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Immediate Translation of Formin D/IAPH1 mRNA after Its
Exiting the Nucleus Is Required for Its Perinuclear
Localization in Fibroblasts
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Abstract

DIAPH1 is a formin protein which promotes actin polymerization, stabilizes microtubules and consequently is involved in
cytoskeleton dynamics, cell migration and differentiation. In contrast to the relatively well-understood signaling cascades
that regulate DIAPH1 activity, its spatial regulation of biogenesis is not understood. A recent report showed that synthesis of
DIAPH1 is confined in the perinuclear ER compartment through translation-dependent mRNA targeting. However, the
underlying mechanism of DIAPH1 local synthesis is yet to be elucidated. Here, we provide evidence to demonstrate that the
5'-cap-mediated immediate translation of DIAPHT mRNA upon exiting nucleus is required for localizing the mRNA in the
perinuclear ER compartment. This is supported by data: 1) Delayed translation of DIAPHT mRNA resulted in loss of
perinuclear localization of the mRNA; 2) Once delocalized, DIAPHT mRNA could not be retargeted to the perinuclear region;
and 3) The translation of DIAPHT mRNA is 5'-cap dependent. These results provide new insights into the novel mechanism
of DIAPH1 local synthesis. In addition, these findings have led to the development of new approaches for manipulating
DIAPH1T mRNA localization and local protein synthesis in cells for functional studies. Furthermore, a correlation of DIAPH1
mRNA and DIAPH1 protein localization has been demonstrated using a new method to quantify the intracellular
distribution of protein.

Citation: Liao G, Liu G (2013) Immediate Translation of Formin DIAPHT mRNA after Its Exiting the Nucleus Is Required for Its Perinuclear Localization in
Fibroblasts. PLoS ONE 8(6): €68190. doi:10.1371/journal.pone.0068190

Editor: Alexander F. Palazzo, University of Toronto, Canada
Received February 20, 2013; Accepted May 27, 2013; Published June 28, 2013

Copyright: © 2013 Liao, Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by NIH grant R01GM70560 and Albany Medical College Brige fund. The funders had no role in study design, data collection

and analysis, decision to publish, or preparation of the manuscript

* E-mail: liug@mail.amc.edu

Competing Interests: The authors have declared that no competing interests exist.

Introduction

The importance of localized protein interaction in cellular
functional regulation has been well established [1]. In addition to
intracellular protein transport [2-5], local protein synthesis
through mRINA targeting emerges as an important mechanism
to confine a protein at a specific site of function and avoids
inappropriate interactions with other proteins in other compart-
ments [6-9]. In contrast to most of the investigated cytoplasmic
protein-encoding mRINAs, which are localized through a locali-
zation signal sequence (zip-code) within the RNA molecules
[6:8;10;11], a new class of cytoplasmic protein-encoding mRINAs
employs a zip-code independent strategy for localization to the ER
[12-15]. However, the mechanism for the localization of these
mRNAs is poorly understood. Interestingly, two recent reports
indicate that mRNAs encoding cytoplasmic protein XBPlu and
DIAPHI are targeted to the ER compartment through translation
and their nascent peptides [13-15]. These findings add a new
dimension to the conventional concept that only mRNAs encoding
secreted and membrane proteins are targeted to the ER in a
translation and nascent peptide dependent manner [16-18].
DIAPHI is the one of the most studied formin proteins which
stimulate formation of unbranched actin filaments [19-22], bind
and stabilize microtubule [23;24] and link actin and microtubule
cytoskeleton systems [25;26]. In cultured cells and knockout mice,
DIAPHI1 has been shown to play an important role in cell
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adhesion, migration, differentiation, signaling and gene expression
[19-23;27-33]. In contrast to these advances, how DIAPHI is
spatially regulated is unclear. Previously, we demonstrated that
DIAPHI mRNA is enriched in the perinuclear compartment in
fibroblasts, suggesting a spatial regulation of DIAPHI protein
biogenesis [15]. Our data also show that ongoing translation of
DIAPHI mRNA is required for the mRNA localization to the
perinuclear ER compartment [15]. However, how the translation
of DIAPH1 mRNA is regulated is not understood.

The vast majority of mRNAs are translated via 5'-cap-mediated
initiation [34]. On the contrary, viral mRNA translation is mainly
through internal ribosome entry site (IRES) mediated translation
initiation [35]. The first IRES was characterized in poliovirus
which is used for translation of viral protein, independent of cap-
mediated translation [36]. This mechanism was soon found widely
used by viruses for translation of their mRNAs while inhibiting the
cellular 5'-cap-mediated translation [35;37]. Recently, a portion of
cellular proteins has been found to be synthesized through cellular
IRES which is in the cellular mRNA. Although both 5'-cap and
cellular IRES mediated translational initiations share some
common Initiation factors, they do require different initiation
factors which can be specifically inhibited [34;35]. For example, a
small molecule 4E1RCat specifically inhibits 5'-cap mediated
mRNA translational initiation whereas has minimal effect on
IRES-mediated translational initiation [38]. In this report, we
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have taken advantage of this inhibitor and the differences between
5-cap and IRES mediated mRNA translational initiation to
dissect the mechanism of DIAPHI mRNA translation and
localization.

In this article, we examine the regulatory mechanism of
DIAPHI mRNA translation in the context of perinuclear DIAPH
mRNA localization. Our data suggest that in order to localize in
the perinuclear ER compartment, DIAPHI mRNA is immediately
translated upon being transported out of the nucleus through a 5'-
cap mediated initiation. Additionally, unlike the mRNAs encoding
membrane and secreted proteins, which are first translated for the
signal peptides in the cytoplasm and then translocated to the ER
compartment, we find that delocalized DIAPHI mRNA cannot be
translocated to the perinuclear compartment.

Results

Delocalized DIAPHT mRNA cannot be Re-targeted to the
Perinuclear Compartment

It was previously demonstrated that DIAPH1 mRNA is localized
to the perinuclear ER in fibroblasts [15]. This localization is
specific because mRNAs encoding subunit of Arp2/3 complex is
localized to the cell protrusions in the same cells [15]. Further-
more, DIAPHI mRNA is enriched in ER fraction in fractionation
assay and co-localized with ER protein marker [15]. Translation is
required for DIAPHI mRNA localization to the perinuclear ER
and active translation sites for the DIAPHI mRNA are located in
this perinuclear compartment [15]. However, it is not clear how
translation regulates the perinuclear ER localization of the
mRNA. We reasoned that there are two possible modes through
which translation regulates DIAPHI mRNA localization: 1)
DIAPHI mRNA is immediately translated after exiting the nucleus
and the resulting nascent peptide helps to anchor the ribosome/
mRNA complex around the nucleus by the interactions of the
GBD-DID domains of the nascent peptide with unknown factor(s)
on the ER. 2) Alternatively the mRNA might first enter the
cytoplasm and is initially translated there before being translocated
to the perinuclear compartment in a DIAPHI nascent peptide
dependent manner for continuous translation. The latter mode is
somewhat analogous to the well-known mechanism for ER-
translation of mRNAs encoding membrane and secreted proteins,
in which the mRNAs are first translated for the signal peptides in
the cytoplasm and then translocated to the ER through signal
peptides binding to specific receptors on the ER [16-18]. To
distinguish these two modes for DIAPHI mRNA localization, we
tested whether delocalized DIAPHI mRNA could be translocated
to the perinuclear compartment in chicken embryo fibroblasts
(CEF). To this end, DIAPHI mRNA was first delocalized using
protein synthesis inhibitor puromycin as previously demonstrated
[15]. Puromycin inhibits protein translation by prematurely
dissociating the nascent peptide from the ribosome/mRNA
complex [39;40], which disrupts the DIAPHI mRNA perinuclear
localization [15]. To ensure that under our experimental
conditions protein translation would be resumed after puromycin
wash-off, we tested the relative amount and rate of new protein
synthesis. This was done by using a Click-1T assay (Invitrogen) to
detect newly synthesized proteins in a high signal/noise ratio and
synchronized manner. As shown in Figure 1 (A-I), after
puromycin wash-off, the relative amount and rate of newly
synthesized proteins in the cells are similar to those of the control.
We then asked if already delocalized DIAPHI mRNA could be re-
localized to the perinuclear compartment upon translation
resumption by puromycin wash-off. As shown in Figure 1 (N &
O), treatment with puromycin led to DIAPHI mRNA delocaliza-
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tion, consistent with previous report [15]. It is unlikely that
puromycin-induced DIAPHI mRNA delocalization was caused by
other non-specific effects of puromycin on general mRNA
localization as previous studies demonstrated that puromycin
treatment of CEF did not have any impact on cell protrusion
localization of mRNAs encoding B-actin and the Arp2/3 complex
[41;42]. In cells which were first treated with puromycin to
delocalize DIAPHI mRNA and then washed to remove puromy-
cin, the DIAPHI mRNA was still delocalized (Fig. 1, P & Q). To
avoid potential interference for mRNA localization scoring from
newly transcribed DIAPHI mRNA molecules which are expected
to localize at the perinuclear compartment, transcription inhibitor
actinomycin D was used after puromycin wash-off. Actinomycin D
itself had no effect on DIAPHI mRNA localization (Fig. 1, L & M).
These results indicate that delocalized DIAPHI mRNA cannot be
re-localized to the perinuclear compartment, suggesting that
DIAPHI mRNA localization in the perinuclear ER compartment
is likely the result of immediate translation of DIAPHI mRNA
after its exiting the nucleus.

Cap-mediated Translation is Required for DIAPHT mRNA
Localization

Although the above results suggest immediate translation of
DIAPHI mRNA upon its exit of the nucleus is required for
DIAPHI mRNA perinuclear localization, it is not clear what
translational initiation mechanism is involved in and responsible
for this localization. Accumulating evidence indicates that
although most mRNAs are translated using the well-documented
5'-cap-mediated translation initiation, a subset of cellular mRNAs
use internal ribosome entry site (IRES) mediated initiation for
their translation in the cell [34;35]. To address the question
whether the 5'-cap-mediated or the IRES-mediated initiation is
responsible for the translation of DIAPHI mRNA in the
perinuclear compartment, we used a small molecule inhibitor
4E1RCat to block 5'-cap mediated translation and asked if this is
sufficient to delocalize DIAPHI mRNA. 4EIRCat is a specific
inhibitor which blocks 5'-cap-mediated translational initiation
whereas has minimal effect on IRES-mediated translation
initiation [38]. We first confirmed the inhibitory effect of 4E1RCat
on protein synthesis in CEF using the Click-1'T assay (Fig. 2A-T).
To test if 4E1RCat selectively inhibits 5'-cap-mediated but not
IRES-mediated mRNA translation in these cells, we made a
construct which expresses a bi-cistronic mRNA encoding red
fluorescence protein mCherry and HA-tagged DIAPH1, respec-
tively (named as M-I-D for mCherry-IRES-DIAPHI. see Fig. 2J).
As shown in Figure 2K-O, 4EI1RCat significantly inhibited 5'-
cap-mediated mCherry synthesis while had little effect on the
IRES-mediated DIAPH1-HA synthesis. These results confirm the
specific inhibitory effect of 4E1RCat on 5'-cap-mediated transla-
tion as previously reported [38]. We further asked whether
inhibition of 5’-cap-mediated translation is sufficient to delocalize
DIAPHI mRNA. Indeed, treatment of CEF with 4E1RCat
resulted in loss of DIAPHI mRNA localization in the perinuclear
compartment (Fig. 2P—T). Thus, 5'-cap mediated translation of
DIAPHI mRNA is required for its perinuclear localization.

Manipulation of DIAPHT mRNA Localization by
Controlling Cap-mediated Translation using a Riboswitch
iron Response Element (IRE)

The requirement of 5'-cap-mediated translation for DIAPHI
mRNA localization suggests that such localization can be
manipulated by controlling 5'-cap-mediated translation initiation.
A ribo-switch, iron response element (IRE), has been used to
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Figure 1. Delocalized D/APH7 mRNA cannot be re-localized. A-Il. Resumption of translation after puromycin wash-off. CEF grown on cover
slips were treated with DMSO or 10 pug/ml of puromycin in methionine-free DMEM for 90 min and then followed by 2x10 min washes with Hank’s
balanced saline. Newly synthesized proteins were detected using the Click-iT kit (Invitrogen) as described in Materials and Methods. A-H.
Representative cells showing the fluorescence signal (red) of the newly synthesized proteins. I. Quantitative results of newly synthesized proteins
indicate resumption of protein translation after puromycin wash-off (fluorescence per cell, normalized to that of time zero, representing ~80 cells at
each time point per condition from two independent experiments). J-Q. Representative cells for DIAPHT mRNA distribution after the indicated
treatments. Images in the left column are gray scale for better display the DIAPHT mRNA signal. CEF were transfected with HA-tagged DIAPH1
expression plasmid for 24 hr and then treated with DMSO (control, J & K), or 5 ug/ml of transcription inhibitor actinomycin D (Act-D) (L & M), or
10 ug/ml of puromycin (N & O) for 90 min before fixed for FISH detection of DIAPHT mRNA localization. In P & Q, the cells were first treated with
10 ug/ml of puromycin for 90 min then followed by 2x10 min washes with growth medium plus 5 pg/ml of Act-D then incubated in normal growth
medium for 90 min before fixed for FISH and DIAPHT mRNA localization score. Note that Act-D at this concentration did not affect the normal
localization of already transcribed DIAPHT mRNA. In right column, Red: DIAPHT mRNA; green: HA-tagged Dial protein; Blue: nucleus. Dotted lines
show cell border. Arrows indicate localizing DIAPHT mRNA molecules. Scale bar: 10 um. R. Quantitative results of DIAPH1 mRNA localization. 300-500
cells were scored for each condition. Error bars: sem. n=3. **, P<<0.01.

doi:10.1371/journal.pone.0068190.g001

control 5'-cap mediated translation of mRNA [43-45]. The IRE is encoding proteins involved in iron metabolism [46;47]. At low
an RNA stem-loop which naturally exists in the 5'-UTR of mRNA level of iron, an IRE binding protein (FP) binds to the IRE and
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Figure 2. 5'-cap-mediated translation is required for perinuclear D/APHT7 mRNA localization. A-H, 4E1RCat inhibits the majority of new
protein synthesis (assayed with Click-iT kit, see Materials and methods for details). I. Quantitative results of 4E1RCat inhibition of new protein
synthesis. ~120 cells were analyzed for each time point per condition from three independent experiments. J. lllustration of bicistronic expression
plasmid M-I-D (for mCherry-IRES-DIAPH1). K-N. 4E1RCat inhibits cap-mediated but not IRES-mediated translation. Representative images show
transfected cells treated with DMSO (K,L) or 10 uM of 4E1RCat (M,N). CEF were first transfected with the bicistronic plasmid for 2 hr and then
incubated with DMSO or 10 uM 4E1RCat for 11 hr. The cells were fixed and processed for immunofluorescence staining for the HA tag. Fluorescence
images were acquired and quantified. O. Quantitative result of mCherry/HA ratio in single cells. (n=12-24). ** p<<0.01. P-S. Inhibition of cap-
mediated translation delocalizes DIAPHT mRNA. CEF were incubated with DMSO or 10 uM of 4E1RCat in growth medium for 3 hr and then fixed for
mRNA detection. P-S, representative cells treated with DMSO or 4E1RCat. Images in left column are gray scale for better display of DIAPHT mRNA
signal. Dotted lines indicate cell border. Arrows indicate localizing DIAPHT mRNA. In right column, green: DIAPHT mRNA, blue: nucleus. Note that cells
treated with 4E1RCat show diffused DIAPHT mRNA. Scale bar: 10 um. T. Quantitative result of endogenous DIAPHT mRNA localization in treated CEF.

300-500 cells were scored from three independent experiments for each condition. * p<0.05.

doi:10.1371/journal.pone.0068190.g002

prevents ribosome read-through thereby inhibiting translation
(Fig. 3A). At high concentration of iron, the FP binds to the iron
and dissociates from the IRE thereby allowing the ribosome read-
through the 5’-mRNA sequence and resuming normal translation.
By inserting the IRE into the 5'-UTR of an mRNA, one can
control the translation of this mRNA in the cell by modulating the
iron concentration in the culture medium [43-45]. Using the same
approach, we generated an IRE-regulated expression construct to
control the translation of DIAPHI mRNA in transfected cells
(Fig. 3A). Transfected CEF incubated in medium containing
100 uM of iron showed normal perinuclear DIAPHI mRNA
localization whereas those incubated in medium containing
100 uM of iron chelator showed loss of perinuclear DIAPHI
mRNA localization (Fig. 3 C-I). These results further support the
requirement of 5'-cap-mediated translation for DIAPHI mRNA
localization and demonstrate that DIAPHI mRNA localization
can be manipulated by controlling its translation.

IRES-mediated Translation Leads to the Loss of DIAPH1
MRNA Localization

During the above study (Fig. 2), we unexpectedly found that in
cells transfected with the construct M-I-D in which the DIAPHI
mRNA translation was under the control of IRES (see Fig. 2] or
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Fig. 4A for the structure of the construct), the DIAPHI mRNA
became diffuse (Fig. 4 E-G). We further compared the intracel-
lular distribution of DIAPHI mRNAs whose translation is initiated
by the 5'-cap and the IRES, respectively by using the M-I-D and
another construct D-I-M  (for DIAPHI-IRES-mCherry, see
Fig. 4A). The results clearly demonstrate that under the same
promoter control of mRNA transcription, DIAPHI mRNA
molecules whose translation was initiated by the 5’-cap localized
normally around the perinuclear region whereas those initiated by
the IRES were diffuse (delocalized) (Fig. 4). This is intriguing as it
suggests that translation initiated by the 5'-cap or by the IRES has
different impacts on DIAPHI mRNA localization. Again, these
results further support the idea that immediate and 5'-cap-
mediated translation is required for DIAPHI mRNA localization.
Although how IRES-mediated translation leads to the loss of
DIAPHT mRNA localization has yet to be elucidated, this finding
has provided a very useful approach for manipulating DIAPHI
mRNA localization for future functional study. In addition to the
CEF, we have also tested D-I-M and M-I-D bicistronic mRNA
expression constructs in NIH3T3 fibroblasts and observed similar
differential mRNA localizations mediated by the 5'-cap and the
IRES, respectively (Fig. 5 A-G). During the analysis of mRNA
localization, we noticed that there may be a correlation of
corresponding protein distribution with the mRNA. As a test,
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Figure 3. Manipulation of D/APH17 mRNA localization using an Iron ribo-switch. A. Schematic diagram of the IRE riboswitch (See Materials
and Methods for details). Red balls represent 5’-cap. FB: iron biding protein which also binds to the IRE stem-loop. Green arrow indicates translation
permission. B. Western blotting result of mCherry reporter for the effect of IRE in fibroblasts. A construct consisting of IRE-mCherry was transfected
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growth medium. 16 hr after transfection, the cells were collected for Western blotting. Quantitative results of Western blotting (n =4), * p<<0.05. C-H.
IRE-mediated control of DIAPHT mRNA localization. CEF were transfected with a construct consisting of IRE-DIAPH1 and then treated similarly as in B.
16 hr after transfection, the cells were fixed and processed for FISH detection of mRNA localization. C-H. Representative cells. Red: DIAPHT mRNA
signal; Green: HA-tagged DIAPH1 protein signal; Blue: nucleus. C, E & G are gray scale images for better presentation of DIAPHT mRNA in the cells.
Dotted lines show cell border. Arrows indicate localizing DIAPHT mRNA. I. Quantitative results of DIAPHT mRNA localization from analysis of 300-500
cells from three independent experiments for each condition. Error bars: sem. ** p<<0.01.

doi:10.1371/journal.pone.0068190.g003

instead of detecting the mRNA, we detected the mCherry and Discussion

HA-tag signal in the cells transfected with the M-I-D and D-I-M
constructs, respectively. In general, the protein signal is more
diffuse which makes visual scoring difficult. To objectively analyze
protein distribution in the cells, instead of analyzing the HA signal
directly, we used the ratio of HA versus mCherry to correct the
volume effect because the perinuclear region tends to be thicker
than the cell periphery. Furthermore, we have developed a
computer script to objectively quantify the intracellular distribu-
tion of protein (Fig. 5 H-N. see Materials and Methods for
detailed description of the method). This script divides the
cytoplasmic area into 15 equal area zones according to their
relative distance from the edge of the nucleus (Fig. 5. N). The
DIAPHI protein signal was first corrected for cell volume effect
and then quantified in a cell as IDI (Intracellular Distribution
Index). As shown in Figure 5 O and P, DIAPH1 protein translated

We previously demonstrated that DIAPHI mRNA is anchored
on the perinuclear ER in a translation dependent manner and the
newly translated DIAPH1 protein (indicating the translation site) is
located in a narrow zone around the nucleus in comparison to the
relatively older DIAPH]1 proteins [15]. In this report, we provide
evidence to show that delocalized DIAPHI mRNA cannot be re-
localized to the perinuclear compartment. It has been reported
that mRNA is transported out of the nuclear pores in a 5'-to-3’
direction and translation of an mRNA could be initiated even
before it is fully out of the nuclear pore [48;49]. Furthermore,
using multiple independent and complementary approaches, we
have also demonstrated that DIAPHI mRNA translational
initiation is mediated by the 5'-cap. Taken together, these lines
of evidence strongly suggest that DIAPHI mRNA is immediately

from the D-I-M mRNA exhibited perinuclear localization whereas
that from the M-I-D mRNA showed more diffuse distribution
(Fig. 5. H-M). These quantitative results confirm our observation
that there is a correlation of DIAPHI mRNA and DIAPHI protein
localization in fibroblasts.
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translated upon exiting the nuclear pore and the DIAPHI mRNA
in the perinuclear region are the most actively translated, resulting
in the perinuclear localization of the DIAPHI mRNA and
localized biogenesis of the DIAPHI protein.

It is interesting to note that the general distribution of expressed
DIAPHI protein (as detected with HA-tag) in the cell is correlated
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with the location of the DIAPHI mRNA, even though the protein
distribution is more diffuse. This suggests that location of protein
biogenesis will affect protein localization. This is consistent with
our previous report that mis-targeting 47p2 mRNA, which encodes
the Arp2 subunit of the actin polymerization nucleator Arp2/3
complex, to the perinuclear region led to reduced assembly of the
Arp2/3 complex as compared to wild type cell with similar total
Arp2 protein expression level [50]. This delocalization of Arp2
mRNA resulted in reduction of cell migration speed and the loss of
directionality, demonstrating the functional importance of local
protein synthesis, perhaps local co-translational assembly of the
Arp2/3 complex [50;51]. Since the DIAPH1 protein is involved in
cell migration and differentiation [19-22;27;30;32;33], it will be of
great interest to investigate whether the manipulation of intracel-
lular localization of DIAPHI mRNA has functional consequences
on these activities.

A question has been raised is why there is only 60% of the cells
showing perinuclear DIAPHI mRNA localization. The underlying
mechanism is currently unclear but it may involve several
possibilities. It could be the heterogeneous nature of a cell
population. With the technical advancement in single cell analysis
for proteomics and genomics, it has been known that individual
cells in a supposed homogeneous population actually show very
different gene expression patterns, morphologies and behaviors
[62-55]. The heterogeneity of gene expression alone may play an
important role in determining the cell behavior. Another
possibility for only a portion of the cells showed intracellular
localization of a particular mRNA is the cellular state such as
phase of cell locomotion. It is known that mRNAs encoding B-
actin and the actin polymerization nucleation complex Arp2/3
(with seven protein subunits) are localized to the protrusion of
fibroblasts [41;42;56]. In a population of cells, on average, only
about 30% of these cells showed protrusion associated mRINA
localization. Using the MS2 system that was originally developed
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in the Singer laboratory [57], we observed 472 mRNA (encoding
a subunit of the Arp2/3 complex) in live cells. The 4rp2 mRNA
was strongly enriched at the leading protrusion of migrating
fibroblast with persistent direction (Mingle and Liu, unpublished).
The same cells could show very little protrusion Arp2 mRNA
localization when they withdrew the leading protrusion, paused or
were in the process of turning to the opposition direction. Thus,
this cell migratory state may explain why only a fraction of cells
show protrusion. Whether cell migratory state and other cellular
activities affect DIAPHI mRNA localization, and vice versa,
remains to be studied.

It remains unclear if and how the cap-mediated prompt
DIAPHI mRNA translation is regulated. General inhibition of
cap-mediated translation is expected to affect DIAPHI mRNA
translation. It might be possible that DIAPHI mRNA translational
initiation upon exiting the nucleus is autonomous by default
without any specific activation required. This is different from
many other localizing mRNAs whose translation is suppressed
during transport to their intracellular destinations [6-9]. For
example, zip-code binding protein 1 (ZBP-1 or IMP-1) binds to the
3'-UTR of f-actin mRNA and suppresses its translation during
transport [10;58]. We previously tested whether replacing the 3'-
UTR of DIAPHI with a B-actin zip-code containing sequence
would inhibit DIAPHI mRNA localization to the perinuclear
compartment, and our results showed that such swapping of 3'-
UTR did not affect DIAPHI mRNA localization [15]. It remains
to be determined whether there is a DIAPHI mRNA specific
inhibition/activation mechanism for its translation. In addition to
translation initiation, other processes of translation may also play a
role in DIAPHI mRNA localization. For example, translation
pausing which may provide time for the nascent peptide to fold
and to maintain the number of ribosome associated with the
mRNA as there are several putative translation pausing motifs in
the coding region of DIAPHI mRNA [14].

June 2013 | Volume 8 | Issue 6 | e68190



DIAPHT mRNA Localization Needs Prompt Translation

@
o

DIAPH1 mRNA DIAPH1protein

Merge

§ 75 *% Eq 2 4
14 O 1
E L
Q
= C = 0 -
I O 50 £
o -Og < A
IN T3
S T [MID  pi=0.02
B0 25 o 2
3= g .
= (a] R -
° T ot T
o
S 0- 0
D--M M--D 0 2 46 8 101214 16
Zone
DIAPH1-HA mCherry P 0.02 £
c
o
= B 0.00 I
1 =
- Q0
3 s
©wa .0.02
5=
o X
] [
S 2 -0.04
Q ]
- g -008
= £
-0.08

D-I-M M-I-D

Figure 5. Localization of D/IAPHT mRNA correlates with DIAPH1 protein distribution. A-F. Representative transfected cells show
localization of DIAPHT mRNA and protein. A-B and D-E are gray scale images for the distribution of DIAPHT mRNA and protein in NIH3T3 cells
transfected with the construct of D-I-M (A-C) or M-I-D (D-F), respectively. Their merged images are shown in C or F. G. Quantitative results of
DIAPHT mRNA localization from analysis of 300 cells from three independent experiments for each expression construct. Error bars: sem. ** p<<0.01.
H-P. Analysis of the relationship of localization of DIAPHT mRNA and its protein distribution in NIH3T3 cells. H-I and K-L are gray scale images for
distribution of DIAPH1-HA fusion protein and mCherry in NIH3T3 cells transfected with the construct of D-I-M (H-I) or M-I-D (K-L), respectively. Their
merged images are shown in J or M. N. lllustration of a cell with 5 equal-area zones according to their relative distance to the nucleus border. Note
that the shape of the zones are listed in the carton is simplified one and is likely vary within a cell (see Methods and Materials for details). O. Scatter
plot graphs show two individual quantitative results of intracellular DIAPH1-HA fusion protein distribution in single NIH3T3 cells transfected with the
construct of D-I-M and M-I-D, respectively. The red and blue color lines are linear regression for the ratio points of D-I-M or M-I-D transfected cells. P.
A bar graph shows average IDI value for D-I-M or M-I-D transfected cells from analysis of 30 cells for each expression construct. Error bars: sem. **

p<0.01.
doi:10.1371/journal.pone.0068190.g005

It is interesting that IRES-mediated translation results in loss of
DIAPHIT mRNA localization in the perinuclear compartment. It is
unlikely that this is caused by the absence of translation of the
delocalized mRNA (see representative cells in Figure 2K-N for
HA-tagged DIAPHI1 protein expression). There are several
possibilities for why IRES-mediated translation leads to delocal-
ization of DIAPHI mRNA. First, because IRES- and cap-
mediated translation initiation requires different factors, the
IRES-specific factors may not be readily available in the
perinuclear compartment for immediate translation. Second,
because the efficiency of IRES-mediated translation is usually
lower than that of 5'-cap-mediated translation, this may compro-
mise the rate of nascent peptide production hence reducing the
number of nascent peptide for the anchoring of the ribosome/
mRNA/nascent peptide complex on the perinuclear ER. In this
regard, drugs reducing cap-mediated translation may affect
localized DIAPH1 protein synthesis and generating adverse effects
to the cell and organism.
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The unexpected finding that IRES-mediated translation led to
loss of DIAPHI mRNA localization provides a new means to
manipulate DIAPHI mRNA localization for functional study.
Even though we previously identified the nascent peptide motif
that is critical for DIAPHI mRNA localization and created single
point mutation mutants to delocalize DIAPHI mRNA [15], these
mutants are not suitable for testing the functional importance of
DIAPHI local biogenesis in the cell. This is because these
mutations not only cause the delocalization of the DIAPHI
mRNA, but also disrupt the known functions of DIAPH]1 protein,
which makes the interpretation of the delocalization difficult. In
contrast, the IRES-mediated translation provides a “clean”
method to alter the localization of DIAPHI mRNA without any
mutation in the DIAPHI sequence, facilitating the functional
study for DIAPH1 local biogenesis. It could be a useful approach
for manipulating other mRNAs for their local translation. In fact,
in a previous study using this approach of bicistronic mRNA with
DIAPHI mRNA, we successfully mis-targeted 4Arp2 mRNA to the
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perinuclear compartment without making any mutation in the
Arp?2 for functional investigation [50].

Materials and Methods

Ethics Statement

Primary chicken embryo fibroblasts (CEF) are a widely used cell
type as reported in many publications [59;60]. They were isolated
from the breast muscle of 12-day chicken embryos as described in
details (52) (also see Cell culture and transfection). The tiny,
partially developed, hairless, featherless, motionless embryo was
carefully removed from the egg and decapitated for euthanasia
and convenience of subsequent tissue dissection. The Albany
Medical College Institutional Animal Care and Use Committee
(IACUC) was consulted and no protocol was required for this
work.

Materials

Digoxigenin-11-dUTP (DIG-11-dUTP) and sheep anti-DIG
antibody (peroxidase conjugated) were from Roche (Indianapolis,
IN). Mouse anti-GAPDH antibody was from Ambion (Austin,
TX). Rabbit anti-hemagglutinin (HA) antibody and Click-iT
Protein Analysis kit were from Invitrogen (Grand Island, NY).
Tyramide signal amplification (TSA) reagents were purchased
from Perkin Elmer (Boston, MA). Actinomycin D (Act-D),
4FE1RCat, ferric ammonium citrate and its chelator desferriox-
amine mesylate were from Sigma-Aldrich (Milwaukee, WI). Other
general chemicals were from Sigma-Aldrich and Fisher (Pitts-
burgh, PA).

Cell Culture and Transfection

Standard quality fertilized chicken eggs were purchased from
Charles River SPAFAS (North Franklin, CT). These eggs were
incubated at 37°C for 12 days. They were then transferred to
biosafety cabinet and sterilized by wiping with 70% alcohol. The
tiny, partially developed, motionless, hairless and featherless
embryos were then removed from the eggs which were still largely
filled up with egg white and egg yolk at this stage. The embryos
were decapitated for humane reason and convenience of tissue
dissection. Breast muscle was dissected from the embryo and
digested with trypsin at 37°C for 15 min then centrifuged at
1,000xg for 5 min to remove the trypsin. The cell pellet was
suspended in MEM with 10% fetal bovine serum and then either
plated on 100 mm tissue culture dishes or prepared for frozen
stock. For experiments, CEF (used within passage 1-5) were plated
on glass cover slips coated with 0.5% gelatin for ~50-70%
confluence 24 hours later for transfection or other processes. For
transfection, cells on each cover slip were incubated with 0.3 pg
DNA of each construct and Lipofectamine-PLUS or LTX-PLUS
(Invitrogen) for 2 hours before the medium was changed and
followed by 1624 hours of incubation. These cells were fixed or
further processed and then followed by immunofluorescence
staining (IF) and/or fluorescence in situ hybridization (FISH) with
TSA.

Using Puromycin and Click-iT Assays to Control Protein
Translation and Detect Newly Synthesized Protein in the
Cell

Puromycin inhibits protein translation by prematurely dissoci-
ating nascent peptide from the ribosome/mRNA complex [39;40],

which leads to DIAPHI mRNA delocalization [15]. Removal of

puromycin by changes of cell culture medium resumes normal
protein translation. To detect newly synthesized protein, Click-iT

PLOS ONE | www.plosone.org

DIAPHT mRNA Localization Needs Prompt Translation

Protein Analysis kit (Invitrogen) was used. In this assay, tagged
non-radioactive methionine molecules (Cick-1T AHA) were
incorporated into newly synthesized proteins for detection [61].
Briefly, CEF grown on cover slips were incubated with methio-
nine-free DMEM (with DMSO or 10 uM puromycin) for 90 min
and then followed by 2x10 min washes with Hank’s balanced
saline. Click-IT AHA (final 50 pM) was then added. At preset time
points after Click-iT AHA addition, samples were fixed and
processed for IF and/or FISH. In cell samples for DIAPHI mRNA
localization, to ensure only the “old” DIAPHI mRNA molecules
were detected and scored, we used Act-D to inhibit new DIAPH]
transcripts after puromycin wash-off.

Plasmid Construction

Standard molecular biology techniques were used in cloning
and plasmid construction. Accession numbers for the cDNA
sequences used in this study are: AB025226 (chicken DIAPHI),
NM_205086.1 (the IRE element of chicken ferritin heavy chain)
and NC_001479.1 (the IRES of encephalomyocarditis virus). For
construction of iron//RE mediated translation control of mCherry
(red fluorescence protein) or DIAPHI, a pRL expression plasmid
was used, which is under the control of a viral $V40 promoter
(courtesy of Dr. Andrew Aplin). IRE was first inserted to a proper
site within the $740 promoter and then mCherry or DIAPHI fused
with HA tag (for protein detection) was cloned to the vector
followed by a fragment of Lac{ in the 3’-UTR for mRNA
detection. For construction of [RES mediated translation of
DIAPH1 or mCherry, the pNE expression plasmid was used, which
is under the control of a chicken f-actin promoter (courtesy of Dr.
Stefan Kindler, Hamburg). To compare the localization of
DIAPHI mRNA whose translation is initiated by 5'-cap or the
IRES, we first replaced the GFP in the pNE plasmid with a cassette
that contains an HA-tag at the end of the coding region for protein
detection and a fragment of Lac{ in the 3'-UTR for mRNA
detection, a fragment of JRES for its translation initiation, and then
sequentially inserted DIAPH1 or mCherry to either the upstream or
downstream of the IRES to make two types of DIAPHI expression
constructs. All the resulted expression plasmids were verified by
DNA sequencing.

Inhibition of 5’-cap Mediated Translation using 4E1RCat

4E1RCat is an inhibitor for 5'-cap mediated translation
initiation but has little effect on IRES-mediated translation [38].
Because the vast majority of the mRNAs are translated through 5'-
cap-mediated initiation, we first tested if 4E1RCat could inhibit
new protein synthesis in the CEF. Cells grown on cover slips were
incubated with methionine-free DMEM (with DMSO or 10 uM
4E1RCat) for 30 min, and then Click-IT AHA (final 50 pM) was
added. At preset time points after Click-1T AHA addition, samples
were fixed and processed for immunofluorescence staining. To test
the specificity of this inhibitor, CEF were first transfected with the
bicistronic plasmid for 2 hr and then incubated with DMSO or
10 uM 4E1RCat for 11 hr. This long time incubation is for better
presentation of the differential effects of 4E1RCat on cap- and
IRES-mediated translation, respectively.

The cells were then fixed and processed for immunofluores-
cence staining.

Using Iron Response Element (IRE) to Control DIAPH1
mRNA Translation and Localization

IRE is a structured RNA motif found in the 5'-UTR of mRNA
encoded for proteins involved in iron metabolism [46;47]. At low
iron concentration, an IRE binding protein binds to the IRE,
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which blocks translation. At higher iron concentration the IRE
binding protein dissociates from the IRE and translation starts. By
inserting the IRE into other mRNAs and manipulating iron
concentration, translation has been controlled successfully in a
variety of cell types [43-45].

Probe Preparation and FISH

Nucleotides 62-1470 of chicken DIAPH1 (accession AB025226),
and 388642-388413 of LacS (accession CP002291.1) were cloned
into pGEM-T Easy plasmids (Promega). These plasmids were
linearized and transcribed in vitro in the presence of DIG-labelled
dUTP for RNA probes using a Maxiscript transcription kit
(Ambion, Austin, TX). Corresponding sense probes were also
prepared similarly and used for specificity control tests. FISH with
TSA was used to detect mRNA in the cells as previously described
[15]. Briefly, RNA probes were hybridized to the fixed and
permeabilized cells overnight at 60°C and then washed extensive-
ly. Sheep anti-DIG antibody (peroxidase-conjugated) was used and
the fluorescence signal was amplified with TSA (using tetra-
methylrhodamine-tyramide or fluorescein-tyramide).

Microscopic Image Acquisition, Data Analysis and
Statistics

Fluorescence images were acquired using an Olympus micro-
scope BX61 with an UPlanApo 40x oil objective (NA 1.0), a
cooled CCD camera (SensiCam from Cooke) and IPLab software
(version 3.6.5, Scanalytics Inc. Fairfax, VA). Images were acquired
using identical parameters and quantified for fluorescence per cell.
Additional image processing was performed using Adobe Photo-
shop (version 7.0, Adobe Systems, Mountain View, CA) and
Image] (version 1.43u, NIH). Statistical analysis was performed
using the Student’s t-test for two samples with normal data
distribution. For data with unequal distribution, Kruskal-Wallis
test was used. Two samples with a P value <0.05 are regarded as
significantly different.

Quantification of mRNA Localization

DIAPHI mRNA localization was scored as described previously
[15]. Briefly, cells were scored visually with sample identity
concealed (single blind). A cell with =80% of the total mRNA
signal in the perinuclear region was scored as perinuclearly
localized otherwise will be scored as not perinuclearly localized.
About 300-500 cells for each condition from three independent
experiments were scored.

Quantification of Intracellular Protein Distribution

A new method for quantifying protein distribution between the
perinuclear region and the cell periphery in the cytoplasm has
been developed in our laboratory and used for the analysis of
DIAPHI protein distribution in this study. Cells transfected with
the D-I-M or M-I-D construct were fixed and processed for IF to
detect mCherry and HA-tagged DIAPH]1 protein (note that under
these conditions, mCherry keeps its fluorescence). Fluorescence
images were acquired as described above. Because the protein
signal is more diffuse than the punctate mRNA signal therefore it
is difficult to score localization visually, we developed a computer
script (within the IPlab software package) to objectively quantify
protein distribution in the cell. Since the protein examined
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produce a relatively diffuse signal in the cell, if directly measured
this can lead to a quantification artifact due to the volume-effect,
as the perinuclear region of a cell is generally thicker than the cell
periphery. To correct such cell volume effect, we first calculated
the fluorescence signal ratio of DIAPH1-HA versus mCherry pixel
by pixel from the original images and generated ratio images as
corrected DIAPH1 protein signal. These images were then
analyzed with a custom written computer script (Zone quant) for
the relative distribution of DIAPHI protein in each cell. The
working principle and major steps of the script are as follows: 1)
Dividing the cytoplasmic area of each cell into 15 equal area zones
according to their relative distance to the nucleus border (see Fig. 5
for a simplified illustration which is with 5 zones). This was
achieved by first obtaining the total cell area and the nuclear area
using separate segments. The cytoplasmic area was derived from
subtracting the nuclear area from the total cell area and was
divided by 15 into fifteen equal area zones. At this point, the area
of each zone was known but the location of each zone was not
determined. 2) Creating and defining zones. This started from the
border of the nucleus. A “dilate” function was used to add one
pixel layer around the nuclear border which was defined by a
segment. These dilation steps were repeated until the area of this
segment was equal to the area of pre-defined for one zone in the
cell. To prevent dilation from occurring beyond the cell border,
during the dilation, if a dilating pixel met a ROI pixel which was
used to define the cell border, the dilation of this pixel would be
abolished while the dilation of other pixels continued. This created
the first zone and the DIAPHI protein signal in this zone was
quantified and saved to a database table. The dilation would be
then resumed by adding pixels to the outer edge of the previous
zone until the area of this new zone was equal to the pre-
determined zone area and DIAPH1 protein signal in this new zone
was quantified. By reiterating the above processes, the DIAPH]1
protein signals in the 15 zones were quantified. 3) Scatter plot
graph for curve-fitting and generation of Intracellular Distribution
Index (IDI). To minimize the impacts of differences in protein
expression level, cell size and shape among the cells in a
population on the results, the value of DIAPHI1 protein signal in
cach zone was divided by the mean of the total 15 zones to
generate a series of ratio values for each cell. The resulting ratio
data from each cell were plotted as scatter plot graph using Sigma
Plot (version 10.0, Systat Software Inc. San Jose, California) and
curve-fitted with linear regression. The value of slope was used as
IDI. If an IDI=0, it suggests that the protein is uniformly
distributed in the cells. If an IDI >0, it means that there is an
ascending gradient from the nucleus to the cell periphery while
IDI <0 indicates a descending gradient from the nucleus to the
cell periphery.

Acknowledgments

We thank Dr. Andrew Aplin for the pRL plasmid, Dr. Stefan Kindler for
the pNE plasmid, Dr. Ceshi Chen for the pRSET-B mCherry. Dr.
Kenneth Norman for proof reading of the manuscript.

Author Contributions

Conceived and designed the experiments: GL GNL. Performed the
experiments: GL GNL. Analyzed the data: GL. GNL. Wrote the paper: GL
GNL.

2. Ikonen E, Simons K (1998) Protein and lipid sorting from the trans-Golgi
network to the plasma membrane in polarized cells. Semin Cell Dev Biol 9: 503~
509.

June 2013 | Volume 8 | Issue 6 | e68190



20.

21.

22.

26.

27.

28.

30.

31.

. Mostov KE, Verges M, Altschuler Y (2000) Membrane traffic in polarized

epithelial cells. Curr Opin Cell Biol 12: 483-490.

. Paknikar KM (2007) Landmark discoveries in intracellular transport and

secretion. J Cell Mol Med 11: 393-397.

. Benham AM (2012) Protein secretion and the endoplasmic reticulum. Cold

Spring Harb Perspect Biol 4: a012872.
St Johnston D (2005) Moving messages: the intracellular localization of mRNAs.
Nat Rev Mol Cell Biol 6: 363-375.

. Lecuyer E, Yoshida H, Parthasarathy N, Alm C, Babak T, et al. (2007) Global

analysis of mRNA localization reveals a prominent role in organizing cellular
architecture and function. Cell 131: 174-187.

. Holt CE, Bullock SL (2009) Subcellular mRNA localization in animal cells and

why it matters. Science 326: 1212-1216.

. Meignin C, Davis I (2010) Transmitting the message: intracellular mRNA

localization. Curr Opin Cell Biol 22: 112-119.

. Oleynikov Y, Singer RH (1998) RNA localization: different zipcodes, same

postman? Trends Cell Biol 8: 381-383.

. Du TG, Schmid M, Jansen RP (2007) Why cells move messages: the biological

functions of mRNA localization. Semin Cell Dev Biol 18: 171-177.
Stephens SB, Nicchitta C'V (2008) Divergent Regulation of Protein Synthesis in
the Cytosol and Endoplasmic Reticulum Compartments of Mammalian Cells.

Mol Biol Cell 19: 623-632.

. Yanagitani K, Kimata Y, Kadokura H, Kohno K (2011) Translational pausing

ensures membrane targeting and cytoplasmic splicing of XBP1lu mRNA. Science
331: 586-589.

. Liao G, Liu G (2011) Why and how does Dial mRNA localize? Commun Integr

Biol 4: 560-562.

. Liao G, Ma X, Liu G (2011) An RNA-zipcode-independent mechanism that

localizes Dial mRNA to the perinuclear ER through interactions between Dial

nascent peptide and Rho-GTP. J Cell Sci 124: 589-599.

. Walter P, Blobel G (1981) Translocation of proteins across the endoplasmic

reticulum. II. Signal recognition protein (SRP) mediates the selective binding to
microsomal membranes of in-vitro-assembled polysomes synthesizing secretory
protein. J Cell Biol 91: 551-556.

. Blobel G, Dobberstein B (1975) Transfer to proteins across membranes. II.

Reconstitution of functional rough microsomes from heterologous components.

J Cell Biol 67: 852-862.

. Blobel G, Dobberstein B (1975) Transfer of proteins across membranes. I.

Presence of proteolytically processed and unprocessed nascent immunoglobulin
light chains on membrane-bound ribosomes of murine myeloma. J Cell Biol 67:

835-851.

. Pruyne D, Evangelista M, Yang C, Bi E, Zigmond S, et al. (2002) Role of

formins in actin assembly: nucleation and barbed-end association. Science 297:
612-615.

Zigmond SH (2004) Formin-induced nucleation of actin filaments. Curr Opin
Cell Biol 16: 99-105.

Higgs HN (2005) Formin proteins: a domain-based approach. Trends Biochem
Sci 30: 342-353.

Schonichen A, Geyer M (2010) Fifteen formins for an actin filament: a molecular
view on the regulation of human formins. Biochim Biophys Acta 1803: 152-163.

. Wen Y, Eng CH, Schmoranzer J, Cabrera-Poch N, Morris EJ, et al. (2004) EB1

and APC bind to mDia to stabilize microtubules downstream of Rho and
promote cell migration. Nat Cell Biol 6: 820-830.

. Bartolini F, Moseley JB, Schmoranzer J, Cassimeris L, Goode BL, et al. (2008)

The formin mDia2 stabilizes microtubules independently of its actin nucleation
activity. J Cell Biol 181: 523-536.

. Bartolini F, Gundersen GG (2010) Formins and microtubules. Biochim Biophys

Acta 1803: 164-173.

Chesarone MA, DuPage AG, Goode BL (2010) Unleashing formins to remodel
the actin and microtubule cytoskeletons. Nat Rev Mol Cell Biol 11: 62-74.
Narumiya S, Tanji M, Ishizaki T (2009) Rho signaling, ROCK and mDial, in
transformation, metastasis and invasion. Cancer Metastasis Rev 28: 65—76.
Goulimari P, Kitzing TM, Knieling H, Brandt DT, Offermanns S, et al. (2005)
Galphal2/13 is essential for directed cell migration and localized Rho-Dial
function. J Biol Chem 280: 42242-42251.

Sakata D, Taniguchi H, Yasuda S, Adachi-Morishima A, Hamazaki Y, et al.
(2007) Impaired T lymphocyte trafficking in mice deficient in an actin-
nucleating protein, mDial. J Exp Med 204: 2031-2038.

Eisenmann KM, West RA, Hildebrand D, Kitchen SM, Peng J, et al. (2007) T
cell responses in mammalian diaphanous-related formin mDial knock-out mice.
J Biol Chem 282: 25152-25158.

Peng J, Kitchen SM, West RA, Sigler R, Eisenmann KM, et al. (2007)
Myeloproliferative defects following targeting of the Drfl gene encoding the
mammalian diaphanous related formin mDial. Cancer Res 67: 7565-7571.

PLOS ONE | www.plosone.org

10

32.

33.

34.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

56.

57.

58.

59.

60.

61.

DIAPHT mRNA Localization Needs Prompt Translation

Tanizaki H, Egawa G, Inaba K, Honda T, Nakajima S, et al. (2010) Rho-mDial
pathway is required for adhesion, migration, and T-cell stimulation in dendritic
cells. Blood 116: 5875-5884.

Toure F, Fritz G, Li Q, Rai V, Daffu G, et al. (2012) Formin mDial mediates
vascular remodeling via integration of oxidative and signal transduction
pathways. Circ Res 110: 1279-1293.

Sonenberg N, Hinnebusch AG (2009) Regulation of translation initiation in
eukaryotes: mechanisms and biological targets. Cell 136: 731-745.

. Komar AA, Hatzoglou M (2011) Cellular IRES-mediated translation: the war of

ITAFs in pathophysiological states. Cell Cycle 10: 229-240.

. Pelletier J, Sonenberg N (1988) Internal initiation of translation of eukaryotic

mRNA directed by a sequence derived from poliovirus RNA. Nature 334: 320~
325.

. Balvay L, Soto Rifo R, Ricci EP, Decimo D, Ohlmann T (2009) Structural and

functional diversity of viral IRESes. Biochim Biophys Acta 1789: 542-557.
Cencic R, Hall DR, Robert F, Du Y, Min J, et al. (2011) Reversing
chemoresistance by small molecule inhibition of the translation initiation
complex elF4F. Proc Natl Acad Sci U S A 108: 1046-1051.

Joklik WK, Becker Y (1965) Studies on the genesis of polyribosomes. I. Origin
and significance of the subribosomal particles. ] Mol Biol 13: 496-510.
Yarmolinsky MB, Haba GL (1959) Inhibition By Puromycin Of Amino Acid
Incorporation Into Protein. Proc Natl Acad Sci U S A 45: 1721-1729.
Sundell CL, Singer RH (1990) Actin mRNA localizes in the absence of protein
synthesis. J Cell Biol 111: 2397-2403.

Mingle LA, Okuhama NN, Shi J, Singer RH, Condeeclis J, et al. (2005)
Localization of all seven messenger RNAs for the actin-polymerization nucleator
Arp2/3 complex in the protrusions of fibroblasts. J Cell Sci 118: 2425-2433.
Paraskeva E, Gray NK, Schlager B, Wehr K, Hentze MW (1999) Ribosomal
pausing and scanning arrest as mechanisms of translational regulation from cap-
distal iron-responsive elements. Mol Cell Biol 19: 807-816.

De Gregorio E, Preiss T, Hentze MW (1999) Translation driven by an eIF4G
core domain in vivo. Embo J 18: 4865-4874.

. Macchi P, Hemraj I, Goetze B, Grunewald B, Mallardo M, et al. (2003) A GFP-

based system to uncouple mRNA transport from translation in a single living
neuron. Mol Biol Cell 14: 1570-1582.

Hentze MW, Caughman SW, Rouault TA, Barriocanal JG, Dancis A, et al.
(1987) Identification of the iron-responsive element for the translational
regulation of human ferritin mRNA. Science 238: 1570-1573.

Hentze MW, Kuhn LC (1996) Molecular control of vertebrate iron metabolism:
mRNA-based regulatory circuits operated by iron, nitric oxide, and oxidative
stress. Proc Natl Acad Sci U S A 93: 8175-8182.

Cheng H, Dufu K, Lee CS, Hsu JL, Dias A, et al. (2006) Human mRNA export
machinery recruited to the 5" end of mRNA. Cell 127: 1389-1400.

Daneholt B (1997) A look at messenger RNP moving through the nuclear pore.
Cell 88: 585-588.

. Liao G, Simone B, Liu G (2011) Mis-localization of Arp2 mRNA impairs

persistence of directional cell migration. Exp Cell Res 317: 812-822.

. Moore MJ (2005) From birth to death: the complex lives of eukaryotic mRNAs.

Science 309: 1514-1518.

. Cai L, Friedman N, Xie XS (2006) Stochastic protein expression in individual

cells at the single molecule level. Nature 440: 358-362.

. Larson DR, Singer RH, Zenklusen D (2009) A single molecule view of gene

expression. Trends Cell Biol 19: 630-637.

. Chubb JR, Liverpool TB (2010) Bursts and pulses: insights from single cell

studies into transcriptional mechanisms. Curr Opin Genet Dev 20: 478-484.

. Lionnet T, Singer RH (2012) Transcription goes digital. EMBO Rep 13: 313~

321.

Sundell CL, Singer RH (1991) Requirement of microfilaments in sorting of actin
messenger RNA. Science 253: 1275-1277.

Bertrand E, Chartrand P, Schaefer M, Shenoy SM, Singer RH, et al. (1998)
Localization of ASHI mRNA particles in living yeast. Mol Cell 2: 437-445.
Huttelmaier S, Zenklusen D, Lederer M, Dictenberg J, Lorenz M, et al. (2005)
Spatial regulation of beta-actin translation by Src-dependent phosphorylation of
ZBP1. Nature 438: 512-515.

Lawrence JB, Singer RH (1986) Intracellular localization of messenger RNAs for
cytoskeletal proteins. Cell 45: 407—415.

Latham VM, Yu EH, Tullio AN, Adelstein RS, Singer RH (2001) A Rho-
dependent signaling pathway operating through myosin localizes beta-actin
mRNA in fibroblasts. Curr Biol 11: 1010-1016.

Dieterich DC, Link AJ, Graumann J, Tirrell DA, Schuman EM (2006) Selective
identification of newly synthesized proteins in mammalian cells using
bioorthogonal noncanonical amino acid tagging (BONCAT). Proc Natl Acad
Sci U S A 103: 9482-9487.

June 2013 | Volume 8 | Issue 6 | e68190



