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SUMMARY

mRNAs form ribonucleoprotein complexes (MRNPs)
by association with proteins that are crucial
for mRNA metabolism. While the mRNP proteome
has been well characterized, little is known
about mRNP organization. Using a single-molecule
approach, we show that mRNA conformation
changes depending on its cellular localization and
translational state. Compared to nuclear mRNPs
and IncRNPs, association with ribosomes decom-
pacts individual mRNAs, while pharmacologically
dissociating ribosomes or sequestering them into
stress granules leads to increased compaction.
Moreover, translating mRNAs rarely show co-local-
ized 5 and 3’ ends, indicating either that mRNAs
are not translated in a closed-loop configuration, or
that mRNA circularization is transient, suggesting
that a stable closed-loop conformation is not a uni-
versal state for all translating mRNAs.

INTRODUCTION

RNAs are single-stranded nucleic acid polymers. Intramolecular
base pairing and binding of RNA binding proteins (RBPs), many
of which contain homo- and hetero-dimerization domains,
assemble mRNAs into RNPs (Singh et al., 2015). Assembly of
mRNPs is initiated co-transcriptionally, and mRNP composition
is thought to constantly change during the different processing
and maturation steps, as well as upon translocation to the cyto-
plasm when mRNAs meet with ribosomes for translation. Prote-
omic approaches have identified many RBPs assembling to
mRNA at these different stages, and recent crosslinking ap-
proaches have identified binding sites for many of these pro-
teins, leading to comprehensive maps of mMRNP composition
(Hentze et al., 2018; Marchese et al., 2016). Similarly, recent tran-
scriptome-wide chemical mapping approaches have identified

single- and double-stranded regions within mRNAs revealing
extensive internal secondary structures (Strobel et al., 2018).
More broadly, mRNA organization is crucial for many aspects
of MRNA metabolism, especially steps where different regions
within (pre-) mRNAs are thought to communicate, such as
splicing, translation regulation, or miRNA-mediated regulation
(Fabian and Sonenberg, 2012; Imataka et al., 1998; Tarun and
Sachs, 1996). Despite the importance of mMRNA organization, lit-
tle is known on how mRNPs are organized as 3D assemblies.

Much of our understanding on mRNP organization comes
from in vivo and in vitro electron microscopy studies. Electron to-
mography studies of the 35-kB-long Balbiani ring (BR) mRNA in
C. tentans salivary glands revealed a dense nuclear particle with
a diameter of about 50 nm where 5" and 3’ are in close proximity
(Skoglund et al., 1986). A different architecture was observed for
nuclear mRNAs purified from yeast and analyzed by electron mi-
croscopy (EM), which revealed particles with a homogeneous
width but variable length (5 nm wide, 20-30 nm long), suggesting
a linear assembly with the ends separated (Batisse et al., 2009).
Organization of cytoplasmic mRNAs, on the other hand, has
been primarily studied by visualizing ribosomes as a proxy for
visualizing mRNA. Polysomes containing various numbers of ri-
bosomes and in different conformations have been observed
in vivo, as well as in vitro. Polysomes are found either in spiral ar-
rangements, forming double rows of ribosomes, arranged in cir-
cles as well as in less defined, open conformations; however,
how the mRNA is organized within these polysomes is not visible
in these experiments (Afonina et al., 2015; Brandt et al., 2010; Lu
etal., 2016; Ramanietal., 2015; Rech et al., 1995). Considering a
ribosome footprint of about 30 nt and an average ribosome den-
sity of about one ribosome per 200-900 nt, large regions of the
mRNA must be exposed between individual ribosomes as well
as in their 5 and 3’ UTRs (Hendrickson et al., 2009; Steitz,
1969; Wang et al., 2016; Yan et al., 2016). However, the organi-
zation of this higher-order structure is not known.

The best-studied example of a role of intramolecular mMRNA or-
ganization in gene regulation is the communication between 5’
and 3’ ends during translation (Gallie, 1991). The current model
of initiation is that mRNAs are organized in a circular conforma-
tion, mediated by a series of interactions between the 5’ cap, the
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A D Figure 1. Visualizing Single mRNA Reveals
~ AAAAAA ==n_ T = — AAAAAA Open Conformations of Cytoplasmic
T - e mRNAs
s sh (A) smFISH images using alternating probes
g g labeled in cy3 (red) and cy5 (green) to middle re-

gion of MDN1 mRNA (probe set #1, Table S38) in
paraformaldehyde-fixed HEK293 cells. Nuclei are
visualized by DAPI staining (gray). Magnified im-
ages of individual RNAs marked by dashed
squares are shown on the right. Schematic posi-
tion of probes shown on top.
(B) smFISH using probes targeting the 5’ (red) and
3’ (green) ends of MDNT1 mRNAs (probe set #2,
Table S3).
(C) Violin plots showing distance distribution of
co-localization precision of co-localizing spots
from (A), and 5'-3' distances for MDN1, POLAT,
e PRPF8 mRNAs determined by Gaussian fitting.
White boxplot inside the violin plot shows first
quartile, median, and third quartile. Median dis-
tances are shown on the right.
(D and E) smFISH using 5’ (red), 3’ (green), and
tiling or middle probes (cyan), respectively (probe
sets #3 and #4, Table S3).
(F) Cartoon depicting different mRNA conforma-
tions from (E).
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cap binding protein elF4E, the adaptor protein elF4G, the poly(A)
binding protein (PABPC1), and the poly(A) tail. These interactions
have been proposed to bring together the ends of the transcript
to stimulate translation (Jackson et al., 2010). This closed-loop
model is supported by many studies showing physical interac-
tions between elF4E, elF4G, and PABPCH1; in vitro experiments
reconstituting mRNA circularization using purified components;
and the observation of circular polysomes in cells (Christensen
et al., 1987; Imataka et al., 1998; Tarun and Sachs, 1996; Wells
et al., 1998). However, many polysomes in cells observed by
EM show configurations that do not suggest a closed loop,
and so it is unclear whether closed-loops represent transient
states, polysomes with mRNAs with connected ends but where
ribosomes are positioned distant from the 5 and 3’ ends, or
different classes of transcripts where translation of only some
transcripts might occur in a closed-loop configuration. Further-
more, although there are examples of factors that repress gene
expression by connecting the 5" and 3’ ends, how the ends are
physically brought together to establish these complexes is not
known (Jonas and lzaurralde, 2015).

Thus, the fundamental issue of how mRNAs are organized as
mRNPs in vivo remains unresolved. In this study, we investigate
mRNA organization within cells by combining structured illumi-
nation microscopy (SIM) with single-molecule resolution fluores-
cent in situ hybridization (smFISH) to investigate the spatial rela-
tionship of various regions within mRNAs in different cellular
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(G) Projections of superimposed conformations
with their centers of mass in registry, n =563. Mean
radius of gyration (< Rg>). Scale bars, 500 nm.
See also Figure S2.
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compartments. We observe that mRNAs

exist in different levels of compaction de-

pending on their cellular localization and
translation state and show that translation, at least for a subset
of mRNAs studied here, results in the separation of 5’ and 3’
ends, suggesting that these RNAs are not translated in a stable
closed loop.

RESULTS

Visualizing Different Regions within mRNAs Using
smFISH and SIM

To determine whether combining smFISH and SIM allows us to
spatially resolve different regions within single mRNAs, we first
measured co-localization precision by hybridizing a mix of 44
20-nt-long DNA probes, alternatingly labeled with cy3 and
cy5, and spanning a 1.2 kb region within the 18,413-nt-long
MDN1 mRNA in paraformaldehyde-fixed HEK293 cells (Fig-
ure 1A). Probes spreading the 1.2 kb region were used to
ensure that enough single smFISH probes, each with similar
annealing temperature, bind the mRNA and together result in
sufficient signal for robust detection and localization of individ-
ual mMRNAs. Images were acquired spanning the entire cell vol-
ume, and 3D datasets were reduced to 2D by maximum inten-
sity projection. We then determined the center of each signal
by 2D Gaussian fitting and measured the distance between
signals from both channels. 2D Gaussian fitting calculates
the centroid of the signal emitted from individual fluorescent
particles spread over multiple pixels on the detector and



allows sub-diffraction localization precision (Thompson et al.,
2002; Zenklusen et al., 2008). Measuring the distances be-
tween co-localizing spots showed a co-localization precision
of 21 nm, indicating that we can resolve discrete regions within
mRNAs when they are separated by more than 20 nm
(Figure 1C).

We then positioned labeled probes to the 5’ and 3’ ends of the
MDN1 mRNA to determine RNA extension in cells (Figure S1;
Tables S2 and S8), which, in a hypothetical scenario with
0.59 nm spacing between nucleotides for a rigid ssRNA, would
measure about 10.8 um in length when fully extended (Liphardt
et al., 2001). However, as a flexible polymer, it is unlikely that
mRNA exists in such a conformation, which will depend on
different parameters, including the stiffness of the polymer chain,
as well as thermodynamics and intra-molecular interactions,
which will reduce the overall extension of the mRNA (Borodavka
et al., 2016; Chen et al., 2012; Gopal et al., 2012; Liphardt et al.,
2001). Analyzing cytoplasmic MDN1 mRNAs, we observed few
overlapping 5 and 3’ signals; instead, a majority of 5’ signals
had a 3’ signal within close proximity (Figure 1B), with distances
of up to 300 nm between the two signals (Figure 1C). A similar
distribution was observed when measured in 3D, and distances
were indistinguishable when the EtOH step in the hybridization
protocol was omitted (Figures S2A and S2B). To determine if 5’
and 3’ signals were part of the same mRNA molecule, we used
a third set of FISH probes tiling the entire length of the mRNA be-
tween the 5’ and 3’ regions in 500 nt intervals. The tiling signal
overlapped with either one of the two regions and connected
the 5’ and 3’ within the 300 nm radius, confirming that 5’ and 3’
end signals belonged to the same molecule and, moreover,
pointing toward an elongated conformation of cytoplasmic
MDN1 mRNAs (Figure 1D). To better understand the spatial rela-
tionship between different regions within these mRNAs, we re-
placed the tiling probes with a probe set hybridizing to the middle
region of the MDN1 mRNA (Figures 1E and S1). Using these
probes, we observed cytoplasmic mRNAs where the three
different regions could be spatially resolved (Figures 1E and
1F). To measure the average volume of these cytoplasmic
mRNAs, we aligned individual mRNAs using their center of
mass and calculated the mean radius of gyration (< Ry>) as mea-
sure of the global size of the mRNP and found an < Rg> of
73.95 nm (Figure 1G). These dimensions are comparable to the
size of polysomes imaged by electron microscopy and super-
resolution microscopy, in which polysomes containing 6-10
ribosomes, as suggested for the ribosome occupancy for
MDN1 mRNAs, typically have a diameter ranging from around
90-150 nm (Brandt et al., 2010; Christensen et al., 1987; Floor
et al., 2016; Viero et al., 2015).

To determine whether such open conformations are partic-
ular to the long MDN1 mRNA or a more common feature of
cytoplasmic mRNAs, we measured compaction of two shorter
mRNAs encoding for the splicing factor PRPF8 (7,295 nt) and
the DNA polymerase alpha catalytic subunit POLA1 (5,486 nt)
and found similar open conformations (Figure S2C). End-to-
end distances showed narrower distributions compared to
MDN1 mRNAs, indicating that maximum expansion in cells
scales with mRNA length (Figure 1C). Together, these data
show that cytoplasmic mMRNAs predominantly exist in an

open conformation where 5’ and 3’ are rarely found in close
proximity.

Open mMRNP Conformation Corresponds to

Translating mRNA

Translating mRNPs are thought to exist in a closed-loop confor-
mation where 5’ and 3’ ends of the mRNA are brought together
through interactions between the cap-binding elF4F complex
and the poly(A) binding protein PABPC1 (Imataka et al., 1998;
Tarun and Sachs 1996; Wells et al., 1998). Surprisingly, we rarely
observed 5-3' conformations consistent with such a closed-
loop configuration. One possibility could be that most mRNAs
with separated 5’ and 3’ ends are not in the process of being
translated and that only the fraction with co-localizing ends rep-
resents the pool of translating mRNAs. If that were the case,
interfering with translation should further reduce the fraction of
mRNAs with co-localizing 5’ and 3’ ends. To test this hypothesis,
we treated cells, prior to fixation, with drugs that affect transla-
tion via different mechanisms: cycloheximide, which inhibits
elongation by binding to the E-site of the 60S ribosomal unit
and stabilizes polysomes, and puromycin, which causes prema-
ture chain termination and disassembles polysomes (Bhat et al.,
2015). Treatment with cycloheximide only modestly affected the
distribution of 5'-3' MDN1, PRPF8, and POLAT mRNA end dis-
tances when compared to untreated cells, with slightly lower
end-to-end distances, suggesting that elongating ribosomes
contribute to the openness of the mRNA (Figure 2C). In contrast,
the disassembly of polysomes following a short treatment with
puromycin (10 min) resulted in an unexpected phenotype where
the 5’-3’ ends of most transcripts were co-localizing (Figure 2A).
For MDN1 mRNA, distance measurements showed a narrow
distribution with a median of 36 nm. A 1 hr treatment with the
translation inhibitor homoharringtonine, which stalls ribosomes
at the initiation site, yielded similar results (Figure S3A). Similarly,
POLA1 and PRPF8 mRNA ends also showed a high degree of
co-localization with similar median 5’-3’ end distances (Figures
2C and S3B).

These observations could be due to either a change in mRNP
conformation resulting in increased levels of 5’-3’ interaction or
the result of a general compaction of the mRNP because of the
loss of bound ribosomes. To distinguish between these possibil-
ities, we repeated the experiment, this time using probes that hy-
bridize to the middle region of MDN1 mRNA or tile along its entire
length, and found that puromycin treatment resulted in a general
compaction of the mRNPs (Figures 2B and S3C). Overlaying
mRNA conformations revealed a less extended form of these
mRNPs compared to untreated cells (Figures 2D and 2E). These
observations suggest that most of these cytoplasmic mRNAs are
translating, that mRNAs within translating mRNPs are not ar-
ranged in a closed-loop conformation, and that disassembly of
polysomes results in highly compact mRNAs.

Inhibiting elF4G1-PABPC1 Interaction Does Not Alter
Open mRNP Conformations

Despite the fact that most of the mRNAs exist in an open config-
uration, we noted that a small fraction of MDN71 mRNAs in un-
treated cells had ends in close proximity. If we consider 50 nm
as an upper limit for a closed-loop configuration, 12.5% of
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MDN1 mRNAs show ends that are closer than 50 nm as judged
by 2D analysis. Because 2D analysis projection analysis overes-
timates proximity due to the projection of the z dimension, we re-
analyzed the data in 3D to refine our estimate of mMRNAs poten-
tially in the closed-loop confirmation and found that only 4.4%
are found closer than 50 nm, further suggesting that the close
proximity of the ends is a rare event (Figure S2A). To determine
whether this small fraction indeed represents closed-loop
conformations mediated by PABPC1-elF4G1 interactions, we
used CRISPR/Cas9 gene editing to construct two different cell
lines mutating key residues in PABPC1 or elF4G1 needed for
the interaction as well as matched wild-type controls (Figure 3A).
Although other paralogs of PABPC1 and elF4G1 are present in
the human genome, they are expressed at lower levels in
HEK293 cells, and their expression is not sufficient to compen-
sate for a knockout of elF4G1 (Hart et al., 2015). Both mutant
cell lines showed reduced interactions, but these mutations
had minimal impact on cell survival and overall translation,
although there was a slight increase in the monosome:polysome
ratio in the elF4G1 mutant cell line (Figures 3B-3D). When we
analyzed the conformation of cytoplasmic MDN71 mRNAs in
these mutant cell lines, we observed a 5'-3' distance distribution
similar to those in WT cells (Figure 3E), although we observe a
modest increase in end-to-end distances for the mutant cell
lines. Importantly, the fraction of MDN1 mRNAs with 5'-3' dis-
tances below 50 nm remained unchanged, suggesting that the
small 5-3' colocalizing fraction is not dependent on the
PABPC1-elF4G1 interaction. Treatment with puromycin re-
sulted in increased proximity of 5’ and 3’ ends, indicating that

730 Molecular Cell 72, 727-738, November 15, 2018

200 300 0.00.51.0

Relative
Frequency

formally exclude compensation by other
paralogs, our data strongly suggest that
the colocalization fraction may instead
be non-translating mRNAs or mRNPs where the ends are close
to each other independent of the PABPC1-elF4G1 interaction,
possibly due to the flexibility of the RNA polymer.

Ribosome Occupancy Determines mRNP Compaction

To further investigate the role of ribosome occupancy on mRNP
compaction, we performed a ribosome run-off experiment using
the translation inhibitor homoharringtonine. Treatment with ho-
moharringtonine inhibits new initiation but allows elongating ri-
bosomes to continue translating until reaching the stop codon,
allowing us to determine local compaction within the MDN1
mRNA upon a short drug treatment. Translation elongation in hu-
man cells is thought to occur at about 5 aa per second; therefore,
for the 16,791 nt MDN1 mRNA open reading frame, after a 10 min
treatment the first half will be devoid of ribosomes, whereas the
second half will still contain ribosomes (Wu et al., 2016). Consis-
tent with the requirement of ribosome occupancy for RNA de-
compaction, the 5’-to-mid region of MDN71 mRNA became com-
pacted after the 10-min homoharringtonine treatment, whereas
the mid-to-3’ region remained in an open conformation (Figures
4A, 4B, and S5).

To further investigate the relationship between translation and
5-3’ proximity, we employed a reporter system developed for
single molecule imaging of nascent peptides (SINAPs), where
nascent proteins are rapidly bound at the ribosome exit channel
by a fluorescently labeled single-chain antibody (scFv-sfGFP)
and fluorescence intensity, therefore, is proportional to the num-
ber of ribosomes on a specific mMRNA (Figure 4C) (Wu et al., 2016;
Pichon et al., 2016; Wang et al., 2016; Yan et al., 2016). The
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Figure 3. Inhibiting elF4G1-PABC1 Interactions Does Not Alter 5'-3' Distances

(A) Sites of amino acid substitutions in elF4G1 and PABPC1 cell lines.

(B) Doubling time for elF4G1 and PABPC1 CRISPR-edited lines. Shown are the doubling times calculated for three independent biological replicates for two
independent wild-type and mutant elF4G1 and PABPCH1 lines. The whiskers are the highest and lowest observations and the dots represent three independent

observations.

(C) Polysome profiles for wild-type elF4G1, wild-type PABPC1, mutant elF4G1, and mutant PABPC1 lines.
(D) Immuno-precipitation of elF4G1 and PABPC1 from wild-type and mutant cell lines using anti- elF4G1 and PABPC1 antibodies.
(E) Violin plots showing distance distribution of co-localization precision from 5'-3' distances for MDN7 mRNAs in wild-type and mutant cell lines (probe set #2,

Table S3). White boxplot inside the violin plot shows first quartile, median, and

third quartile. Median distances and p values calculated using Kolmogorov-

Smirnov test are shown on the right. WT1, WT2, M1, and M2 represent different clonal cell lines.

See also Figure S4.

SINAPs reporter was transfected into U20S cells stably express-
ing the scFv-sfGFP fusion; cells were fixed after 24 hr and ribo-
some occupancy and mRNA conformation were simultaneously
measured by smFISH and immunofluorescence targeting scFv-
sfGFP using an anti-GFP antibody (Figure 4D). Consistent with
our previous analysis, translating mRNAs had more open confor-
mations relative to non-translating mRNAs, as judged by both
nascent peptide signal and puromycin treatment. Importantly,
the RNA 5’-3' distance increased with the relative intensity of
nascent peptides. Taken together, our data indicate that ribo-
some occupancy decompacts mRNA and separates the ends.

Compaction State of IncRNAs and mRNA Sequestered to
Stress Granules

If translation is a main cause for an open mRNP conformation,
we hypothesized that non-translating RNAs, such as cyto-
plasmic long non-coding RNAs (IncRNAs), might show a level
of compaction similar to that of non-translating mRNAs, and,
moreover, that their compaction should be unaffected by trans-
lation inhibitors. To test this model, we measured end-to-end
distances for two IncRNAs, TUG1 (7,469 nt) and OIP5-AS1
(8,829 nt), previously found to be present in the nucleus and
the cytoplasm (Cabili et al., 2015). Both IncRNAs contain short
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(A) smFISH using 5’ (red), 3’ (green), and middle probes (cyan), respectively (probe set #4, Table S3) for untreated and homoharringtonine (100 pug/ml, 10 min)-

treated cells and cartoon depicting different mMRNA conformations.

(B) Violin plots showing 5’-mid, mid-3’, and 5’-3'distance distribution of cytoplasmic MDN7 mRNAs in untreated and homoharringtonine-treated cells.

(C) Cartoon depicting the SINAPs construct.

(D) Images showing 5" and 3’ smFISH and anti-GFP immunofluorescence (probe set #15, Table S3) (top), and violin plots depicting 5'-3' distances for puromycin-
treated, non-translating, and translating mRNAs. Translating mMRNAs were clustered in four groups (k-means) according to intensity of anti-GFP signal (bottom).
White boxplot inside the violin plot shows first quartile, median, and third quartile. Median distances and p values calculated using Kolmogorov-Smirnov test are

shown on the right. Scale bars, 500 nm.
See also Figure S5.

putative ORFs that could lead to their association with ribo-
somes; however, their translation will be limited to the very 5’
end of the transcript (van Heesch et al., 2014). As shown in
Figure 5A, 5'-labeled and 3'-labeled cytoplasmic TUGT and
OIP5-AS1 IncRNAs displayed a more compact conformation
compared to the similarly sized PRPF8 mRNA. In addition,
5’-3' distances of OIP5-AS1 IncRNA were unaffected by puro-
mycin, further suggesting that decompaction of cytoplasmic
mRNAs requires the formation of polysomes (Figure 5B). Inter-
estingly, we observe a small, but significant, change of end-to-
end distance for TUG7 IncRNAs upon puromycin treatment
(Figure 5B). Unlike OIP5-AS1 IncRNAs, TUG1 IncRNAs have
been shown to associate with higher polysome fractions despite
their very short putative ORFs, which could explain this observa-
tion (Floor et al., 2016).

We next hypothesized that if eviction of ribosomes from
translating mRNAs by puromycin results in a strong compaction
of mRNA, then mRNAs that are translationally repressed in
response to external stimuli or environmental triggers should
also acquire a compact conformation. Treatment with sodium
arsenite inhibits translation through phosphorylation of elF2a.
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and results in disassembly of polysomes and sequestration of
mRNAs in stress granules (Buchan and Parker, 2009; Panas
et al., 2016). We induced stress granule assembly in U20S cells
upon treatment with arsenite for 1 hr and found that this treat-
ment relocalized cytoplasmic MDN7 mRNAs to stress granules
(Figure 5C). Furthermore, mRNAs show a highly compact
conformation, observed by measuring end-to-end distances us-
ing 5’-3' probes, as well as using tiling probes spanning the entire
transcript up to the 3’ region, which was hybridized using differ-
ently labeled probes (Figure 5C). End-to-end measurements for
MDN1 mRNAs in stress granules showed a level of compaction
similar to that seen in puromycin-treated cells (Figure 5D), and
similar compaction was also observed for POLA1 and PRPF8
mRNAs under the same conditions (Figure S6A). Interestingly,
not all POLA7 and PRPF8 mRNAs accumulated in stress gran-
ules, but those mRNAs that remained outside showed the
same level of compaction as those within stress granules, sug-
gesting that translation inhibition occurs independently of
mRNA sequestration to stress granules, as previously suggested
(Mollet et al., 2008; Panas et al., 2016; Souquere et al., 2009;
Khong et al., 2017). Moreover, a fraction of TUGT and OIP5-AS1



Figure 5. IncRNAs in the Cytoplasm and
mRNAs Sequestered to Stress Granules
Show Compact Conformations

(A) smFISH visualizing 5’ and 3’ ends of TUGT and
OIP5-AS1 IncRNAs (probe sets #7 and #8, Table
S3). Nuclei are visualized by DAPI staining (gray).
(B) Violin plots showing 5'-3' distance distribution
of cytoplasmic TUGT and OIP5-AS17 IncRNAs in
untreated and puromycin-treated cells compared
to PRPF8 mRNAs.

(C) 5'-3' (probe set #9, Table S3) or 3’ and tiling
(probe set #10, Table S3) MDNT mRNA smFISH in
U20S cells treated with arsenite (1 hr, 2 mM).
Stress granules are visualized using an oligo dT
probe (gray). Nuclei are visualized by DAPI stain-
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considered. White boxplot inside the violin plot
shows first quartile, median, and third quartile.
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IncRNAs were also found localized to stress granules, and this
localization did not alter their compaction (Figure S6B).

Organization of Nuclear mRNAs

We finally asked whether the compacted state of mMRNAs found
within stress granules, or after puromycin treatment, reflects a
default state for non-translating cellular mRNPs. In the nucleus,
nascent mRNAs are co-transcriptionally spliced and assembled
into mMRNPs, resulting in the binding of a large set of RBPs,
including the exon-junction complex and SR proteins (Le Hir
et al., 2000; Muller-McNicoll and Neugebauer, 2013; Singh
et al., 2012). During translation in the cytoplasm, many RBPs
bound to the open reading frame are evicted by the ribosome.
mRNAs that have been translated and then go into a translation-
ally silent state might therefore be bound by fewer proteins than
cytoplasmic mRNAs prior to their first round of translation, or nu-
clear mRNPs before their export to the cytoplasm.

To determine whether a default compaction state exists for
non-translating mRNPs, we investigated the organization of nu-
clear MDN1 mRNAs. Compared to cytoplasmic MDN7 mRNAs
upon puromycin treatment, nuclear MDN1 mRNAs were found
in an extended conformation, although they were more com-
pacted than translating cytoplasmic mRNAs (Figures 6A-6E).
Moreover, 5'-to-mid and mid-to-3’ distances were shorter than
the 5'-to-3' distance and larger than cytoplasmic mRNAs upon
puromycin treatment (Figure S7A). Unlike for cytoplasmic
mRNAs, open mRNP conformations of nuclear MDN7 mRNAs
were still observed upon puromycin (10 min) or homoharringto-
nine (1 hr) treatment, although we measured a small overall
reduction in 5’-3’ distances (Figures S7B and S7C). This might
in part be due to the difficulty of accurately segmenting nu-
clear-cytoplasmic borders so that our analysis of nuclear
mRNAs includes a small fraction of cytoplasmic mRNAs.

100

5’-3’ Distances (nm)

Scale bars, 500 nm.
See also Figure S6.

200 300

Together, these observations suggest that assembly of nuclear
mRNPs results in more extended mRNP compared to transla-
tionally inhibited mRNPs.

DISCUSSION

Although the proteome of MRNPs has been studied extensively,
the understanding of how mRNA and proteins organize into
mRNPs is still poorly understood. Here, using a single-molecule
super-resolution microscopy approach to describe features of
mRNP organization in cells, our data show that mRNA in cells
are found at different levels of compaction depending on their
subcellular localization and translation state, with actively trans-
lating mRNAs and mRNAs sequestered to stress granules repre-
senting two extremes of open and compacted mRNAs states
in vivo. Furthermore, we show that decompaction during transla-
tion results in the separation of the 5’ and 3’ ends of MRNAs, indi-
cating that at least for the mRNAs investigated here, translation
does not occur in a stable closed-loop conformation.

Nuclear mRNPs Show a Linear Organization

EM studies visualizing the 35-kb-long nuclear BR mRNPs show
mRNPs assembled as compact particles with a croissant shape
where 5’ and 3’ ends are in close proximity (Mehlin et al., 1995).
The formation of this particle occurs sequentially and co-tran-
scriptionally, starting with the formation of a rod-like structure
with an ~12 nm diameter, that further compacts into stalk and
finally results in a croissant-shaped mRNP with an ~50 nm diam-
eter and ~15 nm thickness. Considering a hypothetical fully
extended, linear mRNA with a spacing between nucleotides of
0.59 nm, and given the 50 nm diameter as the maximal extension
of the BR mRNP, BR mRNPs are compacted ~413-fold. We also
observe a high degree of compaction of ~111-fold for nuclear
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Figure 6. Organization of Nuclear MDN1 mRNAs

(A) 5-3' MDN1 mRNA smFISH (probe set #2, Table S3) of nuclear mRNAs. The nucleus was stained with DAPI (gray).
(B) Violin plots comparing MDN1 mRNA 5'-3' distance distribution of nuclear and cytoplasmic mRNAs. White boxplot inside the violin plot shows first quartile,

median, and third quartile. Median distances are shown on the right.

(C) Representative conformations of nuclear MDN1 mRNAs observed by 5’, middle and 3’ labeling as in Figure 1E.
(D) Projections of superimposed conformations with their centers of mass in registry, compared to untreated or puromycin-treated cytoplasmic MDN7 mRNAs,

n = 452. Mean radius of gyration (< Rg>).

(E) Scatterplot comparing 5'-mid and mid-3' distances for individual nuclear and cytoplasmic MDN7 mRNAs. Frequency distributions are shown on top and on

the right. Scale bars, 500 nm.
See also Figure S7.

MDN1 mRNAs, considering a diameter of 97 nm (double the
radius of gyration), suggesting mRNPs are generally highly
compact in the nucleus.

However, in contrast to BR mRNAs, we do not observe 5’ and
3’ ends in close proximity, but rather 5’-3’ ends further apart than
the 5’ to the middle region and middle to the 3', suggesting
a more linear conformation of the nuclear mRNP (Figures 6 and
S7). This structure could be the result of the sequential assembly
of RNPs, such as the EJC to nascent mRNAs and the further
compaction through binding to other proteins containing
homo- and heterodimerization domains, such as SR proteins,
as suggested in Singh et al. (2012). Indeed, in agreement with
such a model, a recently developed RNA immunoprecipitation
and proximity ligation in tandem (RIPPLIT) approach investi-
gating the proximity of different regions within mRNAs identified
only local intramolecular contacts but failed to observe long-
range intramolecular mRNA interactions (Metkar et al., 2018

734 Molecular Cell 72, 727-738, November 15, 2018

[this issue of Molecular Cell]). These observations suggest that
mammalian nuclear mRNPs may be organized as rod-like struc-
tures, similar to the nuclear mRNPs previously purified from
yeast (Batisse et al., 2009). Interestingly, we also observed a
small fraction in nuclear MDN1 mRNAs with a more open confor-
mation. One possibility could be that these mRNAs are not fully
spliced, although we view this explanation as unlikely because
analysis of nuclear mRNA sequencing datasets from HEK293
cells does not suggest inefficiently spliced introns for MDN1
mRNAs (data not shown) (Neve et al., 2016). Alternatively, if
mRNPs assemble linearly, mediated by the binding of EJC and
other RBPs, inefficient assembly of these complexes might
result in more open mRNPs.

Variable Levels of RNP Compaction in Cells
The compaction state of nuclear mRNA represents an inter-
mediate state relative to the compacted and extended states



observed for cytoplasmic mRNAs. Only a few examples of large
RNP structures have been described that allow a direct compar-
ison of the different levels of compaction found for cytoplasmic
mRNAs. For instance, the 80S eukaryotic ribosome is a highly
compact RNP with a diameter of about 30 nm and containing
7,216 nt, resulting in an RNA compaction of ~142-fold. Nonethe-
less, this is less compact than MDN7 mRNAs upon puromycin
treatment, in which we observe compaction of ~199-fold. Inter-
estingly, the compaction of MDN7 mRNA upon puromycin treat-
ment is similar to the compaction seen in packaged viruses. For
instance, the 7.5 kB RNA genome of the Hepatitis A virus is
packed into a capsid with an inner diameter of about 22 nm, lead-
ing to an ~200-fold compaction of its genome (Wang et al., 2017),
and the Zika genome (11 kb, 30 nm capsid inner diameter) gets
similarly compacted (Sirohi et al., 2016). Interestingly, viral
RNAs when transcribed in vitro were shown to acquire a
condensed conformation, as measured using cryo-EM or SAXS,
but the volume occupied by these RNAs in vitro is larger than
when the RNA gets packaged into the viral capsid, consistent
with the idea that compaction into the capsid is an active pack-
aging mechanism (Gopal et al., 2012). Finally, a recent study
showed that different in-vitro-transcribed mRNAs and IncRNA
get compacted in vitro to a level similar to, or sometimes even
greater than, that of rRNA (Borodavka et al., 2016). Together,
these results suggest that different levels of RNA compaction
in vivo are likely mediated by a combination of RNA sequence
as well as associated proteins, and it will be interesting to deter-
mine whether the high level of mMRNA compaction observed for
mRNAs upon ribosome eviction or sequestration into stress gran-
ules, is an active process that requires specific proteins, or
whether it rather reflects the collapse of the RNA polymer onto it-
self due to the absence of ribosomes and other RBPs.

Closed-Loop Translation and Regulation of Gene
Expression

Our end-to-end measurements revealed that translating mRNAs
rarely show co-localizing 5’ and 3’ ends, and the sun-tag reporter
data further suggest that separation of the ends increases as a
function of ribosome occupancy. Similar results were recently
observed in another study using a similar approach but different
mRNAs, suggesting that open conformations of translating
mRNAs is a widespread phenomenon (Khong and Parker,
2018). Thus, our results are seemingly at odds with the current
view that translating mRNAs exist in a stable closed-loop confor-
mation. One possibility is that the elF4G-PABP interaction may
be transient and only occurs during specific steps of the transla-
tion cycle. Recent studies have shown that translation of many
transcripts occurs in a bursting pattern, and the variable ribo-
some occupancy during “on” and “off” times of translation
bursts is likely to cause altered mRNA compaction (Wu et al.,
2016; Pichon et al., 2016; Yan et al., 2016). Translation bursting
could therefore induce structural reorganization of mRNAs that
facilitate 5'-3’ proximity during ‘off’ times, allowing transient
elFAG-PABP interactions to occur. Interestingly, in-vitro-tran-
scribed mRNAs were shown to obtain conformations where
the 5’ and 3’ ends are close in space, which is also suggested us-
ing computational predictions (Lai et al., 2018; Leija-Martinez
et al., 2014; Yoffe et al., 2011). It will be interesting to investigate

whether this occurs for mRNAs in vivo, maybe as a result of
translation bursting, or as a result of translation inhibition in
response to an external stimulus, and whether this will facilitate
transient, elF4G-PABP dependent, closed-loop configurations.

Closed-loop interactions could also occur during the pioneer
round of translation. However, arguing against such a model is
that pre-translation, EJC-containing mRNAs have a rod-like or-
ganization where the 5’ and 3’ are not in proximity, making it
unlikely that these mRNP would be able to acquire a closed-
loop conformation without further reorganization (Metkar et al.,
2018). Nevertheless, mRNP reorganization at the cytoplasmic
side of the nuclear pore has been shown in yeast, and recent
studies suggest two populations of EJC-containing mRNAs,
with a cytoplasmic EJC-mRNP fraction that contains far fewer
proteins and therefore possibly a different architecture (Mabin
et al., 2018; Tran et al., 2007).

An alternate possibility to bring ends together could be a long
poly(A) tail. As it is not possible to design probes for the tail that
do not hybridize to all polyadenylated RNAs, our probes target-
ing to the 3’ of the RNA only hybridize up to the start of the poly(A)
tail. However, it is unlikely that the tail is long enough to bridge a
gap of up to 300 nm, even if fully extended, as recent TAIL-seq
studies revealed that poly(A) tails in mammals are on average
only 50-100 nt long (Chang et al., 2014; Subtelny et al., 2014).

Alternatively, it may be that only a subset of mRNAs is trans-
lated in a closed-loop conformation. EM and cryo-ET have shown
polysomes in various conformations, and only some of these con-
formations are compatible with a possible closed-loop conforma-
tion of the mRNAs (Brandt et al., 2010; Christensen et al., 1987;
Christensen and Bourne, 1999). Interestingly, recent studies
demonstrate that not all MRNAs are bound to the same extent
by the closed-loop factors, supporting the idea that closed-loop
formation might preferentially occur for some mRNA and/or dur-
ing distinct phases of polysome assembly (Archer et al., 2015;
Costello et al., 2015; Rissland et al.,, 2017; Thompson et al.,
2016). A closed-loop configuration could also be more difficult
to achieve for longer mRNAs where the ends could be separated
by larger distances. Furthermore, it has been suggested that the
formation of a closed loop might be more complex than the inter-
action of elF4G and PABPC1, that this interaction might not be a
prerequisite for translation at all times, or that it can be mediated
by additional factors. Indeed, non-polyadenylated mRNAs can
associate with polysomes and produce proteins, S. cerevisiae
strains with impaired closed-loop components are viable, and
we show here that mammalian cell lines have limited phenotypes
upon reduced elF4AG-PABPC1 interactions (Figure 3) (Park et al.,
2011; Proweller and Butler, 1997; Wilusz et al., 2012). Together
with our observations showing that ribosome occupancy results
in a decompaction of the mRNA and separation of the ends, all
these observations argue against a model in which a stable
closed-loop conformation can be considered as a universal state
of translating mRNAs.

Finally, some of the strongest functional evidence for 5'-3'
proximity comes from the numerous examples of regulatory ele-
ments in the 3’ UTR that modulate processes at the 5’ end, such
as de-capping or translation repression or initiation (Fabian and
Sonenberg, 2012; Rissland, 2017). Signal transmission from the
3’ to the &’ likely requires the mRNP to be flexible to allow both
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ends to meet, and it is unclear whether this flexibility is possible
when mRNAs are in polysomes, as we show that ribosome occu-
pancy leads to the separation of the ends. In general, we have lit-
tle understanding of the biophysical properties of mMRNPs in vivo.
Obtaining a better mechanistic understanding of different as-
pects of MRNP metabolism involving intramolecular communi-
cation will therefore require a detailed understanding of the
biophysical properties of RNPs in cells and, with it, new tools
that allow us to study mRNP organization in vivo, with single-
molecule resolution and in real time.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken anti-GFP Antibody Aves Lab Cat#GFP-1010; RRID:AB_2307313

Goat anti-Chicken Alexa 488 Antibody
Rabbit anti-PABPC1
Rabbit anti-elF4G1

Thermo Fisher
Abcam

MBL International

Cat# A-11039; RRID:AB_2534096
Ab21060; RRID:AB_777008
RNOO2P; RRID:AB_1570635

Anti-rabbit HRP NEB 7074S; RRID:AB_2099233
Chemicals, Peptides, and Recombinant Proteins

Puromycin dihydrochloride Sigma Cat#P8833

Puromycin (Solution) InVivoGen Cati#ant-pr-1
Cycloheximide Sigma Cat#C7698-1G

Sodium Arsenite Sigma Cat#35000-1L-R
Homoharringtonine Sigma Cat#SML1091-10MG

Cell Media: 1. DMEM Wisent Cat#319-005-CL

Cell Media: 2. Fetal Bovine Serum Wisent Cat#080-150

Cell Media: 3. Trypsin Wisent Cat#325-043-EL

Cell Media: 1. DMEM

Cell Media: 2. Fetal Bovine Serum

Cell Media: 3. Trypsin

poly-L-Lysine

Rat Tail Collagen

Cy5-NHS Ester

Cy3-NHS Ester

DyLight 550

DyLight 488

Formamide

Dextran sulfate

Ribonucleoside Vanadyl complex (RVC)
BSA

BSA

BSA

Prolong Gold Antifade reagent with Dapl
Prolong Diamond Antifade Reagent with DAPI
TetraSpec beads

Ultrapure Salmon Sperm DNA solution

Thermo Fisher
Corning
Thermo Fisher
Sigma
Thermo Fisher
GE Healthcare
GE Healthcare

Thermo Scientific
Thermo Scientific

Sigma
Millipore

NEB

NEB

Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher

Cat#10566016
Cat#35-011-CV
Cat#25200056
Cat#P8920
Cat#A1048301
Cat#GEPA25001
Cat#GEPA23001
Cat#62263
Cat#46403
Cat#F9037-100ML
Cat# S4030
Cat# S1402S
Cat# B9000S
Cat#AM2616
Cat#1071145400
Cat#P36935
Cat# P36965
Cat# T-7279
Cat# 15632011

E.coli tRNA Roche Cat# 10109541001

X-treme Gene 9 Transfection Reagent Roche Cat#XTG9-RO

3-Indole Acetic Acid Sigma Cat#13750

Sodium Hydroxide Sigma Cat#795429-500 g

Acetic Acid Sigma Cat#A6283-1L

Deposited Data

Raw Images This paper https://doi.org/10.17632/rjwfnvykd5.1
Experimental Models: Cell Lines

Human: HEK293 ATCC Cat#CRL-1573; RRID:CVCL_0045
Human: U20S ATCC Cat#HTB-96; RRID:CVCL_0042

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Human: U20S + pBabe-TIR1-9myc + stdMCP-Halo + Wu et al., 2016 N/A

phR-scFV-GCN4-sfGFP-GB1-NLS-dWPRE

Software and Algorithms

MATLAB for image analysis Mathworks Version 9.2.0; RRID:SCR_001622
Localize (2D Gaussian fitting) Thompson et al., 2002 N/A

AIRLOCALIZE (3D Gaussian fitting) Lionnet et al., 2011 N/A

R Studio — Open source edition Rstudio https://www.rstudio.com/

FIJI = Open source edition ImagedJ http://fiji.sc; RRID:SCR_002285
ZEN Microscopy software Zeiss Version ZEN 2012 SP5
Neighborhood assignment and distance calculation This paper N/A

code (MATLAB)

Sequence-Based Reagents N/A

ssDNA oligos for CRISPR/Cas9 cell lines Table S1

smFISH probes Biosearch Technologies Table S2

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Daniel
Zenklusen (daniel.r.zenklusen@umontreal.ca).

METHOD DETAILS

Reagents used, stock concentrations, working concentrations and treatment conditions

Puromycin dihydrochloride (Sigma P8833) — stock at 5 mg/ml in water, Cycloheximide (Sigma C7698-1G) — stock 5 mg/ml in ethanol,
Sodium Arsenite (Sigma 35000-1L-R) — stock 50 mM in water, Homoharringtonine (Sigma SML1091-10MG) - stock 10mg/ml in
DMSO. The drugs were diluted in warm media to get final working concentrations and cells were treated prior to fixation as follows:
Puromycin (100 pg/ml for 10 min), Cycloheximide (100 ug/ml for 10min), Homoharringtonine — 100 pg/ml for 10 mins or 1hr and
Sodium Arsenite (2mM for 1 hour).

Cell culture and drug treatment

HEK293 (American Type Culture Collection CRL-1573) and U20S osteosarcoma (American Type Culture Collection HTB-96) cell
lines were maintained at 37°C and 5% CO, in Dulbecco’s Modified Eagle Medium (DMEM) (Wisent, 319-005-CL) supplemented
with 10% fetal bovine serum (FBS) (Wisent, 080-150) and passaged every 2-3 days with Trypsin (Wisent 325-043-EL). Cells were
plated on poly-L-Lysine (Sigma, P8920) coated coverslips the day before treatment and fixation. On the day of the experiment, media
was replaced with fresh warm media containing drug in indicated concentrations and placed back in the incubator. After treatment,
the cells were briefly washed with 1xPBS, fixed with 4% paraformaldehyde in 1xPBS (pH 7.4) for 10 minutes at room temperature,
washed three times with 1XxPBS and stored overnight in 70% ethanol at —20°C for permeabilization. Alternatively, the cells were per-
meabilized using 0.1% Triton X-100 + 0.5%BSA in 1x PBS for 15mins after which they were washed 2 times with 1x PBS for 5 mins
each immediately before using the samples for smFISH (Figure S2B).

Plasmid Preparation
The phage-ubc-flag-24xSunTag-Fluc-oxBFP-AID-baUTR-24xMS2 plasmid was prepared as described in (Wu et al., 2016).

Generation and screening of elF4G1 and PABPC1 mutant cell lines
Mutant cell lines were generated using CRISPR-Cas9. To produce sgRNAs targeting either elF4G1 or PABPC1, annealed DNA oligos
(Table S1) were ligated into the Bbsl site of plasmid pX330 (Ran et al., 2013). Homology repair constructs containing the intended
mutations and upstream and downstream homology arms (~1 kb in total) were ligated into the plasmid Lox-Stop-Lox-TOPO-Astop
(Rakheja et al., 2014), in which homology arms are cloned surrounding a puromycin resistance cassette flanked by loxP sites
(Table S1).

HEK293 cells (5 x 105 cells in one well of a 6-well plate) were transfected with 250 ng of the pX330-sgRNA construct and 1 pg of the
repair construct using Lipofectamine 2000 according to the manufacturer instructions, and then incubated in EMEM supplemented
with 10% FBS in a humidified incubator at 37°C with 5% CO2. Two days following transfection, cells were trypsinized and 10% of the
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cells were moved into a 15-cm dish. After 24 h, puromycin was added to a final concentration of 3 pg/mL, and the media was changed
daily for the next 3 days. The following day, single cells were seeded into each well of a 96-well plate on a MoFlo Astrios cell sorter
(Beckman Coulter) at the Flow and Mass Cytometry Facility at SickKids Hospital, Toronto. Following expansion of single colonies,
cells were harvested and screened by PCR using primers that anneal to the genome outside of the homology arm region (Table
S1). To excise the puromycin resistance cassette from positive clones, the cells were transfected with 1 ng of pgk-Cre (Rakheja
et al., 2014) and incubated for 3 days before single-cell seeding, expansion, and screening for loss of the puromycin resistance
gene by PCR as described above. The PCR products were analyzed by Sanger sequencing to ensure that the intended mutations
were present.

Cell viability assays

Cell viability was measured using PrestoBlue Cell Viability Reagent (Invitrogen) according to the manufacturer’s instructions. Briefly,
cells were seeded in triplicate in 96-well plates at 1000 cells per well in 90 pL of EMEM supplemented with 10% FBS, and then incu-
bated at 37°C with 5% CO.. At 24h, 48h, and 72h after seeding, 10 uL of PrestoBlue reagent was added to each well. After a further
6.5-h incubation at 37°C with 5% CO,, the fluorescence of each well was read on a SpectraMax M2 microplate reader (Molecular
Devices).

Polysome profiling

To generate polysome profiles, cycloheximide was added to cells in a 10-cm dish to a final concentration of 100 ng/mL, and the cells
were incubated for 10 min at 37°C. The cells were then placed on ice and washed twice with ice-cold PBS containing 100 pg/mL
cycloheximide. Cells were lysed by shearing four times through a 26-gauge needle in 500 pL of lysis buffer (10 mM Tris-HCI
pH 7.4, 5 mM MgCI2, 100 mM KCI, 1% Triton X-100, 2 mM DTT, 500 U/ml Rnasin (Promega), EDTA-free protease inhibitor cocktail
(Sigma), 100 pg/mL cycloheximide). Following centrifugation at 1300 x g for 10 min at 4°C, the supernatant was collected, flash
frozen in liquid nitrogen, and stored at —80°C until further processing.

Lysates were separated by loading 300 pL onto a 10%-50% (w/v) sucrose gradient prepared with a Gradient Master (BioComp
Instruments) and centrifuging for 2 h at 36,000 rpm in a SW41Ti rotor (Beckman Coulter) at 4°C. Gradients were fractionated on a
Piston Gradient Fractionator (BioComp) coupled to an EM-1 Econo UV detector (Bio-Rad). UV profile data were recorded using
Gradient Profiler software v 2.07 (BioComp).

smRNA FISH

Custom DNA probe sets were designed using Stellaris Probe Designer, synthetized by Biosearch Technologies containing 3’ amine
reactive group and labeled with far red dye Cy5 (GEPA25001), red dyes Cy3 (GEPA23001) from Sigma or Dylight 550 (Thermo Sci-
entific 62263) or green dye Dy488 (Thermo Scientific 46403) as described in (Rahman et al., 2017). For the mRNAs and the IncRNAs,
the isoforms used to design the probes are mentioned in Figure S1. For the mRNAs, these isoforms were verified as the predomi-
nantly expressed transcripts in HEK293 using RNA-seq datasets from human protein atlas. For the IncRNAs, the probes were de-
signed such that they hybridize to the longer isoforms. Probe sequences are shown in Table S2. Probe combination used are shown
in Table S3 and the probe combinations used for the experiment is mentioned in the figure legends. smFISH was done as described in
(Rahman et al., 2017). Prior to hybridization, cells were rehydrated in 1xPBS, then washed with 10% formamide/2xSSC for 10 minutes
at room temperature. The cells were hybridized with 10-20 ng of each probe mix plus 40 ng of ssDNA/tRNA resuspended in the hy-
bridization solution (10% dextran sulfate/10% formamide/2xSSC/2 mM VRC/0.1 mg/ml BSA) for 3 hours in the dark at 37°C. Post
hybridization washes (2x 30 min) were carried out at 37°C with 10% formamide/2xSSC. Samples were then rinsed with 1xPBS
and mounted with ProLong Gold antifade reagent with DAPI (P36935, Invitrogen).

Image Acquisition and pixel shift correction

Images were acquired with a 63x NA 1.46 oil objective on a Zeiss Elyra PS.1 system equipped with an Andor EMCCD iXon3 DU-885
CSO VP461 camera (1004x1002 pixels), the following filter sets: DAPI: BP420-480 + LP750 (Zeiss SR cube 07), Cy2: BP495-
590+LP750 (Zeiss SR cube 13), Cy3: LP570 (Zeiss SR cube 14), Cy5: LP655 (Zeiss SR cube 10) and the following lasers: 50 mW
405 nm HR diode, 100 mW 488 nm HR diode, 100 mW 561 nm HR DPSS, 150 mW 642 nm HR diode. Each image was acquired using
3 rotations and a grid size of 42 um for all channels. The microscope was located in a temperature-controlled room and samples were
kept in the room for at least an hour before imaging to minimize thermal fluctuations. To correct for pixel shifts between channels,
0.1 um TetraSpec beads (Invitrogen T-7279) were imaged in all channels, and the channel shift values and chromatic aberration
were calculated and corrected using the built-in channel alignment tool in ZEN 2012 SP5 which uses an affine image alignment al-
gorithm and later applied to the images. This correction was calculated for each day of imaging.

Combined smFISH and Immunofluorescence for simultaneous detection of mRNA conformation and nascent
translation

Human U20S osteoscarcoma cell line (American Type Culture Collection HTB-96) expressing stdMCP-Halotag, phR-scFV-GCN4-
sfGFP-GB1-NLS-dWPRE, and pBabe-TIR1-9myc was prepared as described in (Wu et al., 2016). Single-molecule FISH immunoflu-
orescence was performed as described in (Wu et al., 2016). In brief, cells were plated on 18mm diameter, #1 collagen coated
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coverslips (Fisher) in a 12-well dish. Cells were then transfected with 250 ng of the phage-ubc-flag-24xSunTag-Fluc-oxBFP-AID-
baUTR-24xMS2 construct using X-tremeGENE 9 transfection reagent (XTG9-RO ROCHE). Six hours after transfection, IAA
(Sigma-Aldrich) was added to a final concentration of 250 uM. 20 hours after transfection, fresh IAA was added to a final concentra-
tion of 250 pM. 24 hours after transfection, cells were fixed for 10 minutes in PBS + 5 mM MgCl, (PBSM), permeabilized for 15 minutes
in PBSM + 0.1% Triton-X and 0.5% BSA, and incubated with 100 nM MS2v5-Cy5 and 50 nM SunTagV4-Qusar 570 smFISH probe
sets (Table S2) and a primary antibody against GFP (GFP-1010, Aves labs, Inc.) and incubated for three hours at 37°C. After washing,
cells were incubated with Alexa Fluor 488 labeled secondary antibody (ThermoFischer) and mounted in ProLong Diamond antifade
reagent with DAPI (Life Technologies). Images were acquired on a custom inverted wide-field Nikon Eclipse Ti-E microscope equip-
ped with three Andor iXon DU897 EMCCD cameras (512x512 pixels), Apochromatic TIRF 100X Oil Immersion Objective Lens/1.49
NA (Nikon MRD01991), encoded Stage with 150 micron Piezo Z (ASI), and LU-n4 four laser unit with solid state 405 nm, 488 nm,
561 nm, and 640 nm lasers (Nikon), a TRF89901-EM ET-405/488/561/640nm Laser Quad Band Filter Set for TIRF applications
(Chroma), and Nikon H-TIRF system. Images were acquired using in-unit intermediate 1.5x magnification changer for a final magni-
fication of 150x and independent, epi-illumination from the 488, 561, and 640 nm lasers. Image pixel size: XY, 106.7 nm; Z-step,
200 nm. A total of 29 cells without drug treatment (total of individual 396 mRNAs) and 40 cells (97 individual mMRNAs) upon puromycin
treatment were analyzed.

Immunoprecipitations and western blotting

Cells were washed with 1X PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.47 mM KH2PO4, pH 7.4) and then lysed with 1 mL
ice-cold lysis buffer A (100 mM KCI, 0.1 mM EDTA, 20 mM HEPES, pH 7.6, 0.4% NP-40, 10% glycerol, with freshly added 1 mM DTT
and complete mini EDTA-free protease inhibitors [Roche; one tablet per 25 mL lysis buffer]) per 2.5 million cells. 50 uL was saved as
the input sample. Cells were incubated with antibody (diluted according to manufacturer’s instructions) for 2 hours, rotating at 4°C.
a-PABPC1 antibody was purchased from Abcam (ab21060), and «-elF4G1 from MBL International. EZ view protein G Sepharose
(Sigma) was washed twice with lysis buffer and added to lysate with 40 pL slurry used per ml of lysate. The beads and lysate
were incubated with the lysate for an additional hour rotating at 4°C. The beads were washed 3X with cold lysis buffer. After the first
wash, the beads were transferred to a new tube. The beads were then resuspended in protein loading dye (Life Technologies) with
freshly added reducing agent, according to manufacturer’s instructions, and boiled for 3 min. 2% lysate and 10% immunoprecipi-
tants were loaded onto an SDS-PAGE gel and probed for PABPC1 and elF4G1. «-PABPC1 and a-elF4G1 were used at 1:1000, and
a-rabbit IgG HRP (at 1:10,000) was used as the secondary antibody.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA spot detection, spot assignment, and distance measurements

Forimage analysis, 3D datasets were reduced to 2D data using maximum intensity projections in Fidi. Spot detection was done by 2D
Gaussian fitting as described in (Thompson et al., 2002; Zenklusen et al., 2008). For 3D analysis, the spots were detected using
AIRLOCALIZE as described in (Lionnet et al., 2011). To separate cytoplasmic and nuclear mRNPs, masks were created in FiJi by
manual segmentation using DAPI stained nuclei as reference, while ensuring that regions with overlapping spots within the same
channel were not included. Assignment of the 5, 3’ and/or the mid spots to either the cytoplasmic or the nuclear masks was
done using MATLAB (MathWorks). To measure distances between different regions of mRNPs, spots from different channels
were first grouped to assign neighboring spots corresponding a single RNA. This was achieved by using spots from one channel
as a reference and finding spots from the other channels within a defined radius using the coordinates from 2D Gaussian fitting or
3D Gaussian fitting using a custom MATLAB script. 300nm for 2D analysis and 400nm for 3D analysis were chosen as radii to limit
assigning signals from neighboring RNAs. These values were chosen as we observed very few RNAs with distances larger than these
thresholds. Moreover, a threshold was required to ensure that there was no wrongful assignment of the signals. Groups with more
than one spot from each channel, which could correspond to overlapping mMRNPs or mRNPs close together in space, were dis-
carded. For 2 color imaging, the 5’ signal was taken as reference and for 3 color imaging, the middle was taken as reference. Switch-
ing references yielded comparable results (not shown). 2D or 3D distances between different regions of the mRNPs were then
calculated for each signal within a group.

Combined smFISH and Immunofluorescence Data Analysis

All image analysis was performed using existing or custom build packages in MATLAB (MathWorks). Gaussian fitting of smFISH and
immunofluorescence spot intensities was performed using FISH-quant (Mueller et al., 2013). Briefly, cytoplasmic FISH spots were fit
to a 3D Gaussian to determine the mRNA and translation site coordinates in each color. Both 5’ end, 3’ end, and translation site in-
tensities were detected independently by this method. Image registration was performed by imaging 100 nm TetraSpeck Micro-
spheres (ThermoFisher) and calibrating the field correction based on an affine transformation in a custom built MATLAB package.
The transformation matrix was first verified for reproducibility on other microsphere samples and then applied to mRNA samples
(data not shown). Only 2D distances were considered for this analysis. To determine the end-to-end mRNA distance, we first as-
signed the Quasar 570 channel (SunTag Probes) to FITC channel (Alexa 488 labeled translation site) by setting a colocalization
threshold of 300 nm after image correction. We then assigned the Quasar 570 to Cy5 (MS2 Probes), again with a colocalization
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threshold of 300 nm. We first grouped mRNA with both Cy3 and Cy5 colocalization, and then determined if there was also a colo-
calized translation site signal. We then binned two-color mRNA based on the presence (translating) or absence (non-translating)
of translation site signal. We then determined the end-to-end distance, and, in the case of the translating mRNAs, the associated
translation site intensity.

Data Plotting

All measurements were made for at least 2 independent biological replicates and the data plotted are representative from one of the
replicates. For each measurement, at least 5 different fields were imaged with each image containing a minimum of 10 cells to make a
total of at least 50 cells. For the smFISH plots, a minimum of 593 RNAs were considered for cytoplasmic plots and a minimum of 430
RNAs were considered for the nuclear plots for data from HEK293 cells and a minimum of 308 RNAs were considered for data from
U20S cells, unless mentioned otherwise. For the FISH-IF plots, a total of 323 data points for translating, 97 for puromycin and 73 for
non-translating were considered. The translating mRNAs were clustered using k-means algorithm in R according to the intensity of
the site of translation. After clustering, the four groups contained 64, 115, 104 and 40 RNAs from lower to higher intensity. The
p values were calculated using Kolmogorov-Smirnov test in R for the data points plotted. The center of mass plots in Figures 1G,
2D, and 6D were made using R. The center of mass was calculated as the mean of the coordinates of the three regions. The different
conformations were then aligned using their center of masses. For the 3-color scatterplot in Figures 2E, 6E, S5, and S7B, to get a pair
of co-localization precision values, two values were chosen randomly from our data. These values were taken as the X and Y coor-
dinates for the scatterplot. The values that served as the X and Y coordinates were used to get density plots in the same figure. The
mean Radius of gyration (< Rg>) was calculated using:

2 2
Z(rk *rmean)
k=1

where k represents one of the three regions of the mRNP and r, the position of the corresponding region in space as determined by
2D Gaussian fitting.

To calculate cell doubling times, fluorescence readings were taken at 24, 48, and 72 hr after seeding the cells. The background
fluorescence was subtracted, and the values were then normalized to the 24 hr time point. The slope of the line of best fit (after plot-
ting in linear-log space) was determined and used to give the doubling time for each replicate. The doubling times were calculated in
three independent replicates for each cell line, and then plotted as box-and-whisker plots in R.

DATA AND SOFTWARE AVAILABILITY

The uncompressed imaging files can be found using this link: https://doi.org/10.17632/rjwfnvykd5.1.
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