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Abstract

Many studies have demonstrated an association between the cytoskeleton and mRNA, as well as the asymmetric
distribution of mRNA granules within the cell in response to various signaling events. It is likely that the extensive
cytoskeletal network directs mRNA transport and localization, with different cytoskeletal elements having their own
specific roles. In order to understand the spatiotemporal changes in the interactions between the mRNA and the
cytoskeleton as a response to a stimulus, a technique that can visualize and quantify these changes across a
population of cells while capturing cell-to-cell variations is required. Here, we demonstrate a method for imaging and
quantifying mRNA-cytoskeleton interactions on a per cell basis with single-interaction sensitivity. Using a proximity
ligation assay with flag-tagged multiply-labeled tetravalent RNA imaging probes (FMTRIP), we quantified interactions
between mRNAs and β-tubulin, vimentin, or filamentous actin (F-actin) for two different mRNAs, poly(A) + and β-actin
mRNA, in two different cell types, A549 cells and human dermal fibroblasts (HDF). We found that the mRNAs
interacted predominantly with F-actin (>50% in HDF, >20% in A549 cells), compared to β-tubulin (<5%) and vimentin
(11-13%). This likely reflects differences in mRNA management by the two cell types. We then quantified changes in
these interactions in response to two perturbations, F-actin depolymerization and arsenite-induced oxidative stress,
both of which alter either the cytoskeleton itself and mRNA localization. Both perturbations led to a decrease in
poly(A) + mRNA interactions with F-actin and an increase in the interactions with microtubules, in a time dependent
manner.
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Introduction

mRNA localization regulates gene expression spatially and
temporally by directing transcripts to restricted subcellular
compartments for translation and degradation at the
appropriate time [1,2]. For example, during stress, mRNAs are
degraded in localized foci, such as processing bodies and RNA
exosomes [3]. β-actin mRNAs in fibroblasts are localized to the
leading edge where actin polymerization promotes forward
protrusions [4-6]. Multiple labs have observed an association
between mRNA and the cytoskeleton [7-10]. Using electron
microscopy (EM), poly(A)+ mRNA in human fibroblasts has
been found in association with actin filaments mostly and with
vimentin and microfilaments less frequently [11]. These
interactions between mRNA (generally, the 3′UTR), motor
proteins, and cytoskeleton have been shown to drive the
localization of mRNAs in various model systems, such as yeast
[12,13], Drosophila oogenesis [14,15], and neurons [16,17]. In

both human dermal fibroblasts (HDF) and A549 cells, an
epithelial cell line, β-actin mRNAs exhibit processive, active
transport along the microtubules using kinesin and dynein,
while they likely are anchored on the actin filaments [18],
facilitating translation [6,19].

Many experiments for detecting mRNA-cytoskeleton
interactions and identifying the cis- and trans-acting factors
[20,21] have been performed using biochemical assays, such
as electrophoretic mobility shift [22] and immunoprecipitation
[23,24], and imaging methods, such as in situ hybridization
[11,25]. For RNA detection, methods often use exogenously
expressed RNAs with MS2, which may be imaged [26,27],
isolated, and analyzed for binding factors [28]. While these
tools are useful in identifying RNA-binding proteins (RBP) and
their binding sites, which mediate mRNA transport, a new
technology that is both high-throughput and amenable to the
study of native mRNAs and proteins, such cytoskeletal
proteins, at their native expression levels, is needed [2].
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Although the in situ hybridization EM data [11] conclusively
described the frequency of interactions between native poly(A)
+ mRNA and cytoskeletal elements, this approach is low-
throughput, laborious, and expensive. It also may introduce
sampling errors due to the evaluation of thin sections. The
ability to image and quantify these interactions with single
interaction sensitivity on a per cell basis will allow us to better
understand the significance of mRNA-cytoskeleton interactions
in mRNA expression and function.

In this report, using flag-tagged multiply-labeled tetravalent
RNA imaging probes (FMTRIP), native mRNA can be detected
in live cells without requiring transgenic manipulation
[18,29,30]. Combining these probes with proximity ligation and
rolling circle amplification (RCA) [31,32], we used single-
interaction sensitive proximity ligation assay (PLA) to detect
poly(A) + [30] and β-actin mRNA [18] interactions with β-
tubulin, vimentin, and filamentous-actin (F-actin), in HDF and
A549 cells. β-actin mRNA localization has been studied widely
in a variety of cell types, such as fibroblasts, epithelial cells,
and neurons, which makes it a suitable model for validating this
method [6].

Here, we demonstrate that PLA can serve as a useful tool for
imaging and quantifying mRNA-cytoskeleton interactions. For
the first time, mRNA-cytoskeletal interactions for different
mRNAs were compared quantitatively. PLA accurately
detected interactions between mRNA and the cytoskeleton
rather than simply imply that they are in proximity to each other
[31]. Consistent with previous EM findings [11], mRNAs were
bound predominantly to actin, compared to microtubules and
vimentin, in both A549 and HDF. Actin filaments likely maintain
mRNAs in a stationary state, while microtubules guide moving
mRNAs. Depolymerization of the cytoskeleton reduces
interactions between mRNA and cytoskeleton, and disrupts
mRNA localization [33,34], even though mRNA is colocalized
with the cytoskeleton.

We perturbed the cytoskeleton via cytochalasin D (cytoD)
and sodium arsenite, and characterized the resulting changes
in the mRNA-cytoskeleton interactions. CytoD simply
depolymerized actin, while sodium arsenite, in addition to
affecting mRNA localization and interactions with the
cytoskeletal elements, also induces oxidative stress and alters
the translational potential. CytoD-induced F-actin
depolymerization and the resulting disruption of mRNA-F-actin
interactions increased interactions between mRNA and β-
tubulin and decreased interactions between mRNA and
vimentin. During arsenite-induced oxidative stress, we also
observed an increase in the mRNA binding with microtubules
associated with a decrease in their binding with F-actin.

Materials and Methods

FMTRIP synthesis
Flag-tagged neutravidin was synthesized by first conjugating

flag tag-hyNic (Solulink) to neutravidin (Thermo) modified with
4FB (Solulink) using the manufacturer’s protocol. The
concentration of flag tag-hyNic and 4FB-modified neutravidin
were adjusted to produce a molar ratio of two flags per
neutravidin. After flag labeling, FMTRIPs were assembled as

previously described [29]. Briefly, 2′-O-methyl RNA-DNA
oligonucleotide chimeras were designed with a 5′-biotin and
dT-C6-NH2 internal modifications (Biosearch Technologies).
Cy3B-NHS ester fluorophores (GE Healthcare) were
conjugated to the oligonucleotide amine groups using the
manufacturer’s protocol. Free dye was removed using 3 kDa
Amicon spin columns (Millipore). The purified, labeled
oligonucleotides were then tetramerized by incubation for 1 h at
RT with flag-tagged neutravidin at molar ratio of 5:1. Free
ligands were removed using 30 kDa Amicon spin columns
(Millipore). The FMTRIP targeting different mRNA sequences
(Table S12) were assembled separately prior to delivery.
Neutravidin lacking the flag tag was used to assemble MTRIPs
for a negative control.

Cell lines
Primary human dermal fibroblasts (Lonza, Basel,

Switzerland) and A549 lung carcinoma cells (ATCC CCL-185)
were maintained in High Glucose DMEM (Lonza) with 10%
FBS (Hyclone), 100 U/ml penicillin (Invitrogen), and 100 µg/ml
streptomycin (Invitrogen). Cells were plated on No. 1.5 glass
coverslips (Ted Pella) one day prior to infection, transfection or
imaging.

Probe delivery
For probe delivery, cells were washed in Dulbecco’s

Phosphate Buffered Saline (DPBS) without Ca2+ and Mg2+

(Lonza), and then incubated with 0.2 U/ml activated
streptolysin O (Sigma) in OptiMEM (Invitrogen) containing
FMTRIP (60 nM poly(A) or 10 nM each of 5 β-actin-targeting
probes) for 10 min at 37°C. Delivery media were replaced with
growth media for 15 min to restore membrane integrity before
fixation.

Proximity ligation assay
After probe delivery and recovery, cells were fixed with either

methanol or 1% paraformaldehyde (Electron Microscopy
Science) in PBS, unless noted otherwise, for 10 min;
permeabilized using acetone for 2 min (post-methanol fixation)
or 0.2% triton X-100 (Sigma) for 5 min (post-PFA fixation); and
blocked for 45 min with a modified blocking solution, which
consists of 0.5% Tween 20 (CalBioChem), 0.1% Triton X-100,
0.1% gelatin (Aurion), 2% donkey serum (VWR) and 1% bovine
serum albumin (BSA) (EMD) in PBS. Cells were washed with
PBS for 5 min. Then they were incubated for 30 min at 37°C in
each of two primary antibodies (Ab) diluted in 0.25% gelatin,
0.5% Triton X-100, 0.5% donkey serum and 1% BSA in PBS,
and then corresponding oligonucleotide-labeled PLA probes
(Olink Bioscience) diluted in 0.05% Tween-20 in PBS. They
were washed with Duolink wash solution (Olink Bioscience)
after each Ab incubation. The ligation and RCA reactions (Olink
Bioscience) were performed as instructed in the manufacturer’s
protocol. Then the cells were immunostained or DAPI-stained
(Invitrogen) and mounted on slides using Prolong (Invitrogen).
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Antibodies
Primary Ab were mouse monoclonal anti-flag (1:500 for IF,

1:1000 for PLA, Sigma), rabbit polyclonal anti-flag (1:500 for IF,
1:1000 for PLA, Sigma), mouse monoclonal anti-β-tubulin
(1:100 for IF, 1:1000 for PLA, Developmental Studies
Hybridoma Bank), rabbit polyclonal anti-α-tubulin (1:200 for IF,
1:1500 for PLA, Abcam), mouse monoclonal anti-vimentin
(1:50 for IF, 1:1000 for PLA, Developmental Studies Hybridoma
Bank), rabbit anti-alexa fluor 488 (1:100 for IF, 1:2000 for PLA,
Molecular Probes). Rabbit polyclonal anti-flag Ab was used
with mouse anti-β-tubulin and mouse anti-vimentin Ab. Mouse
monoclonal anti-flag Ab was used with rabbit anti-alexa fluor
488 Ab. Alexa fluor 488 Phalloidin (Molecular Probes) was
used to stain actin fibers, which were then targeted with rabbit
anti-alexa fluor 488 Ab for PLA. Goat polyclonal anti-nucleolin
antibody (1:200 for IF, 1:500 for PLA, Santa Cruz) and mouse
monoclonal anti-histone H1 antibody (1:200 for IF, 1:500 for
PLA, Santa Cruz) were used as negative controls.

Drugs
After probe delivery, cells were incubated for 90 min at 37°C

in glucose free DMEM (Invitrogen) containing 1µM cytochalasin
D (Sigma) for actin depolymerization, for 90 min with 4µM
nocodazole (Sigma) for microtubule depolymerization, and for
4 hr with 6mM acrylamide (Sigma) for vimentin
depolymerization [35]. For oxidative stress, cells were
incubated for 5, 10, 20, and 40 min at 37°C in 0.5mM sodium
arsenite. The cells were fixed after incubation.

Fluorescence imaging
Unless specified otherwise, all the images were taken using

a laser scanning confocal microscope, Zeiss LSM 700 using a
63×, NA 1.4 Plan-Apochromat objective. Resolution was set to
1036 × 1036. Files were imported into Volocity and linearly
contrast enhanced for display. Widefield images were taken on
an Axiovert 200M microscope (Zeiss) with a 63× numerical
aperture (NA) 1.4 Plan-Apochromat objective, and an ORCA-
ER AG camera (Hamamatsu). The imaging was performed
using the Volocity acquisition software (PerkinElmer). Image
stacks were recorded at 200 nm intervals to adequately sample
volumes for iterative deconvolution.

Image processing and analysis
Widefield images were deconvolved using Volocity’s

deconvolution algorithms. Probe and PLA signal quantification
were computed in Volocity and imported into Excel (Microsoft)
or Sigma Plot (Systat) for further analysis and plotting. Images
presented have been linearly contrast enhanced for clarity. All
calculations were performed directly on raw, deconvolved
widefield data.

Image quantification
The volume of RNA, volume of PLA-colocalized RNA, and

PLA frequency/RNA volume were measured using Volocity.
Each cell was analyzed individually as follows. Each cell was
identified by cytoskeletal immunostaining. The RNA volume
was determined based on the SD intensity. The PLA signal

initially was identified as PLA objects by their SD intensity then
separated into individual punctae using the “separate touching
objects” tool. The objects were further filtered based on size
and maximum intensity. The RNA volume colocalized with PLA
signal was determined selecting the RNA volume with PLA
fluorescence intensity greater than the minimum intensity or
one SD intensity below the average intensity of the PLA objects
detected in the cell, whichever value was greater. For each
experiment, we analyzed at least 30 representative cells;
experiments were repeated at least twice. In Sigma Plot,
Kruskal-Wallis one-way ANOVA was used to compare the
mean probe volume, the mean percentage of probe colocalized
with PLA, and the mean PLA frequency. Multiple pairwise
comparisons were performed with Dunn’s method.

Results

Detecting interactions between mRNA and the
cytoskeleton using FMTRIP and PLA

Our general rational is that by employing FMTRIP probes
and PLA, mRNA interactions with the cytoskeleton can be
detected and quantified. In order to achieve this, Cy3B-labeled
FMTRIP targeting poly(A) + or β-actin mRNA (Figure 1A) were
delivered into live cells using streptolysin O (SLO) (Figure 1B),
and post-hybridization, the cells were fixed [31]. Using
proximity ligation [31,32], interactions between the flag peptide
on FMTRIP-hybridized mRNA and the cytoskeletal elements,
β-tubulin, vimentin, or F-actin, were detected in the fixed cells
(Figure 1C). Each interaction between the FMTRIP and the
cytoskeleton produced a PLA product, a Cy5-equivalent
labeled DNA punctae, which can easily be identified and
counted. Thus, the interactions were quantified in all image
planes (Figure S1) as both the percentage of FMTRIP volume
colocalized with PLA and the frequency of PLA punctae per
FMTRIP volume.

Since the mRNA-cytoskeleton interactions were observed
after fixation, we examined the effect of various fixatives.
Specifically, we compared paraformaldehyde (PFA) diluted in
PBS or in BRB80 (a tubulin retaining fixative) and methanol.
We found significant differences between PFA and methanol.
Methanol fixation provided the best immunofluorescence (IF)
images and maintained the mRNA interactions with
microtubules (Figure S2) and vimentin (Figure S3), while no
difference was observed in vimentin IF images (Figure S3A).
We observed a significant difference in the percentage of
FMTRIP colocalized with PLA and the frequency of PLA
punctae (Figure S3C, D), even though no difference was
observed in the volume of FMTRIP imaging probes (Figure
S3B). For phalloidin, PFA fixation proved to be optimal,
confirming protocols provided by Molecular Probes (Invitrogen,
Inc.). Hence, fixatives may alter mRNA-cytoskeleton
interactions. Delivering and hybridizing RNA probes in live cells
allowed for a variety of fixatives to be used and obviated the
need for antigenicity-reducing formamide, a reagent typically
used in FISH assays. Conventional FISH assays, where
hybridization to RNA occurs post-fixation, typically use PFA,
which may alter mRNA-protein interactions. Therefore, using
this general methodology, which allows for flexibility of fixative
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Figure 1.  Detection of interactions between FMTRIP-hybridized mRNA and cytoskeletal elements using proximity ligation
assay (PLA).  (A) Flag (dark green) bound to a neutravidin (yellow) with Cy3B-conjugated (red) oligonucleotides (red dash) formed
an FMTRIP. (B) Streptolysin O created entrance for FMTRIP in the cell membrane, allowing access to the mRNA (gray) bound to
the β-tubulin (blue), vimentin (magenta), and F-actin (green), via RNA-binding proteins (RBP, brown). (C) Antibodies against the flag
(light blue) and the cytoskeletal element (light magenta) in addition to the proximity probes against the antibodies (dark blue and
magenta) attached to the FMTRIP-bound mRNA (gray) and the cytoskeleton (green); the oligonucleotides (black dash) on the
proximity probes join to synthesize a Cy5-equivalent hybridized DNA product (light green and black dash) via rolling circle
amplification.
doi: 10.1371/journal.pone.0074598.g001
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usage, mRNA-cytoskeleton interactions can be detected and
quantified accurately.

Depolymerization of the Cytoskeletal Elements
Disrupts Their Interactions with the mRNA

Next, the effect of cytoskeletal depolymerization was
interrogated. These experiments act as a generalized control
for this methodology and confirmation of the detection of
interactions between the mRNA and cytoskeleton rather than
mere proximity. poly(A)-targeting FMTRIP were delivered into
cells, and PLA was performed between poly(A)+ mRNA and
the cytoskeletal elements, after depolymerizing microtubules
with nocodazole, vimentin with acrylamide, and actin with
cytochalasin D (cytoD). Depolymerization in HDF (Figure 2)
and in A549 cells (Figure S4) resulted in no PLA signal,
although the mRNA appeared near the depolymerized
elements.

Depolymerizing β-tubulin didn’t appear to affect the
distribution of the mRNA, as they remained widely dispersed
throughout the cell (Figure 2, Figure S4). Disrupting vimentin
and actin led to observable differences in the localization of the
mRNA. In vimentin-depolymerized cells, more mRNA clustered
around the nucleus, while mRNA in the actin-depolymerized
cells moved toward the nucleus as well as the top of the cell.
The vertical distribution of the mRNA was more apparent
especially in the HDFs (Figure 2).

Poly(A)+ mRNAs are bound predominantly to actin in
HDF and A549 cells

Following the control experiments, a general characterization
of poly(A)+ mRNA was performed in HDF and A549 cells.
Poly(A)-targeting FMTRIPs were delivered to HDF and A549
cells at 60nM concentration, which is less than the
concentration that resulted in the maximum intensity (90nM).
By under-sampling, we labeled a random portion of the mRNA
population, which facilitated imaging individual mRNA granules
and quantifying relative differences in their interactions with the
cytoskeleton. After hybridization and fixation, the interactions of
poly(A)+ mRNA with β-tubulin, vimentin or actin (marked by
phalloidin) were imaged (Figure 3A, Figure S5A) and quantified
(Figure 3B-D, Figure S5B-D). The fibroblasts generally were
larger and more spread out than the epithelial cells. However,
the FMTRIP signal was dispersed throughout the cytoplasm of
both cell types; the mean FMTRIP volume was greater in the
HDF than in the A549 cells (Figure 3A, Figure S5A). We
observed no difference in the FMTRIP delivery and
hybridization between the experimental groups by the volume
of the granules (Figure 3B, Figure S5B).

Contrastingly, the mean percentage of FMTRIP volume
colocalized with PLA signal (PLA-FMTRIP) as well as the mean
PLA frequency significantly differed between mRNA
interactions with various cytoskeletal elements. Although the
poly(A)+ mRNA and β-tubulin IF appeared colocalized, their
interactions were less than 5% for both HDF and A549 cells. In
the HDF, on average, 2.3% FMTRIP volume colocalized with
PLA signal between the mRNA and β-tubulin (Figure 3C); this
was consistent in A549 cells (Figure S5C). Consistently, the
mean PLA frequency normalized by the cell’s mRNA volume

also was minimal for the HDF (Figure 4D) and the A549 cells
(Figure S5D). The minimal percentage of mRNA bound to β-
tubulin was due to the minimal number of interactions as
detected by PLA, rather than smaller aggregates of mRNA
bound to β-tubulin. Interactions between the mRNA and
vimentin were more frequent in comparison. The mean
percentage of PLA-FMTRIP was 11.5% in the HDF (Figure
3C); this was similar in the A549 (n=28) (Figure S5C). The
mean PLA frequency also was greater for the HDF (n=33)
(Figure 3D) and the A549 cells (Figure S5D).

As previously observed by Bassell et al using EM [11], we
also observed that in HDF, significantly more poly(A)+ mRNA,
53.7%, was bound to the F-actin (Figure 3C). The mean PLA
frequency was consistently the greatest (Figure 3D). However,
for A549, there was no significant difference (p>0.05) between
vimentin and F-actin (Figure S5C,D and Table S4). In the A549
cells, less mRNA colocalized with PLA between the mRNA and
F-actin compared to the HDFs (Figure S5C). The mean PLA
frequency also was less (Figure S5D). Generally, the PLA
signal was localized to the branching points of actin filaments
(Figure 3A inset, Figure S5A inset), similarly to the EM findings
[11].

As an additional negative control, MTRIPs lacking the flag
tag were delivered to HDF (Figure 4) and A549 cells (Figure
S6). The delivery and hybridization for the MTRIPs were similar
to the FMTRIPs in HDFs (Figure 4B) and A549 cells (Figure
S6B). Only a few interactions, likely due to non-specific
interactions, were observed between the mRNA and
cytoskeletal elements. In HDFs, the mean percentage of PLA-
MTRIP was minimal (<0.2%) (Figure 4C). The mean PLA
frequency also was insignificant (Figure 4D). Consistently, in
A549 cells, the mean percentage of PLA-MTRIP was <0.05%
(Figure S6C). The mean PLA frequency was insignificant
(Figure S6D). The data clearly show that poly(A)+ mRNA was
predominately bound to actin.

β-actin mRNAs also are bound predominantly to actin
In order to evaluate the localization of a specific mRNA, we

delivered 50nM FMTRIP targeting the untranslated and
translated regions of β-actin mRNA [31]. As previously
observed [18,29], FMTRIP-bound β-actin mRNA was prevalent
in the perinuclear region and the leading edges of the cell
(Figure 5A, Figure S7A). The range of FMTRIP volume
detected in cells was similar for the HDFs and A549 cells. No
difference in the delivery and binding of FMTRIP was observed
between the experimental groups (Figure 5B, Figure S7B).
Similar to poly(A)+ mRNAs, in both HDF and A549 cells,
majority of β-actin mRNAs interacted with F-actin than the
other cytoskeletal elements (Figure 5, Figure S7). In HDFs, on
average, 3.9% of β-actin FMTRIP interacted with β-tubulin,
12.7% with vimentin, and 71.5% with F-actin (Figure 5C). The
mean frequency of PLA was consistent with the percentage of
FMTRIP (Figure 5D). In A549 cells, 2.6% β-actin FMTRIP
interacted with β-tubulin, 11.8% with vimentin, and 31.3% with
F-actin (Figure S7C). The mean PLA frequency again was
consistent (Figure S7D).

β-actin MTRIP lacking the flag tag resulted in minimal PLA
signal (Figure S8, S9). No difference in the probe delivery or
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Figure 2.  Interactions between poly(A)+ mRNA and cytoskeletal elements in HDF post-depolymerization of microtubules
using nocodazole, intermediate filaments using acrylamide, and actin using cytochalasin D.  (A) β-tubulin, vimentin, and
phalloidin immunofluorescence (IF), poly(A)+ mRNA, and PLA between poly(A)+ mRNA and the cytoskeletal elements in HDF were
imaged with a laser-scanning confocal microscope. Merged images of the cytoskeleton (white), poly(A)+ mRNA (red), PLA (green)
and nuclei (blue) are shown. Single image plane is represented. Scale bar, 10 µm. (B) The mean FMTRIP volume decreased after
90 min exposure to cytochalasin D (Mann-Whitney rank sum test, β-tubulin, p<0.01; vimentin, p<0.01) in experiments quantifying
interactions with β-tubulin (n=21, mean=254µm3, s.d.=110µm3) and vimentin (n=16, mean=253µm3, s.d.=188µm3). (C) The mean
percentage of FMTRIP (PLA-FMTRIP) bound to β-tubulin increased after depolymerization (Mann-Whitney rank sum test, p<0.001;
n=21, mean=16.3%, s.d.=9.5%) but decreased for vimentin (Mann-Whitney rank sum test, p<0.001; n=16, mean=1.5%, s.d.=1.9%).
(D) The mean PLA frequency detecting interactions with β-tubulin also increased (Mann-Whitney rank sum test, p=0.015; n=21,
mean=0.03µm-3, s.d.=0.02µm-3) and decreased for vimentin (Mann-Whitney rank sum test, p<0.001; n=16, mean=0.01µm-3,
s.d.=0.01µm-3). Error bars, s.d.
doi: 10.1371/journal.pone.0074598.g002
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hybridization was observed between β-actin FMTRIP and
MTRIP for the HDF (Figure S8B) and for the A549 cells (Figure
S9B). Minimal interaction was observed between the β-actin
mRNA and the cytoskeletal elements in HDFs (Figure S8B-D)
and A549 cells (Figure S9B-D). As negative controls, we used
PLA to detect β-actin mRNA interactions with nuclear proteins,

nucleolin and histone H1. Since the nuclear proteins are
predominately within the nucleus, they generally do not interact
with the cytoplasmic β-actin mRNA. FMTRIPs only target the
cytoplasmic mRNAs; therefore, we detected no PLA signal
between β-actin mRNAs and the nuclear proteins (Figure S10).

Figure 3.  Interactions between poly(A)+ mRNA and cytoskeletal elements in HDF.  (A) β-tubulin, vimentin and phalloidin IF,
poly(A)+ mRNA, and PLA between poly(A)+ mRNA and the cytoskeletal elements in HDF were imaged with a laser-scanning
confocal microscope. Merged images of the cytoskeleton (white), poly(A)+ mRNA (red), PLA (green) and nuclei (blue) are shown.
Single image plane is represented. Inset, images of boxed regions. Scale bar, 10 µm (2 µm in insets). (B) The mean FMTRIP
volume was similar (Kruskal-Wallis One Way ANOVA on Ranks, p=0.5) in cells, where the interactions between poly(A)+ mRNA
and β-tubulin (n=25, mean=706µm3, s.d.=427µm3), vimentin (n=33, mean=780µm3, s.d.=405µm3), or phalloidin (n=23,
mean=916µm3, s.d.=346µm3) were quantified. (C) The mean percentage of FMTRIP colocalized with PLA (PLA-FMTRIP) was
significantly different (Table S1) between the interactions of poly(A)+ mRNA with β-tubulin (n=25, mean=2.3%, s.d.=1.5%), vimentin
(n=33, mean=11.5%, s.d.=9.7%), or phalloidin (n=23, mean=53.7%, s.d.=19.9%). (D) The mean PLA frequency was significantly
different (Table S2) between the interactions of poly(A)+ mRNA with β-tubulin (n=25, mean=0.010µm-3, s.d.=0.007µm-3), vimentin
(n=33, mean=0.019µm-3, s.d.=0.016µm-3), or phalloidin (n=23, mean=0.069µm-3, s.d.=0.039µm-3). Error bars, s.d.
doi: 10.1371/journal.pone.0074598.g003
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As with poly(A)+ mRNA, β-actin mRNA were predominately
bound to filamentous actin.

Figure 4.  Interactions between poly(A)+ mRNA bound to MTRIP lacking flag tag and cytoskeletal elements in human
dermal fibroblasts (HDF).  (A) β-tubulin, vimentin and phalloidin IF, poly(A)+ mRNA, and PLA between poly(A)+ mRNA, and the
cytoskeletal elements in HDF were imaged with a laser-scanning confocal microscope. Merged images of the cytoskeleton (white),
poly(A)+ mRNA (red), PLA (green), and nuclei (blue) are shown. Single image plane is represented. Scale bar, 10 µm. (B) The
mean MTRIP volume was similar (Kruskal-Wallis One Way ANOVA on Ranks, p=0.08) in cells, where the interactions between β-
actin mRNA and β-tubulin (n=18, mean=404µm3, s.d.=317µm3), vimentin (n=19, mean=518µm3, s.d.=362µm3), or phalloidin (n=15,
mean=653µm3, s.d.=211µm3) were quantified. (C) The mean percentage of MTRIP colocalized with PLA (PLA-MTRIP) was similarly
minimal (Kruskal-Wallis One Way ANOVA on Ranks, p=0.15) in β-tubulin (n=18, mean=0.01%, s.d.=0.03%), vimentin (n=19,
mean=0.04%, s.d.=0.1%), or phalloidin (n=15, mean=0.20%, s.d.=0.41%). (D) The mean PLA frequency was also minimal (Kruskal-
Wallis One Way ANOVA on Ranks, p=0.23) in β-tubulin (n=18, mean=0.0004µm-3, s.d.=0.001µm-3), vimentin (n=19,
mean=0.0008µm-3, s.d.=0.0001µm-3), or phalloidin (n=15, mean=0.001µm-3, s.d.=0.002µm-3). Error bars, s.d.
doi: 10.1371/journal.pone.0074598.g004
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Depolymerization of F-actin leads to increased mRNA
binding to the microtubules

In our initial experiments, depolymerization was utilized as a
control experiment, but this process also could be used as
general perturbation of the cytoskeleton. Once we determined
that depolymerization altered mRNA interactions with the
depolymerized element, we asked whether this altered mRNA

interactions with the other, intact, cytoskeletal elements. When
F-actin is depolymerized, the cell morphology was noticeably
affected. The cytoplasm was reduced significantly with
retracted edges, and the mRNA localized in the perinuclear
region (Figure 2A). Generally, the detected mRNA volume also
decreased (Figure 2B). However, while the interactions with F-
actin were eliminated, the mean percentage of poly(A) + mRNA

Figure 5.  Interactions between β-actin mRNA and cytoskeletal elements in HDF.  (A) β-tubulin, vimentin and phalloidin IF, β-
actin mRNA, and PLA between β-actin mRNA and the cytoskeletal elements in HDF were imaged with a laser-scanning confocal
microscope. Merged images of the cytoskeleton (white), β-actin mRNA (red), PLA (green), and nuclei (blue) are shown. Single
image plane is represented. Inset, images of boxed regions. Scale bar, 10 µm (2 µm in insets). (B) The mean FMTRIP volume was
similar (Kruskal-Wallis One Way ANOVA on Ranks, p=0.5) in cells, where the interactions between β-actin mRNA and β-tubulin
(n=40, mean=567µm3, s.d.=355µm3), vimentin (n=36, mean=607µm3, s.d.=385µm3), or phalloidin (n=30, mean=660µm3,
s.d.=389µm3) were quantified. (C) The mean percentage of FMTRIP colocalized with PLA (PLA-FMTRIP) was significantly different
(Table S5) between the interactions of β-actin mRNA with β-tubulin (n=40, mean=3.9%, s.d.=3.2%), vimentin (n=36, mean=12.7%,
s.d.=7.9%), or phalloidin (n=30, mean=71.5%, s.d.=20.1%). (D) The mean PLA frequency was significantly different (Table S6)
between the interactions of β-actin mRNA with β-tubulin (n=40, mean=0.012µm-3, s.d.=0.011µm-3), vimentin (n=36,
mean=0.027µm-3, s.d.=0.023µm-3), or phalloidin (n=30, mean=0.33µm-3, s.d.=0.17µm-3). Error bars, s.d.
doi: 10.1371/journal.pone.0074598.g005
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interacting with β-tubulin increased, while interactions with
vimentin decreased (Figure 2C). Consistently, the mean PLA
frequency for interactions with β-tubulin increased, while
interactions with vimentin decreased (Figure 2D). Hence,
changes in the percentage of mRNA interacting with β-tubulin
or vimentin were due to changes in the number of PLA, rather
than larger mRNA granules colocalizing with PLA. Considering
the dramatic changes in the cell morphology, F-actin
depolymerization might have also disrupted other cytoskeletal
components, such as microtubules and intermediate filaments.
However, since poly(A) + mRNA interactions with β-tubulin and
vimentin resulted in PLA products, β-tubulin and vimentin likely
were not disrupted significantly by cytoD, since their
depolymerization would have decreased the PLA signal to
undetectable levels (Figure 2A).

The increase in poly(A)+ mRNA binding to β-tubulin and
decrease in the binding to vimentin suggest that as mRNA
granules separate from F-actin, due to its depolymerization,
and likely bind to microtubules. Microtubules have been
observed to transport mRNA granules [18,30], while F-actin
has been thought to anchor and translate the mRNA. Moving
mRNA granules are unlikely to undergo translation; hence,
once the mRNAs separate from F-actin and vimentin, they may
bind to microtubules to be transported elsewhere. This will be
explored in future experiments. From these experiments, it is
clear that depolymerization of F-actin leads to altered mRNA
localization, specifically to the microtubules.

Arsenite-induced oxidative stress decreased mRNA
binding to F-actin and increased binding to
microtubules

In order to further investigate the relationship between
mRNA binding to various cytoskeletal components, we
examined interactions between poly(A)+ mRNA and the
cytoskeletal elements at various time points during arsenite-
induced oxidative stress. Arsenite is known to induce stress
granule formation and alter mRNA localization and translational
potential; therefore, a relevant perturbation to the cell. After
5-10 min of arsenite exposure, the poly(A) + mRNA interactions
with β-tubulin increased significantly. Interactions significantly
decreased at 20 min and remained minimal until 40 min.
(Figure 6A, B, S11, Table S9) Contrastingly, interactions with
F-actin decreased significantly at 5 min and remained low
throughout the experiment (Figure 6A, D, S13, Table S10).
Changes in the interactions with vimentin were not as dramatic.
Generally, they remained similar until 40 min, when the
percentage mRNAs interacting with vimentin reached their
minimum (Figure 6A, C, S12, Table S11).

Zurla et al (2011) observed that 15 min after arsenite
exposure, the β-actin mRNA granules began to accumulate
near the nucleus and microtubule-organizing center (MTOC)
[30]. After 30 min, the cells’ morphology changed dramatically
with their edges retracted toward the nucleus. They also found
that depolymerizing microtubules using nocodazole prevented
β-actin mRNA from localizing to the MTOC [30]. The increase
in the poly(A) + mRNA interactions with β-tubulin and the
decrease in the interactions with F-actin within the first 10 min
of exposure are consistent with previous findings. mRNA

granules anchored to F-actin likely separate and bind to
microtubules for transport to the perinuclear region and MTOC.
Zurla et al found that within 10 min, the mRNA granules at the
cell periphery were not recruited toward the MTOC possibly
because they remained bound to the cytoskeleton [30]. At 10
min after exposure, we also observed PLA signals around the
periphery (Figure 6A), which eventually disappeared with
extended exposure. By 40 minutes, interactions with β-tubulin,
vimentin, and F-actin all decreased to minimal levels. This was
likely due to arsenite-induced cytoskeleton instability. Exposure
to arsenite led to cell retraction and loss of actin filaments; at
higher doses, loss of microtubules and intermediate filaments
was observed as well as inhibition of cytoskeletal protein
synthesis [36,37]. In these experiments, we found that arsenite
alters mRNA localization with the cytoskeleton, promoting
interactions with the microtubules over F-actin.

Discussion

In contrast to the 48 hours [38] required to image and
quantify interactions between poly(A)+ mRNA and cytoskeleton
in five to ten cells using EM [11], using the combined FMTRIP
and PLA method, this was achievable for two different mRNAs
in 15-40 cells within eight hours using a widefield fluorescent
microscope. Since single interactions lead to the production of
single fluorescent puncta [32], mRNA-cytoskeleton interactions
were easily identified and quantified on a per cell basis. With
the mRNAs also hybridized to fluorescent probes that reflect
their quantity [30,31], the interactions were normalized by the
mRNA signal, allowing quantification that can be compared
between cells. Because probes were hybridized to the mRNA
in live cells before fixation, they targeted mRNAs that were
undistorted by fixatives. The ability to detect these interactions
quantitatively using multiple fixatives post-probe delivery,
allowed us to utilize the optimal fixative for each cytoskeletal
element, ensuring accuracy; this was not possible with other
methods.

In addition to these methodological advantages, our findings
were consistent with the EM data [11], both poly(A) + and β-
actin mRNA were bound predominantly to actin, compared to
microtubules and vimentin, in both A549 cells and HDF. In
human diploid fibroblasts, Bassell et al. observed 72% poly(A)+
mRNA was localized within 5nm of F-actin filaments (n=5);
29% with vimentin filaments (n=5); and less than 10% with
microtubules (n=5) [11]. In human dermal fibroblasts, on
average, we observed 54% poly(A) + mRNA interacting with F-
actin (n=23); 12% with vimentin (n=33); and 2% with β-tubulin
(n=25). For β-actin mRNA, 72% interacted with F-actin (n=30),
13% with vimentin (n=36), and 4% with β-tubulin (n=40). The
lower mean percentage of poly(A) + mRNA interaction using
PLA compared to EM is likely because we under-labeled
mRNA. The maximum intensity was obtained when 90nM
probes were delivered [18,29]; 60nM concentrations of probes
were delivered in order to label a random portion of the mRNA
population and to facilitate the imaging of individual mRNA
granules and quantification of relative differences in their
interactions with the cytoskeleton. In addition, the PLA reaction
depends on the antibodies bound to the cytoskeleton and

Imaging mRNA-Cytoskeleton Interactions In Situ

PLOS ONE | www.plosone.org 10 September 2013 | Volume 8 | Issue 9 | e74598



Figure 6.  Arsenite-induced oxidative stress reduced poly(A)+ mRNA binding to F-actin and vimentin, while increasing
interactions with β-tubulin.  (A) β-tubulin, vimentin and phalloidin IF, poly(A)+ mRNA, and PLA between poly(A)+ mRNA and the
cytoskeletal elements in HDF were imaged at 0 min (or no) and 10 min exposure to arsenite with a laser-scanning confocal
microscope. Merged images of the cytoskeleton (white), poly(A)+ mRNA (red), PLA (green), and nuclei (blue) are shown. All image
planes are represented. Scale bar, 10 µm. (B) The mean percentage of FMTRIP (PLA-FMTRIP) bound to β-tubulin increased
significantly from 0 min exposure (n=28, mean=2.5%, s.d.=1.6%) to 5 min exposure (Kruskal-Wallis One Way ANOVA on Ranks,
p<0.001; n=31, mean=12.8%,s.d.=14.6%); remained high for 10 min exposure (n=26, mean=11.3%, s.d.=9.1%); and decreased to
the pre-exposure level at 20 (Kruskal-Wallis One Way ANOVA on Ranks, p<0.05; n=22, mean=2.6%, s.d.=3.8%) and 40 min (n=20,
mean=2.2%, s.d.=3.0%) (Table S9). (C) The mean percentage of FMTRIP (PLA-FMTRIP) bound to vimentin remained similar to 0
min exposure (n=42, mean=11.1%, s.d.=8.8%) for 5 (n=23, mean=13.9%,s.d.=6.5%),10 (n=19, mean=18.7%, s.d.=7.5%), and 20
min (n=13, mean=13.3%, s.d.=7.1%) exposure; it decreased at 40 min (n=17, mean=5.9%, s.d.=4.4%) (Table S10). (D) The mean
percentage of FMTRIP (PLA-FMTRIP) bound to F-actin decreased significantly from 0 min exposure (n=38, mean=49.3%,
s.d.=19.4%) to 5 min exposure (Kruskal-Wallis One Way ANOVA on Ranks, p<0.001; n=25, mean=6.0%,s.d.=5.2%); remained low
for 10 (n=21, mean=9.6%, s.d.=6.4%), 20 (n=19, mean=15.4%, s.d.=9.4%), and 40 min (n=16, mean=6.8%, s.d.=4.4%) exposure
(Table S11). Error bars, s.d.
doi: 10.1371/journal.pone.0074598.g006
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FMTRIP. Antibody concentrations that were less than that for
maximal coverage were utilized, in order to sample a random
portion of the protein population and to limit the detection of
non-specific interactions. This is acceptable because the main
purpose of using PLA for detection mRNA-protein interactions
is to quantify and compare the relative change in the
interactions, rather than to determine the absolute number of
interactions. Slight differences between the EM data and our
findings might be due to our larger sample size, methodological
differences in data acquisition and analysis, and differences in
the cell types used.

This work supports the idea that mRNAs are bound
predominantly to actin, compared to microtubules and vimentin.
mRNAs are likely anchored to actin [6] and transported to
specific areas in the cell by microtubules associated with
motors [18]. Similar to actin, vimentin likely serves to anchor
the mRNA rather than to direct its motion. Vimentin
depolymerization dramatically changed the mRNA localization
for both mRNAs in both cell types, similar to actin
depolymerization. Contrastingly, microtubule depolymerization
had little effect on the mRNA distribution.

On average, a greater percentage of mRNA was bound to F-
actin in the HDFs compared to A549 cells, even though the
percentage of mRNA bound to β-tubulin and vimentin was
similar in both cell types. During epithelial to mesenchymal
transition (EMT) in various cell types, translation of actin and
vimentin increases along with actin rearrangement [39]. One
hypothesis may be that since A549 cells are an
adenocarcinoma cell line and likely exhibit increased
mesenchymal characteristics than normal epithelial cells, such
as greater production of vimentin and actin [40,41]. Still, since
EMT can be induced in A549 cells using TGF-β [42], they likely
express less actin than fibroblasts, which explains less F-actin
interactions than HDFs. Additionally, considering their smaller
size compared to the HDF, mRNA localization away from the
nucleus and actin-anchoring may not be as crucial as in the
HDF.

Using PLA, we detected changes in the poly(A) + mRNA
interactions with the cytoskeleton after F-actin
depolymerization and arsenite-induced oxidative stress. We
observed increased poly(A)+ mRNA binding to β-tubulin after
F-actin depolymerization. Consistently, exposure to arsenite
resulted in decreased poly(A)+ mRNA binding to F-actin and
increased binding to β-tubulin within the first ten minutes.
Interestingly, in both cytoD and arsenite exposure experiments,
a complementary relationship between F-actin and β-tubulin
was observed. When the mRNA granules separated from F-
actin, their binding to microtubules increased. To date, a
dynamic relationship between mRNA and cytoskeletal
components has not been reported. The mechanism for the
similarity of these responses is unknown. Similar to cytoD,
arsenite also disrupts actin filament formation [36,37], but in a
less direct and intense manner. With the arsenite exposure,
mRNAs do not fall off of the F-actin, as with cytoD exposure,
instead they may be moved onto microtubules predominantly
and intermediate filaments to a lesser degree. This implies that
the dynamic relationship between mRNA localization to F-actin
and microtubules is likely a conserved response in both cytoD

and arsenite exposure experiments, and not specific to F-actin
depolymerization. The mechanism of this event will be explored
in future publications.

In addition, these observations elicit a number of questions
regarding mRNA control. The trans-acting factors controlling
the mRNA localization to F-actin versus microtubules remain to
be identified. The significance of mRNA binding to cytoskeleton
in directing its function and fate toward translation or
degradation also needs to be elucidated. Are the mRNAs
switching from F-actin to microtubules so that they can be
degraded? Or are they simply binding to microtubules
randomly, because they are no longer bound to F-actin? Future
studies, using the method discussed in this paper in
conjunction with other methods, such as crosslinking and
immunoprecipitation, should allow us to answer these
questions.

Here, we present a powerful tool for imaging and quantifying
mRNA-cytoskeleton interactions. It has shown to provide
similar accuracy as EM but is easier to perform and is less
labor-intensive. Unlike other methods, this technique can
quantify the spatiotemporal asymmetry within an individual and
population of cells as well as cell-to-cell variations, which are
valuable in numerous studies, such as viral infection [43-45],
stem cell differentiation [46-48], and cancer pathophysiology
[49-51]. This method, in future studies, will assist in improving
our understanding of the effects of intracellular and
extracellular signaling events on mRNA trafficking, localization,
and translation via alterations in the interactions between the
mRNA, RBPs, motor proteins, and cytoskeleton. Multiplexing
this assay to detect multiple RNA-cytoskeleton and RNA-RBP
interactions, simultaneously, will provide a more complete
understanding of how these interactions are altered during
infections, oxidative stress, or during the application of external
forces. By combining this method with other assays, such as
immunoprecipitation, that can identify RBPs that regulate
mRNA-cytoskeleton interactions, we can elucidate the
underlying mechanism that direct mRNA localization.

Supporting Information

Figure S1.  All and single image planes of interactions
between poly(A)+ mRNA and phalloidin in human dermal
fibroblasts (HDF). Phalloidin, poly(A)+ mRNA, and proximity
ligation assay (PLA) product between poly(A)+ mRNA and α-
tubulin were imaged with a widefield microscope. Merged
images of phalloidin (white), poly(A)+ mRNA (red), PLA
(green), and nuclei (blue) are shown. All (All Planes) and single
image planes (Single Plane) are represented. Scale bar, 10µm.
(TIF)

Figure S2.  Interactions between poly(A)+ mRNA and α-
tubulin in A549 cells fixed with methanol, 1%
paraformaldehyde (PFA) in PBS, and 1% PFA in BRB80. α-
tubulin immunofluorescence (IF), poly(A)+ mRNA, and
proximity ligation assay (PLA) product between poly(A)+ mRNA
and α-tubulin were imaged with a laser-scanning confocal
microscope. Merged images of α-tubulin (white), poly(A)+
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mRNA (red), PLA (green), and nuclei (blue) are shown. Single
image plane is represented. Scale bar, 10µm.
(TIF)

Figure S3.  Interactions between poly(A)+ mRNA and
vimentin in A549 cells fixed with methanol, 1% PFA in
PBS, and 1% PFA in BRB80. (A) Vimentin IF, poly(A)+
mRNA, and PLA product between poly(A)+ mRNA and
vimentin were imaged with a laser-scanning confocal
microscope. Merged images of Vimentin (white), poly(A)+
mRNA (red), PLA (green), and nuclei (blue) are shown. Single
image plane is represented. Scale bar, 10 µm. (B) The mean
FMTRIP volume was similar (Kruskal-Wallis One Way ANOVA
on Ranks, p=0.5) in all fixatives, methanol (n=20), 1% PFA in
PBS (n=20), and 1% PFA in BRB80 (n=21). (C) The mean
percentage of FMTRIP colocalized with PLA (PLA-FMTRIP) in
cells fixed with methanol (n=20) was greater (Kruskal-Wallis
One Way ANOVA on Ranks with Dunn’s method, ***, p<0.001)
than those fixed with 1% PFA in PBS (n=20) or 1% PFA in
BRB80 (n=21). (D) The mean PLA frequency was greater
(Kruskal-Wallis One Way ANOVA on Ranks with Dunn’s
method, *, p<0.02) in methanol fixation (n=20) than in 1% PFA
in PBS (n=20) or 1% PFA in BRB80 (n=21).
(TIF)

Figure S4.  Interactions between poly(A)+ mRNA and
cytoskeletal elements in A549 cells post-depolymerization
of microtubules using nocodazole, intermediate filaments
using acrylamide, and actin using cytochalasin D. β-tubulin,
vimentin, and phalloidin immunofluorescence (IF), poly(A)+
mRNA, and PLA between poly(A)+ mRNA and the cytoskeletal
elements in HDF were imaged with a laser-scanning confocal
microscope. Merged images of the cytoskeleton (white),
poly(A)+ mRNA (red), PLA (green) and nuclei (blue) are
shown. Single image plane is represented. Scale bar, 10 µm.
(TIF)

Figure S5.  Interactions between poly(A)+ mRNA and
cytoskeletal elements in A549 cells. (A) β-tubulin, vimentin
and phalloidin IF, poly(A)+ mRNA, and PLA between poly(A)+
mRNA and the cytoskeletal elements in A549 cells were
imaged with a laser-scanning confocal microscope. Merged
images of the cytoskeleton (white), poly(A)+ mRNA (red), PLA
(green) and nuclei (blue) are shown. Single image plane is
represented. Inset, images of boxed regions. Scale bar, 10 µm
(2 µm in insets). (B) The mean FMTRIP volume was similar
(One Way ANOVA with normal distribution, p=0.7) in cells,
where the interactions between poly(A)+ mRNA and β-tubulin
(n=26, mean=146µm3, s.d.=42µm3), vimentin (n=28,
mean=160µm3, s.d.=43µm3), or phalloidin (n=24,
mean=177µm3, s.d.=51µm3) were quantified. (C) The mean
percentage of FMTRIP colocalized with PLA (PLA-FMTRIP)
was different (Table S3) between the interactions of poly(A)+
mRNA with β-tubulin (n=26, mean=2.1%, s.d.=1.4%), vimentin
(n=28, mean=10.5%, s.d.=6.1%), or phalloidin (n=24,
mean=22.9%, s.d.=18.6%). (D) The mean PLA frequency was
significantly different (Table S4) between the interactions of
poly(A)+ mRNA with β-tubulin (n=26, mean=0.063µm-3,

s.d.=0.023µm-3), vimentin (n=28, mean=0.15µm-3,
s.d.=0.07µm-3), or phalloidin (n=24, mean=0.13µm-3,
s.d.=0.09µm-3). Error bars, s.d.
(TIF)

Figure S6.  Interactions between poly(A)+ mRNA bound to
MTRIP lacking flag tag and cytoskeletal elements in A549
cells. (A) β-tubulin, vimentin and phalloidin IF, poly(A)+ mRNA,
and PLA between poly(A)+ mRNA and the cytoskeletal
elements in HDF were imaged with a laser-scanning confocal
microscope. Merged images of the cytoskeleton (white),
poly(A)+ mRNA (red), PLA (green) and nuclei (blue) are
shown. Single image plane is represented. Scale bar, 10 µm.
(B) The mean MTRIP volume was similar (Kruskal-Wallis One
Way ANOVA on Ranks, p=0.08) in cells, where the interactions
between β-actin mRNA and β-tubulin (n=18, mean=404µm3,
s.d.=317µm3), vimentin (n=19, mean=518µm3, s.d.=362µm3), or
phalloidin (n=15, mean=653µm3, s.d.=211µm3) were quantified.
(C) The mean percentage of MTRIP colocalized with PLA
(PLA-MTRIP) was similarly minimal (Kruskal-Wallis One Way
ANOVA on Ranks, p=0.15) in β-tubulin (n=18, mean=0.01%,
s.d.=0.03%), vimentin (n=19, mean=0.04%, s.d.=0.1%), or
phalloidin (n=15, mean=0.20%, s.d.=0.41%). (D) The mean
PLA frequency was also minimal (Kruskal-Wallis One Way
ANOVA on Ranks, p=0.23) in β-tubulin (n=18,
mean=0.0004µm-3, s.d.=0.001µm-3), vimentin (n=19,
mean=0.0008µm-3, s.d.=0.0001µm-3), or phalloidin (n=15,
mean=0.001µm-3, s.d.=0.002µm-3). Error bars, s.d.
(TIF)

Figure S7.  Interactions between β-actin mRNA and
cytoskeletal elements in A549 cells. (A) β-tubulin, vimentin
and phalloidin IF, β-actin mRNA, and PLA between β-actin
mRNA and the cytoskeletal elements in A549 cells were
imaged with a laser-scanning confocal microscope. Merged
images of the cytoskeleton (white), β-actin mRNA (red), PLA
(green) and nuclei (blue) are shown. Single image plane is
represented. Inset, images of boxed regions. Scale bar, 10 µm
(2 µm in insets). (B) The mean FMTRIP volume was similar
(One Way ANOVA with normal distribution, p=0.08) in cells,
where the interactions between β-actin mRNA and β-tubulin
(n=31, mean=281µm3, s.d.=104µm3), vimentin (n=19,
mean=336µm3, s.d.=114µm3), or phalloidin (n=20,
mean=263µm3, s.d.=96µm3) were quantified. (C) The mean
percentage of FMTRIP colocalized with PLA (PLA-FMTRIP)
was significantly different (Table S7) between the interactions
of β-actin mRNA with β-tubulin (n=31, mean=2.6%, s.d.=1.7%),
vimentin (n=19, mean=11.8%, s.d.=5.7%), or phalloidin (n=20,
mean=31.3%, s.d.=19.6%). (D) The mean PLA frequency for
interactions between β-actin mRNA and phalloidin (n=20,
mean=0.14µm-3, s.d.=0.08µm-3) was significantly greater (Table
S8) than the interactions between β-actin mRNA and β-tubulin
(n=31, mean=0.030µm-3, s.d.=0.016µm-3) or vimentin (n=19,
mean=0.04µm-3, s.d.=0.03µm-3). Error bars, s.d.
(TIF)

Figure S8.  Interactions between β-actin mRNA bound to
MTRIP lacking flag tags and cytoskeletal elements in
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human dermal fibroblasts (HDF). (A) β-tubulin, vimentin, and
phalloidin IF, β-actin mRNA, and PLA between β-actin mRNA
and the cytoskeletal elements in HDF were imaged with a
laser-scanning confocal microscope. Merged images of the
cytoskeleton (white), β-actin mRNA (red), PLA (green), and
nuclei (blue) are shown. Single image plane is represented.
Scale bar, 10µm. (B) The mean MTRIP volume was similar
(Kruskal-Wallis One Way ANOVA on Ranks, p=0.12) in cells,
where the interactions between β-actin mRNA and β-tubulin
(n=25, mean=750µm3, s.d.=460µm3), vimentin (n=22,
mean=980µm3, s.d.=470µm3), or phalloidin (n=17,
mean=710µm3, s.d.=340µm3) were quantified. (C) The mean
percentage of MTRIP colocalized with PLA (PLA-MTRIP) was
similarly minimal (Kruskal-Wallis One Way ANOVA on Ranks,
p>0.05) in β-tubulin (n=25, mean=0.2%, s.d.=0.9%), vimentin
(n=22, mean=0.1%, s.d.=0.4%), or phalloidin (n=17,
mean=0.04%, s.d.=0.08%). (D) The mean PLA frequency was
also minimal (Kruskal-Wallis One Way ANOVA on Ranks,
p>0.05) in β-tubulin (n=25, mean=0.0001µm-3, 0.0003µm-3),
vimentin (n=22, mean=0.0002µm-3, 0.0004µm-3), or phalloidin
(n=17, mean=0.001µm-3, 0.002µm-3). Error bars, s.d.
(TIF)

Figure S9.  Interactions between β-actin mRNA bound to
MTRIP lacking flag tags and cytoskeletal elements in A549
cells. (A) β-tubulin, vimentin, and phalloidin IF, β-actin mRNA,
and PLA between β-actin mRNA and the cytoskeletal elements
in A549 cells were imaged with a laser-scanning confocal
microscope. Merged images of the cytoskeleton (white), β-actin
mRNA (red), PLA (green), and nuclei (blue) are shown. Single
image plane is represented. Scale bar, 10µm. (B) The mean
MTRIP volume was similar (Kruskal-Wallis One Way ANOVA
on Ranks, p=0.08) in cells, where the interactions between β-
actin mRNA and β-tubulin (n=15, mean=289µm3, s.d.=68µm3),
vimentin (n=11, mean=299µm3, s.d.=71µm3), or phalloidin
(n=13, mean=243µm3, s.d.=53µm3) were quantified. (C) The
mean percentage of MTRIP colocalized with PLA (PLA-MTRIP)
was similarly minimal (Kruskal-Wallis One Way ANOVA on
Ranks, p>0.05) in β-tubulin (n=15, mean=0.0%, s.d.=0.0%),
vimentin (n=11, mean=0.07%, s.d.=0.14%), or phalloidin (n=13,
mean=0.003%, s.d.=0.009%). (D) The mean PLA frequency
was also minimal (Kruskal-Wallis One Way ANOVA on Ranks,
p>0.05) in β-tubulin (n=15, mean=0.00µm-3, s.d.=0.00µm-3),
vimentin (n=11, mean=0.001µm-3, s.d.=0.002µm-3), or
phalloidin (n=13, mean=0.0003µm-3, s.d.=0.0011µm-3). Error
bars, s.d.
(TIF)

Figure S10.  Interactions between β-actin mRNA and
nuclear proteins in A549 cells. Nucleolin (C23) and Histone
H1 IF, β-actin mRNA, and PLA between β-actin mRNA and the
nuclear proteins in A549 cells were imaged with a laser-
scanning confocal microscope. Merged images of the nuclear
protein (white), β-actin mRNA (red), PLA (green), and nuclei
(blue) are shown. All image planes are represented. Scale bar,
10µm.
(TIF)

Figure S11.  Interactions between poly(A)+ mRNA and β-
tubulin at 5, 10, 20, and 40 min of arsenite exposure. β-
tubulin IF, poly(A)+ mRNA, and PLA between poly(A)+ mRNA
and β-tubulin were imaged with a laser-scanning confocal
microscope. Merged images of β-tubulin (white), poly(A)+
mRNA (red), PLA (green), and nuclei (blue) are shown. All
image planes are represented. Scale bar, 10µm.
(TIF)

Figure S12.  Interactions between poly(A)+ mRNA and
vimentin at 5, 10, 20, and 40 min of arsenite exposure.
Vimentin IF, poly(A)+ mRNA, and PLA between poly(A)+
mRNA and vimentin were imaged with a laser-scanning
confocal microscope. Merged images of vimentin (white),
poly(A)+ mRNA (red), PLA (green), and nuclei (blue) are
shown. All image planes are represented. Scale bar, 10µm.
(TIF)

Figure S13.  Interactions between poly(A)+ mRNA and
phalloidin at 5, 10, 20, and 40 min of arsenite exposure.
Phalloidin IF, poly(A)+ mRNA, and PLA between poly(A)+
mRNA and Phalloidin were imaged with a laser-scanning
confocal microscope. Merged images of phalloidin (white),
poly(A)+ mRNA (red), PLA (green), and nuclei (blue) are
shown. All image planes are represented. Scale bar, 10µm.
(TIF)

Table S1.  Comparisons of the mean percentage of FMTRIP
colocalized with PLA (PLA-FMTRIP) in human dermal
fibroblasts (HDF) for the interactions between poly(A)+
mRNA and β-tubulin (n=25, mean=2.3%, SD=1.5%),
vimentin (n=33, mean=11.5%, SD=9.7%), or phalloidin
(n=23, mean=53.7%, SD=19.9%) using Kruskal-Wallis one-
way ANOVA on ranks with Dunn’s method for multiple
comparison (p < 0.001).
(TIF)

Table S2.  Comparisons of the mean PLA frequency in HDF
for the interactions between poly(A)+ mRNA and β-tubulin
(n=25, mean=0.010µm-3, s.d.=0.007µm-3), vimentin (n=33,
mean=0.019µm-3, s.d.=0.016µm-3), or phalloidin (n=23,
mean=0.069µm-3, s.d.=0.039µm-3) using Kruskal-Wallis one-
way ANOVA on ranks with Dunn’s method for multiple
comparison (p < 0.001).
(TIF)

Table S3.  Comparisons of the mean percentage of FMTRIP
colocalized with PLA (PLA-FMTRIP) in A549 cells for the
interactions between poly(A)+ mRNA and β-tubulin (n=26,
mean=2.1%, s.d.=1.4%), vimentin (n=28, mean=10.5%,
s.d.=6.1%), or phalloidin (n=24, mean=22.9%, s.d.=18.6%)
using Kruskal-Wallis one-way ANOVA on ranks with
Dunn’s method for multiple comparison (p < 0.001).
(TIF)

Table S4.  Comparisons of the mean PLA frequency in
A549 cells for the interactions between poly(A)+ mRNA
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and β-tubulin (n=26, mean=0.063µm-3, s.d.=0.023µm-3),
vimentin (n=28, mean=0.15µm-3, s.d.=0.07µm-3), or
phalloidin (n=24, mean=0.13µm-3, s.d.=0.09µm-3) using
Kruskal-Wallis one-way ANOVA on ranks with Dunn’s
method for multiple comparison (p < 0.001).
(TIF)

Table S5.  Comparisons of the mean percentage of FMTRIP
colocalized with PLA (PLA-FMTRIP) in HDF for the
interactions between β-actin mRNA and β-tubulin (n=40,
mean=3.9%, s.d.=3.2%), vimentin (n=36, mean=12.7%,
s.d.=7.9%), or phalloidin (n=30, mean=71.5%, s.d.=20.1%)
using Kruskal-Wallis one-way ANOVA on ranks with
Dunn’s method for multiple comparison (p < 0.001).
(TIF)

Table S6.  Comparisons of the mean PLA frequency in HDF
for the interactions between β-actin mRNA and β-tubulin
(n=40, mean=0.012µm-3, s.d.=0.011µm-3), vimentin (n=36,
mean=0.027µm-3, s.d.=0.023µm-3), or phalloidin (n=30,
mean=0.33µm-3, s.d.=0.17µm-3) using Kruskal -Wallis one-
way ANOVA on ranks with Dunn’s method for multiple
comparison (p < 0.001).
(TIF)

Table S7.  Comparisons of the mean percentage of FMTRIP
colocalized with PLA (PLA-FMTRIP) in A549 cells for the
interactions between β-actin mRNA and β-tubulin (n=31,
mean=2.6%, s.d.=1.7%), vimentin (n=19, mean=11.8%,
s.d.=5.7%), or phalloidin (n=20, mean=31.3%, s.d.=19.6%)
using Kruskal-Wallis one-way ANOVA on ranks with
Dunn’s method for multiple comparison (p < 0.001).
(TIF)

Table S8.  Comparisons of the mean PLA frequency in
A549 cells for the interactions between β-actin mRNA and
β-tubulin (n=31, mean=0.030µm-3, s.d.=0.016µm-3), vimentin
(n=19, mean=0.04µm-3, s.d.=0.03µm-3), or phalloidin (n=20,
mean=0.14µm-3, s.d.=0.08µm-3) using Kruskal-Wallis one-
way ANOVA on ranks with Dunn’s method for multiple
comparison (p < 0.001).
(TIF)

Table S9.  Comparisons of the mean percentage of FMTRIP
colocalized with PLA (PLA-FMTRIP) for poly(A) + mRNA
interactions with β-tubulin in HDF cells exposed to
arsenite for 0 (n=28, mean=2.5%, s.d.=1.6%), 5 (n=31,

mean=12.8%,s.d.=14.6%), 10 (n=26, mean=11.3%,
s.d.=9.1%), 20 (n=22, mean=2.6%, s.d.=3.8%), and 40 min
(n=20, mean=2.2%, s.d.=3.0%) using Kruskal-Wallis one-way
ANOVA on ranks with Dunn’s method for multiple comparison
(p<0.001).
(TIF)

Table S10.  Comparisons of the mean percentage of
FMTRIP colocalized with PLA (PLA-FMTRIP) for poly(A) +
mRNA interactions with vimentin in HDF cells exposed to
arsenite for 0 (n=42, mean=11.1%, s.d.=8.8%), 5 (n=23,
mean=13.9%,s.d.=6.5%), 10 (n=19, mean=18.7%, s.d.=7.5%),
20 (n=13, mean=13.3%, s.d.=7.1%), and 40 min (n=17,
mean=5.9%, s.d.=4.4%) using Kruskal-Wallis one-way ANOVA
on ranks with Dunn’s method for multiple comparison
(p<0.001).
(TIF)

Table S11.  Comparisons of the mean percentage of
FMTRIP colocalized with PLA (PLA-FMTRIP) for poly(A) +
mRNA interactions with F-actin in HDF cells exposed to
arsenite for 0 (n=38, mean=49.3%, s.d.=19.4%), 5 (n=25,
mean=6.0%,s.d.=5.2%), 10 (n=21, mean=9.6%, s.d.=6.4%), 20
(n=19, mean=15.4%, s.d.=9.4%), and 40 min (n=16,
mean=6.8%, s.d.=4.4%) using Kruskal-Wallis one-way ANOVA
on ranks with Dunn’s method for multiple comparison
(p<0.001).
(TIF)

Table S12.  Poly(A) + and β-actin mRNA targeting probe
sequences and modifications.
(TIF)
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