-depth. Exposure times of 800 ms were used to acquire images of each plane in the channel

for SNAP(JF549)-Dcp1a, 800 ms in the channel for Xrn1-Alexa647 and 10 ms in the DAPI channel. The co-localization analysis

between P-body markers, SNAP-Dcp1a fusion and Xrn1, was done using the Fiji (Schindelin et al., 2012) plugin Coloc2 to calculate

the Pearson’s correlation coefficient.
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Live-cell imaging of TREAT mRNAs
In order to label TREAT reportermRNAs for live-cell imaging, chimeric fusions of the bacteriophage coat proteins (PCP andMCP)with

spectrally distinct fluorescent proteins were used. Synonymous tandem PP7 coat protein (stdPCP) was fused to synonymous

tandem green fluorescent protein (stdGFP) and synonymous tandem MS2 coat protein (stdMCP) was fused to Halo protein

(Wu et al., 2015). Both fluorescent proteins contain N-terminal nuclear localization signals (NLS) to concentrate the unbound proteins

in the nucleus. NLS-stdMCP-Halo was labeled with an organic Halo dye (JF549) (Grimm et al., 2015). Fusion proteins were expressed

from a constitutive ubiquitin C promoter and stably integrated into the HeLa cell line by lentiviral transduction using standard

protocols. Several rounds of fluorescence activated cell sorting (FACS) were used to derive a cell population expressing the

fluorescent fusion proteins at levels appropriate for single-molecule RNA imaging.

In order to visualize P-bodies in live cells, a SNAP-Dcp1a fusion protein was introduced by lentiviruses for constitutive expression.

SNAP dye (JF646) (Grimm et al., 2015) was used to label the SNAP-Dcp1a fusion protein. Triple positive cells, expressing

NLS-stdPCP-stdGFP, NLS-stdMCP-Halo and SNAP-Dcp1a were isolated by FACS.

Cells were imaged on a spinning-disk confocal microscope based on an Olympus IX81 inverted microscope equipped with a

Yokogawa CSU-X1 scanhead with Borealis modification (Andor) using a 100x 1.45 NA PlanApo TIRFM oil immersion objective

(Olympus). Images were collected on two precisely aligned back-illuminated EMCCD cameras (EvolveDelta, Photometrics). Solid-

state lasers (491 nm, 561 nm, 633 nm; Cobolt) were used as excitation sources. Cells were maintained at a constant temperature

of 37�C and 5% CO2 within an incubation box. Images were acquired using Visiview (Visitron) as single planes at frame rates of

20 Hz (50 ms exposure).

QUANTIFICATION AND STATISTICAL ANALYSIS

Single particle tracking of mRNAs in live cells and track co-localization
Single particle tracking (SPT) and analysis of mRNAmolecules was performed on 5 frames of 50ms exposure time for each of the two

registered channels individually. SPT was performed using the Fiji plugin TrackMate (Tinevez et al., 2017) for the nucleus and

cytoplasm separately as described before (Voigt et al., in press). For spot detection, we used ‘‘LoG detector’’ with an ‘‘Estimated

blob diameter’’ of 0.38-40 mm and defined the ‘‘Threshold’’ based on individual images. We used the ‘‘Simple LAP tracker’’

particle-linking algorithm and applied linking distances that were optimized for particle density. The resulting list of coordinates

served as input for a custom-made track co-localization pipeline running in KNIME (Berthold et al., 2009).

Here, we performed a nearest neighbor spot analysis that classifies two spots as co-localizing if their distance is below the user

defined threshold of 0.3mm. Tracks co-localized if they contained at least 2 co-localizing spot pairs. Tracks shorter than 3 frameswere

excluded from the analysis. All other unpaired tracks containing only the MS2 signal were classified as stabilized 30 ends.

Live-cell slicing analysis
TREAT siRNA and control data were collected as described above and including at least 100 frames of 50 ms exposure time per

acquisition. SPT and co-localization analysis of the TREAT siRNA and control live-cell data was performed via automated tracking

and track pairing analysis in KNIME.

Automated Tracking and Track Pairing

To this aim, we generated a workflow that enables KNIME to run the Fiji plugin TrackMate (Tinevez et al., 2017) in batch mode and via

a custom-made ImageJ2 plugin (KNIME Image Processing/ ImageJ2/ FMI/ Track Spots). All tracking parameters are chosen

as described above. The ROI is generated from an inverted segmentation of the nucleus that results after blurring of the raw image

(Gaussian Blur, s = 5.5) and global thresholding. Spot co-localization and classification is performed as described above. However,

to improve track statistics over long time course experiments (> 100 frames) and avoid redundant counting of co-localizing tracks that

cannot always be trackedwithout violation of gap criteria, we implemented a track pairing algorithm that pairs all tracks into the same

pair ID if they spatially co-localize (R2 spot co-localizations) at some point throughout the experiment. This method stitches co-local-

izing tracks together that have been interrupted at different time points due to detection errors.

Identification of Slicing Events

For identification of slicing events, we selected for intact tracks that cease to co-localize without one of their labels vanishing. To this

aim, we determined the length of both tracks after the last co-localization frame and selected candidate tracks that are detectable for

at least three frames after their last co-localization. To more easily identify false-positive track co-localizations, we generated a mea-

sure for track inter-label mobility. Specifically, we quantified relative spot movement by assessing the distances between co-local-

izing spots of both channels (GFP and Halo+JF549). We then calculated squared displacements and instantaneous diffusion

coefficients (Berg, 1993) that measure the relative mobility of spots belonging to both labels for each co-localizing track. We applied

the empirically determined threshold of 0.1 mm2 s�1 to filter out high inter-label mobility tracks and then manually inspected and

verified the candidate slicing events.

Nuclear Segmentation and Distance Analysis

In order to assess the subcellular localization of the slicing events, we determined their distance from the nucleus. To this aim, we

segmented the nucleus via Gaussian Blur (s = 5.5) and global thresholding (Huang method) and determined the average distance
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(of all co-localizing frames per track) from the closest nuclear boundary via a distance map. As control, we used all co-localizing

tracks (6,244 particles, 125 cells) of the non-sliced control population reporters.

Bleach Correction and 50 end Decay Analysis

To generate a bleach curve and determine fluorophore decay rates, we acquired a test dataset under identical experimental condi-

tions using the non-sliced control cell line. We manually tracked and co-localized particles as described above but only included

tracks longer than 50 frames in the analysis. To determine the bleach rate of each fluorophore, we described bleaching as exponential

decay according to

I0 =
I

e�lt

where I0 is the intensity at the beginning of the experiment and l is the fluorophore decay rate.

In order to experimentally determine l, we took the natural logarithm of the intensities (lnðe�ltÞ = �lt), fit linear regressions and

extracted l as the slope of the linear fit:

I= lt + I0

To look for evidence of rapid loss of the 50 end signal from a dual-labeled transcript, we only looked at tracks with more than five

co-localizations. We normalized their bleach-corrected NLS-PCP-GFP intensity in each frame against the averaged intensity of

the first five frames of each track. To search for putative 50 end decay candidates, we identified tracks where the NLS-PCP-GFP

signal was lost at least two frames before the NLS-MCP-Halo signal due to either differences in the bleach rate of GFP compared

to Halo or degradation of the 50 end after slicing but before the 50 and 30 ends separated. We then fit a linear regression to the last

five frames of the NLS-PCP-GFP track and determined its slope (m). Slopes were determined for both non-sliced control and the

TREAT siRNA transcripts to identify possible 50 end decay events that would have large negative values.

Quantification and co-localization of mRNAs in P-bodies in living cells
Intact and degraded mRNAs were identified by measuring the co-localization of NLS-PCP-GFP and NLS-MCP-Halo tracks as

described previously. P-bodies were identified based upon segmentation of the SNAP-Dcp1a fluorescent signal (using the Yen

thresholding method (Yen et al., 1995) in KNIME (Berthold et al., 2009) workflow) and used to generate distance maps that measured

the number of pixels inside and outside of P-bodies. By overlaying themRNA trackswith the distancemap, we defined pixel positions

within P-bodies as positive and positions outside of P-bodies as negative. The position of intact and stabilized 30 ends with respect to

P-bodies was then measured at each frame and the cumulative P-body localization index was then calculated for RNA particles in

three consecutive frames.

The RNA content per P-body was determined by quantification of the NLS-PCP-GFP and NLS-MCP-Halo fluorescence intensities

per frame of all dual labeled particles using TrackMate (Tinevez et al., 2017) + KNIME (Berthold et al., 2009). The ratio of the two

channels was then calculated for all co-localizing spots and compared with the intensity ratio determined for intact mRNAs in the

cytosol.

Statistical Analysis
Statistical parameters are shown in the figures and listed in the figure legends. Statistical significance is claimed when p < 0.05 in a

Student’s t test. In figures, asterisks mark statistical significance as following *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

DATA AND SOFTWARE AVAILABILITY

All KNIME workflows are available from the Chao lab upon request. The ImageJ2 plugin that enables TrackMate to run

in KNIME has been uploaded into the KNIME Image Processing library. The track-based co-localization workflow Data S1

(‘‘Track-basedColocalizationAnalysis.knwf’’) used to identify intact and stabilized 30 end TREAT reporter mRNAs is available as a

supplemental item to this manuscript.

The unprocessed image files used to prepare the figures in this manuscript have been deposited atMendeley Data (https://doi.org/

10.17632/52wjrtnz2r.1)
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