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Quantifying mRNA targeting to P-bodies in living human cells
reveals their dual role in mRNA decay and storage
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Yaron Shav-Tal*

ABSTRACT

The 5'-to-3' mRNA degradation machinery localizes to cytoplasmic
processing bodies (P-bodies), which are non-membranous
structures found in all eukaryotes. Although P-body function has
been intensively studied in yeast, less is known about their role in
mammalian cells, such as whether P-body enzymes are actively
engaged in mRNA degradation or whether P-bodies serve as
mRNA storage depots, particularly during cellular stress. We
examined the fate of mammalian mRNAs in P-bodies during
translational stress, and show that mRNAs accumulate within P-
bodies during amino acid starvation. The 5’ and 3’ ends of the
transcripts residing in P-bodies could be identified, but poly(A) tails
were not detected. Using the MS2 mRNA-tagging system for mRNA
visualization in living cells, we found that a stationary mRNA
population formed in P-bodies during translational stress, which
cleared gradually after the stress was relieved. Dcp2-knockdown
experiments showed that there is constant degradation of part of the
P-body-associated mRNA population. This analysis demonstrates
the dual role of P-bodies as decay sites and storage areas under
regular and stress conditions.
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INTRODUCTION

Processing bodies (P-bodies) are cytoplasmic foci found in all
eukaryotic cells (Eulalio et al., 2007a; Kedersha and Anderson,
2009; Kulkarni et al., 2010; Decker and Parker, 2012). Many
protein factors localize to P-bodies, including components of the
5'-to-3" general degradation machinery, mRNA surveillance
pathways and microRNA (miRNA)-associated gene silencing
factors. Deadenylation-dependent mRNA decay is the major
pathway in mammalian cells. It begins with the shortening of the
3’ poly(A) tail by the Pan2—Pan3 and Ccr4—Notl complexes and
poly(A)-specific ribonuclease (PARN) followed by 3'-to-5" or 5'-
to-3" decay. The exosome is responsible for 3'-to-5' degradation,
whereas 5'-to-3’ degradation involves other factors, including the
Dcp2 decapping enzyme, which is part of the decapping complex.
This complex contains proteins, such as Dhhl and Edc3, that
enhance decapping and specifically interact with Dcpl, another
major P-body component. The protein Hedls is required for
bridging the interaction between Dcpl and Dcp2 in higher
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eukaryotes and might promote the formation of the decapping
complex (Fenger-Gron et al., 2005; Bail and Kiledjian, 2006;
Simon et al., 2006). The decapping complex is recruited by
Lsm1-Lsm7, and then the removal of the cap structure occurs,
which irreversibly marks the mRNA for degradation. The mRNA
transcript is then susceptible to digestion by the Xrnl
exonuclease, yet another P-body resident (Parker and Song,
2004).

Electron microscopy studies of P-body structure in HeLa cells
have shown 5-10 non-membranous cytoplasmic foci ranging
from 150 to 350 nm in size (Yang et al., 2004; Cougot et al.,
2012), which appear to comprise clusters of electron-dense
strands of 8-10 nm in diameter (Yang et al., 2004). Various
studies have shown that the number and size of P-bodies can vary
depending on the organism, tissue, cellular phase or stress
conditions. P-bodies have been identified in lower and higher
eukaryotes (Ingelfinger et al., 2002; van Dijk et al., 2002; Sheth
and Parker, 2003; Cougot et al., 2004) and observations in yeast
and mammalian cells have shown that P-body numbers depend on
cellular conditions, such as osmotic stress, UV light or glucose
deprivation. For instance, in the latter case, both yeast and
mammalian P-bodies increase in size and number (Teixeira et al.,
2005; Takahashi et al., 2011; Iwaki and Izawa, 2012). P-body
numbers and size also change as a result of the levels of free
cytoplasmic mRNA (Teixeira et al., 2005; Aizer et al., 2008).
Many of the above conditions also affect the translational status
of the cell. Moreover in yeast, nRNAs undergoing translation are
excluded from P-bodies, whereas non-translating mRNAs can
assemble into P-bodies. This has led to the suggestion that P-body
numbers are directly influenced by translation rates (Teixeira
et al., 2005).

Although much has been revealed about the protein composition
of P-bodies, less is known regarding the localization and fate of
mRNAs inside mammalian P-bodies (Lykke-Andersen, 2002;
Bhattacharyya et al., 2006; Cougot et al., 2012). It has been
demonstrated that non-degradable mRNAs accumulate in yeast P-
bodies, and massively amassed in strains with downregulated Xrn1
or decapping activity, thus initially implicating these structures as
participating in mRNA decay (Sheth and Parker, 2003). Decapping
has been suggested to take place inside P-bodies because the
decapping proteins are enriched within P-bodies, but direct
evidence of decay in mammalian P-bodies is lacking (Izaurralde,
2009). By contrast, there is evidence from yeast that P-bodies are
not only sites of mRNA decay, but can also be involved in the
storage of translationally silent mRNAs that are capable of re-
entering the translation machinery in response to altered cellular
conditions (Brengues et al., 2005; Teixeira et al., 2005; Bhattacharyya
et al., 2006; Parker and Sheth, 2007; Lavut and Raveh, 2012).
Additionally, it has been found that P-body structures disassemble
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when RNA interference (RNAIi) activity was downregulated in
mammalian cells by blocking small interfering RNA (siRNA) or
miRNA biogenesis pathways. However, mRNA decay activities
continued in the cells even when no P-body structures were
observed (Pauley et al., 2006; Eulalio et al., 2007b).

The aim of this study was to examine the dynamics of specific
mRNAs inside mammalian P-bodies. Under normal cellular
conditions, mRNA is not readily detectable in P-bodies. We
found that amino acid starvation, which leads to translational
stress (Harding et al., 2000; Kimball, 2002), induces mRNA
accumulation in P-bodies. We thus could study the fate of
mRNAs localizing to P-bodies during translational stress and
following release from stress. In order to examine mRNA
dynamics within P-bodies in living cells, we used the MS2 system
that allows visualization of mRNA transcripts. Using three
different gene expression systems (Ben-Ari et al., 2010; Mor
etal., 2010; Brody et al., 2011) we followed, for the first time, the
internal dynamics of mRNA localization in P-bodies, and are able
to present a dynamic picture of transcript accumulation in P-
bodies under translational stress conditions, showing that P-
bodies act as both mRNA decay sites and storage sites.

RESULTS

Amino acid starvation leads to mRNA-dependent P-body
assembly

In order to study the fate of mammalian mRNAs in P-bodies, we
searched for a treatment that would enhance mRNA accumulation
in P-bodies. In yeast, it has been demonstrated that various
nutritional stresses lead to mRNA targeting to P-bodies, such as
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glucose depletion (Teixeira et al., 2005; Takahashi et al., 2011),
osmotic stress, UV light (Teixeira et al., 2005) and acidic stress
(Iwaki and Izawa, 2012). mRNA has been shown to enter P-
bodies during translational shutoff, for either decay or for storage
(Sheth and Parker, 2003; Brengues et al., 2005). We found that
applying amino acid translational stress to mammalian cells by
amino acid starvation induced the formation of P-bodies, as well
as mRNA localization within them. The following experiments
describe the characterization of the experimental system.

Amino acid starvation was achieved by use of EBSS medium
lacking amino acids but containing glucose. After incubation of
human osteosarcoma U20S cells in EBSS medium, P-body
numbers significantly increased. Endogenous P-bodies were
labeled with the Hedls P-body marker and numbers were found
to be elevated from an average of 5*3 P-bodies/cell to 9£6
P-bodies/cells after 1 h in EBSS, and to 14+5 P-bodies/cell after
6 h (mean=*s.d.) (Fig. 1A,B). Similar results were obtained in
human colon carcinoma RKO cells and mouse embryonic
fibroblasts (MEFs) (Fig. 1B). The enhancement in P-body
numbers was not due to changes in the expression levels of
Dcpla and Dcp2 P-bodies protein as seen by western blotting
(Fig. 1C; supplementary material Fig. S1A), indicating that
increased P-body assembly was occurring from the free
cytoplasmic pool of P-body proteins. Likewise, the negative
effect of amino acid starvation on translation was observed with a
doxycycline-induced protein in a Tet-On expression system
(Brody et al., 2011) that will be further used for quantifying
mRNA in P-bodies. The induced protein consists of a [3-globin-
coding region fused to a CFP protein with a peroxisomal targeting

D

EBSS 1h  4h
Depla(~70 kD) s &

Dep2 == — —

Dox - + +
EBSS - + -

B-globin-CFP — =
Tub e e e

Con

TUD  — - s

” 9 B Untreated ® EBSS Overnight
o g
Q7
-l B
5
24 =
Es3 I
& ” 1R
1 ] | 1 |
0123456 7 8 91011121314 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
PBs per cell
Anti-Dcpla

e --

Fig. 1. Quantification and distribution of endogenous P-bodies during amino acid starvation. (A) Distribution of P-bodies (PBs) in U20S cells during
amino acid starvation (EBSS). Endogenous P-bodies were marked by anti-Hedls antibody (red); Hoechst DNA counter stain marks the nucleus (blue). (B) Count
of endogenous P-bodies in U20S, RKO and MEF cells during EBSS treatment (n=50 cells per time point, mean=s.d.). The right-most columns show counts of
endogenous P-bodies in EBSS-treated cells in the presence of cycloheximide (CHX) (n=50 cells; mean=s.d.)*P<0.05, **P<0.01, ***P<0.005. (C) Immunoblot
of the endogenous P-body markers, Dcp1a and Dcp2, during EBSS treatment for the indicated time. Con, control. (D) Cells containing a transcriptionally
inducible gene (B-globin—CFP) were induced with doxycycline (Dox) with or without amino acids, and induced protein levels were observed by western blotting.
(E) Distribution of P-body numbers per cell in untreated cells and after 24 h of EBSS starvation. (F) P-body formation (red) after amino acid starvation (EBSS) is
dependent on available mRNA, as seen by treatment with CHX. Control cells were treated for 6 h in EBSS. CHX-treated cells were incubated with EBSS for 2 h
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sequence (CFP—SKL). When transcription was induced by
doxycycline for 6 h followed by amino acid starvation for 6 h,
there was a reduction of 60% in the induced protein levels
compared to cells that were not subjected to amino acid starvation
(Fig. 1D), whereas mRNA levels did not change (supplementary
material Fig. S1B).

Cells were incubated overnight with EBSS in order to examine
the effects of prolonged incubation under amino acid starvation
conditions, and were found to be viable and to contain very high
numbers of P-bodies as compared to untreated cells (Fig. 1B,E).
Addition of serum to the EBSS medium did not reduce the number
of P-bodies, whereas the addition of essential amino acids reversed
the EBSS starvation effect (supplementary material Fig. S1C).
Finally, because amino acid starvation enhances LC3 formation, a
marker for autophagosomes (Ni et al., 2011), the possible
interaction between P-body formation and autophagosomes was
examined. Although we could confirm P-body formation and
accumulation of LC3-marked autophagosomes during amino acid
starvation and additional autophagosome-inducing treatments,
there was no spatial connection between the two structures
(supplementary material Fig. S2).

We next examined whether the increase in P-body assembly
during amino acid starvation required a pool of free cytoplasmic
mRNAs. We have previously demonstrated that inhibition of
translation elongation using cycloheximide, a treatment that
constrains mRNA to polysomes and thereby leads to reduction in
the free cytoplasmic mRNA pool, results in P-body disassembly
(Aizer et al., 2008). Fig. 1B,F shows that EBSS amino acid
starvation (2 h) followed by cycloheximide plus EBSS treatment
(4 h) resulted in complete P-body disassembly and in the
dispersal of P-body protein components in the cytoplasm.
Given that under these conditions, EBSS treatment did not lead
to P-body assembly, we suggest that P-body formation during
amino acid starvation requires an available pool of free mRNA.

mRNAs localize to P-bodies during amino acid starvation

In order to examine the fate of mRNAs and P-bodies during
amino acid starvation, we utilized three different gene systems
producing specific mRNAs that can be fluorescently tagged in
living cells. mRNA tagging is achieved by the presence of
multiple MS2 sequence repeats that form repeated stem-loop
structures in the 3’ untranslated region (UTR) of the studied
mRNA. The MS2 stem-loops are then coated by the MS2 coat
protein fused to YFP (YFP-MS?2), thereby providing pronounced
staining of the mRNAs (Bertrand et al., 1998; Fusco et al., 2003)
(Fig. 2A). We are using a YFP-MS2 protein that contains a
nuclear localization signal (NLS) and a nuclear export signal
(NES), such that it is distributed equally and with low background
in the nucleus and the cytoplasm (Mor et al., 2010). The three
types of genes used herein were stably integrated in U20S cells
and were under inducible promoter transcriptional control.

The first cell system expressed a Cerulean-mini-dystrophin
gene (Mor et al., 2010) (Fig. 2B). The cells were transiently co-
transfected with the YFP-MS2 coat protein to label the mRNAs
transcribed from this gene, and with RFP—Dcp1b for following P-
bodies in living cells (Aizer et al., 2008). Ponasterone A (PonA)
was added to the cells for transcriptional activation of the gene.
The YFP-MS2 label allows the observation of the active gene
locus in the nucleus, as well as the cellular mRNAs transcribed
from the gene. mRNA accumulation in P-bodies is infrequently
observed under normal conditions (supplementary material
Movie 1). However, when the cells were amino acid starved by

EBSS treatment for 4 h, YFP-MS2 labeled mRNAs were easily
detected in P-bodies (Fig. 2C; supplementary material Movies 2
and 3). The YFP-MS?2 signal observed in the P-bodies was not
due to non-specific accumulation of the free YFP-MS2 protein,
as verified in cells subjected to amino acid starvation for 4 h but
without PonA transcriptional activation (Fig. 2D; supplementary
material Movie 4).

To verify that mRNA was indeed found within P-bodies
independently of the YFP-MS?2 protein tag, we performed RNA
fluorescence in situ hybridization (FISH) using probes that target
different regions of the mRNA in combination with anti-Hedls
antibody immunofluorescence staining for P-body identification.
A Cy3-labeled probe targeting the 5'-end of the Cerulean-mini-
dystrophin transcript (the Cerulean region) and a Cy3-labeled
probe against the 3’-end of the mRNA (MS2 region) (Fig. 3A)
demonstrated the presence of the Cerulean-mini-dystrophin
mRNAs in P-bodies during amino acid starvation (Fig. 3B,E).

Accumulation of other types of mRNA transcripts in P-bodies
was also observed; Tet-inducible U20S cell lines expressing
either MS2-tagged CFP—f-actin transcripts (Fig. 3C-E; Ben-Ari
et al., 2010) or B-globin—CFP transcripts (Brody et al., 2011)
(supplementary material Fig. S3A) showed positive FISH signals
for the different regions of the transcripts using FISH probes after
doxycycline induction. These data, showing the 5" and 3’ regions
of the mRNAs within P-bodies, suggest that full-length mRNAs
accumulate in P-bodies during amino acid starvation. To examine
this further we performed RNA FISH with an oligo-d(T) probe
that hybridizes with the poly(A) tails of mRNAs. However, after
4 h of amino acid starvation we could not detect a poly(A) signal
within the P-bodies (supplementary material Fig. S3B), implying
that mRNAs accumulating in P-bodies during amino acid
starvation lacked the poly(A) tail. As a control, we show that in
uninduced cells (no doxycycline), no MS2 FISH signal is
observed in the cells (supplementary material Fig. S3C).

In order to assess the timing of the accumulation of mRNAs in
P-bodies within the cell population in conjunction with the
increase in P-body numbers during amino acid starvation, we
counted P-body numbers and the percentage of P-bodies
containing CFP—f-actin transcripts over time. In an untreated
cell population, 18% of the cells displayed mRNAs inside P-
bodies, as seen by RNA FISH (Fig. 3F, red line). There was a
significant and gradual increase over time from the beginning of
the translational stress, from 40% of cells harboring mRNAs
inside P-bodies at 4 h, to 68% of the population doing so after
16 h of amino acid starvation. A similar quantification with the
Cerulean-mini-dystrophin transcripts showed that after 16 h of
amino acid starvation, 53% of the cell population contained
mRNA in P-bodies (data not shown). This coincided with an
elevation in the number of P-bodies in the same cells (Fig. 3F,
gray bars). Taken together, this shows that although mRNAs are
detectable in P-bodies in only a small number of cells under
untreated conditions, after amino acid starvation the proportion of
cells with mRNA in P-bodies is highly elevated, in addition to
there being many more P-bodies per cell. The accumulation of
mRNA in P-bodies was also followed in living cells using the
CFP—B-actin-MS2 transcripts. Cells were transcriptionally
induced with doxycycline for 6-8 h and then incubated under
amino acid starvation conditions. Fig. 3G and supplementary
material Movie 5 show that there was an increase in P-body
numbers and in CFP—fB-actin-MS2 mRNAs in P-bodies after
several hours of stress. The initiation of mRNA accumulation in
P-bodies could already be detected after 1 h of treatment.
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Fig. 2. mRNAs accumulate in
P-bodies during amino acid
starvation. (A) Schematic representation
of the expected phenotype of YFP-MS2-
tagged mRNAs and RFP-Dcp1b-labeled
P-bodies (PBs) during gene induction
and after amino acid starvation (EBSS
medium). (B) Scheme showing the
structure of the Cerulean-mini-
dystrophin-MS2 mRNA and the region
detected by the YFP-MS2 protein tag
(yellow circles). (C) Frames from
supplementary material Movie 2 showing
an EBSS-treated cell expressing the
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Quantitative analysis of mRNA inside P-bodies

The number of mRNAs that can accumulate within P-bodies is
unknown, particularly because it is difficult to detect mRNAs in
P-bodies under normal conditions in mammalian cells (Fig. 3F).
We therefore performed a quantification experiment on cells
expressing the CFP—B-actin-MS2 transcripts and counted the
number of mRNAs present in P-bodies relative to the total CFP—
B-actin-MS2 mRNA in the cytoplasm, in untreated and in amino
acid starved cells.

The quantification procedure was based on a previously
described protocol for single mRNA analysis (Yunger et al.,
2010; Yunger et al., 2013). 3D volumes of cells expressing the
CFP—B-actin-MS2 gene that underwent RNA FISH with a probe
against the MS2 region, were acquired. The z-stacks were
deconvolved to provide high resolution detection of the cellular
mRNAs. The nuclear volume was imaged separately in the
Hoechst channel and subtracted from the analysis in order to
obtain cytoplasmic values. The fluorescence intensity of single
CFP—B-actin-MS2 mRNA molecules in the cytoplasm was
measured. It was obvious that the total fluorescence intensity of
the mRNAs within P-bodies was usually stronger than the single
mRNAs, and therefore the fluorescence value of a single
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red, Dcp1b). The arrow indicates
colocalization in the plotted area. The
arrowhead indicates the active
transcription site seen only with YFP—
MS2. (D) Frames from supplementary
material Movie 4 of an EBSS-treated
transcriptionally uninduced cell

200 expressing YFP-MS2 (without PonA
activation) and transfected with RFP—
Dcp1b. There is no colocalization
between the two channels. The arrow
indicates the plotted area.
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cytoplasmic mRNA was used to calculate the number of
mRNAs harbored in P-bodies.

In an untreated population of cells we identified cells
containing two to seven P-bodies per cell that had mRNA
signal within them. In comparison, overnight amino acid starved
cells had between 5 and 15 P-bodies per cell that contained
mRNAs. Fig. 4A (left) shows the quantification of an untreated
cell with five P-bodies that contain 0, 2 or 3 CFP—B-actin-MS2
mRNA transcripts. In comparison, Fig. 4A (right) shows
quantification in an amino acid starved cell containing 15 P-
bodies harboring from 0 to 10 B-actin-MS2 mRNA transcripts
each. A gradual enrichment of mRNAs within P-bodies was seen
from 6 h of amino acid starvation to overnight starvation. A
steady state of mRNA accumulation in P-bodies was seen after
overnight (Fig. 4B). The percentage of CFP—B-actin-MS2
mRNAs assembled in P-bodies, from the total of cytoplasmic
CFP—B-actin-MS2 mRNAs, is shown for untreated cells and the
two time points of amino acid starvation (Fig. 4C). In untreated
cells, the P-body-associated mRNAs ranged between 1 to 13% of
the total cytoplasmic CFP—fB-actin-MS2 mRNA. By contrast, in
amino acid starved cells this value ranged between 9 and 43%
(Fig. 4C). Supplementary material Fig. S3D shows a histogram
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Fig. 3. See next page for legend.

plot of the distribution of the number of mRNAs inside P-bodies P-body-associated mRNAs exhibit low exchange kinetics

in the cells. In summary, under stress conditions, up to 40% of the We next examined the internal dynamics of the P-bodies
total cytoplasmic CFP—-actin-MS2 transcripts translocated to P- components and the dynamics of the mRNAs localized in P-
bodies. bodies, and whether the mRNAs might be exchanging with the
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Fig. 3. mRNAs are observed in P-bodies during amino acid starvation.
(A) Scheme showing the structure of the Cerulean-mini-dystrophin-MS2
mRNA and the region detected by the CFP probe (Cerulean region, cyan
circles) and the MS2 probe (red circles). (B) Cells were transcriptionally
activated by PonA, and EBSS was added overnight. Top, RNA FISH signal of
the MS2 probe to the 3'UTR of the mRNA (red) and Hedls
immunofluorescence (cyan) for P-body detection. Bottom, RNA FISH signal of
the Cer probe to the 5’ region of the mRNA (cyan) and Hedls
immunofluorescence (green). Arrows in boxed areas indicate colocalization in
the areas plotted in E. (C) Scheme showing the structure of the
CFP—B-actin-MS2 mRNA and the region detected by the CFP probe (cyan
circles) and the MS2 probe (red circles). (D) Cells were transcriptionally
activated by doxycycline, and EBSS was added overnight. Top, RNA FISH
signal of the MS2 probe to the 3'UTR of the mRNA (red) and Hedls
immunofluorescence (cyan) for P-body detection. Bottom, RNA FISH signal of
the CFP probe to the 5’ region of the mRNA (cyan) and Hedls
immunofluorescence (green). Arrows in boxed areas indicate colocalization in
the areas plotted in E. Scale bars: 20 um. (E) Colocalization is plotted as
intensity versus distance according to the arrow numbers and channel
colors in B and D. (F) Left y-axis, count of the number of endogenous P-bodies
in EBSS-treated U20S cells (gray bars, n=51 cells for each time point;
mean=s.d.). Right y-axis, percentage of cells containing P-bodies with an
mRNA signal (by RNA FISH) during amino acid starvation and over time (red
line, n=50 cells). (G) Frames from supplementary material Movie 5 showing
the accumulation of MRNA in P-bodies in real-time, in cells expressing the
CFP-B-actin-MS2 mRNA (YFP-MS2, yellow) transfected with RFP-Dcp1b
(red). Insets at the bottom right show a magnification of the boxed areas.

cytoplasmic pool during amino acid starvation. To determine the
flux of protein or mRNA entering and possibly exiting P-bodies,
we performed fluorescence recovery after photobleaching
(FRAP) experiments on Dcpla and Dcp2 proteins, and on
CFP—B-actin-MS2 mRNAs tagged with YFP-MS2. Full recovery
of the YFP-MS2 signal would be indicative of exchange and
entry of new mRNAs into P-bodies, whereas partial recovery
would indicate that some of these mRNAs are residing in P-
bodies for some time.

FRAP of the Dcpla or Dcp2 proteins in P-bodies of untreated
cells and amino acid starved cells resulted in similar recovery
rates (Fig. 5A; statistical analysis in supplementary material Fig.
S4A-C), suggesting that association and dissociation rates of the
protein components were not changing upon stress, and that the
assembly of larger P-bodies might be due to the addition of the
mRNA component within them. Photobleaching of YFP-MS2-
tagged CFP—B-actin-MS2 mRNAs that localized in P-bodies
without treatment (cells were co-transfected with YFP—MS2 coat
protein and CFP-Dcplb; note that CFP—f-actin protein
accumulates very slowly and does not interfere with CFP—
Dcplb in P-bodies), showed incomplete YFP-MS2 recovery rates
with a substantial immobile mRNA fraction within the P-bodies
(~40%) (Fig. 5B,C). By contrast, after overnight amino acid
starvation YFP-MS2 recovery was even slower showing an
increase in the immobile mRNA fraction, meaning that 60% of
the P-body-associated mRNAs were not exchanging with the
cytosolic mRNA fraction (Fig. 5B,C; supplementary material
Fig. S4D and Movie 6). This trend of a stationary mRNA
population continued for more than 20 min of recovery (data not
shown). Supplementary material Fig. S4G shows similar slow
recovery rate results for the FRAP experiments with the
Cerulean-mini-dystrophin-MS2 mRNAs during a long amino
acid starvation. Taken together, this analysis suggests (1) that a
notable stationary or stored fraction of mRNAs localizing to P-
bodies is obtained under prolonged translational stress, and (2)
that a slow exchanging or stored mRNA population also exists
under unstressed conditions.
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mRNA clearance from P-bodies after stress

The mRNAs accumulated in P-bodies for a long period during
amino acid starvation. We next followed their fate after release
from the stress. Time-lapse imaging was performed on stressed
cells released from stress by the addition of amino acids into the
medium. Cells expressing Cerulean-mini-dystrophin-MS2 and
YFP-MS2-tagged mRNAs were transfected with RFP-Dcp1b for
the co-detection of P-bodies, and were incubated overnight with
EBSS medium. The Cerulean-mini-dystrophin-MS2 mRNAs
were detected in P-bodies after this treatment. Regular DMEM
medium and serum were then applied to the amino-acid-starved
cells, and cells were imaged for several hours. Fig. 6 and
supplementary material Movie 7 show that P-body numbers
declined after release from starvation, in conjunction with a
notable reduction in P-body-associated mRNAs. Most of the
mRNA signal in P-bodies had cleared by 40 min and was
completely gone by 100 min. These results were also observed in
the CFP—B-actin-MS2 cell line as (data not shown). Counting of
P-body numbers confirmed that the decrease after starvation
release was due to the addition of amino acids and not serum
(supplementary material Fig. S1C,D). These data could suggest
that the mRNAs localized within P-bodies during translational
stress are not immediately degraded but rather stored until cell
recovery. After release from stress it would seem likely that some
of the mRNAs are degraded because they lack poly(A) tails.

Some mRNAs localizing to P-bodies are removed by a Dcp2-
dependent decay pathway

In light of the above conclusions, we wished to detect a P-body-
associated mRNA population that is dependent on decay. Under
both untreated and EBSS-treated conditions, the incomplete
mRNA FRAP recovery curves meant that there is a population of
mRNAs in P-bodies that is not exchanging for many minutes, as
well as a population that is slowly exchanging. The latter could be
attributed to either a steady state of flux of mRNA in and out of
P-bodies (i.e. stored mRNAs), or could be due to degradation
activity within the P-body that makes room for the entry of new
mRNAs. To examine this issue we knocked down the levels of
the Dcp2 decapping protein. Unlike knockdown of many other
P-body components, Dcp2 knockdown does not lead to the
disassembly of P-bodies, and so we could continue to study the P-
body—mRNA association under these conditions. In addition, the
levels of Dcp2 in P-bodies are limited as it is a core component,
and has been found to be non-exchanging by FRAP experiments
(Fig. 5A; Aizer et al.,, 2008). Given that the slow exchange
dynamics of the mRNA might result from the long EBSS
treatment (Fig. 5B), we examined the kinetics of CFP—B-actin-
MS2 mRNAs in P-bodies after 4 h of EBSS treatment, because a
highly detectable accumulation of mRNAs in P-bodies was
already found at this time (Fig. 2E; Fig. 3F). Using siRNA
against Dcp2, we reduced Dep2 levels (Fig. 7A) and found that
mRNAs continued to accumulate in P-bodies under both normal
and amino acid starvation conditions (40% exchanging, 60%
retained; Fig. 7B,C). However, it can also be seen that once Dcp2
levels were reduced, the kinetics of the mRNA FRAP recovery
curves became significantly slower, reaching ~20% recovery
only (Fig. 7B,C and supplementary material Movie 8) compared
to use of a scrambled siRNA that did not affect the FRAP
recovery rates. This meant that a larger mRNA population
(~80%) was retained within the P-bodies when Dcp2 was
depleted. Indeed, qPCR measurements of the levels of CFP—f3-
actin-MS2 under actinomycin D treatment (thus preventing the
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