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In mammalian cells, mRNAs with AU-rich elements (AREs) are targeted for translational silencing and rapid
degradation. Here we present evidence that in human cells the proteins Tristetraprolin (TTP) and BRF-1
deliver ARE-mRNAs to processing bodies (PBs), cytoplasmic assemblies of mRNAs, and associated factors that
promote translational silencing and mRNA decay. First, depletion of endogenous TTP and BRF proteins, or
overexpression of dominant-negative mutant TTP proteins, impairs the localization of reporter ARE-mRNAs
in PBs. Second, TTP and BRF-1 localize tethered mRNAs to PBs. Third, TTP can nucleate PB formation on
untranslated mRNAs even when other mRNAs are trapped in polysomes by cycloheximide treatment.
ARE-mRNA localization in PBs is mediated by the TTP N- and C-terminal domains and occurs downstream
from mRNA polysome release, which in itself is not sufficient for mRNA PB localization. The accumulation
of ARE-mRNAs in PBs is strongly enhanced when the mRNA decay machinery is rendered limiting by mRNA
decay enzyme depletion or TTP/BRF-1 overexpression. Based on these observations, we propose that the PB
functions as a reservoir that sequesters ARE-mRNAs from polysomes, thereby silencing ARE-mRNA function
even when mRNA decay is delayed. This function of the PB can likely be extended to other mRNA silencing
pathways, such as those mediated by microRNAs, premature termination codons, and mRNA deadenylation.
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mRNA turnover plays a key role in the regulation of
gene expression. AU-rich elements (AREs) are found in
the 3’ untranslated region (UTR) of many human
mRNAs (ARE-mRNAs) that undergo translational si-
lencing and rapid turnover, a number of which encode
interleukins, cytokines, and proto-oncogenes (Chen and
Shyu 1995; Gueydan et al. 1999; Wilusz et al. 2001; Shim
and Karin 2002; Zhang et al. 2002; Mazan-Mamczarz et
al. 2006). AREs have been divided into different classes
(Classes I, II, and III), depending on the occurrence of the
sequence “AUUUA” (Chen and Shyu 1995). The ARE
sequences function as binding sites for trans-acting fac-
tors that regulate ARE-mRNA translation and stability
(Chen and Shyu 1995; Gueydan et al. 1999; Piecyk et al.
2000; Wilusz et al. 2001; Shim and Karin 2002; Zhang et
al. 2002; Lopez de Silanes et al. 2005; Mazan-Mamczarz
et al. 2006).

One of the best-characterized ARE-binding proteins is
Tristetraprolin (TTP). TTP belongs to a family of human
ARE-binding proteins that contains tandem CCCH zinc
finger RNA-binding domains required for interaction
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with the ARE (Lai et al. 2000; Blackshear 2002). The
other members of the TTP family are BRF-1 (also called
hsERF1/ZFP36L1/TIS11b) and BRF-2 (also called
hsERF2/ZFP36L2/TIS11d) (Lai et al. 2000; Stoecklin et
al. 2002). TTP has been shown to destabilize a number of
Class II (containing overlapping AUUUA-repeats) ARE-
containing mRNAs, including those that encode Tumor
Necrosis Factor a (TNF-a), Granulocyte Macrophage-
Colony-Stimulating Factor (GM-CSF), and Interleukin-3
(IL-3) proteins (Lai et al. 1999; Carballo et al. 2000;
Stoecklin et al. 2000; Lai et al. 2006). The TTP paralogs
BRF-1 and BRF-2 are less studied, but affect ARE-mRNA
stability in a manner similar to TTP when overexpressed
or depleted (Lai et al. 2000; Stoecklin et al. 2002). How-
ever, whereas TTP is primarily expressed in lympho-
cytes (Carballo et al. 1998), BRF-1 and BRF-2 appear to be
expressed in a wider range of tissues (Ramos et al. 2004,
Stumpo et al. 2004). The mechanism by which TTP and
BRF proteins destabilize ARE-mRNAs is not well under-
stood. However, TTP and BRF-1 can target a tethered
non-ARE reporter mRNA for rapid decay (Lykke-
Andersen and Wagner 2005). In addition, TTP and BRF-1
interact with a number of mRNA decay enzymes respon-
sible for deadenylation, decapping, and exonucleolytic
decay, as well as with the endonuclease Ago2, which is
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involved in RNA interference (RNAi) (Chen et al. 2001;
Jing et al. 2005; Lykke-Andersen and Wagner 2005).
Thus, TTP and BRF-1 appear to activate decay of ARE-
mRNAs by recruiting mRNA decay enzymes. Other
ARE-binding proteins that influence ARE-mediated
mRNA decay have been identified and include K homol-
ogy Splicing Regulatory Protein (KSRP), hnRNP D/AUF-
1, and HuR (DeMaria and Brewer 1996; Fan and Steitz
1998; Peng et al. 1998; Xu et al. 2001; Gherzi et al. 2004;
Chou et al. 2006). However, it is not known how the
different ARE-binding proteins cooperate to regulate the
turnover of ARE-mRNAs in the cell.

A recent exciting observation is that a number of pro-
teins involved in translational silencing and mRNA de-
cay concentrate in discrete cytoplasmic foci called pro-
cessing bodies (PBs; also called GW or Dcp bodies) (for
review, see Anderson and Kedersha 2006). These pro-
teins include the decapping enzyme Dcp2, the 5'-to-3’
exonuclease Xrnl, and factors that stimulate decapping
or inhibit general translation, as well as factors involved
in microRNA (miRNA)- and small interfering RNA
(siRNA)-mediated mRNA silencing (Ingelfinger et al.
2002; van Dijk et al. 2002; Eystathioy et al. 2003; Andrei
et al. 2005; Ding et al. 2005; Fenger-Gron et al. 2005;
Ferraiuolo et al. 2005; Fillman and Lykke-Andersen
2005; Liu et al. 2005b; Pillai et al. 2005; Sen and Blau
2005). PBs are highly dynamic structures, as evidenced
by the ability of proteins and mRNAs to rapidly cycle in
and out of PBs (Kedersha et al. 2005). Moreover, transla-
tional inhibitors that trap mRNA in polysomes cause the
rapid disappearance of PBs, whereas inhibitors that trig-
ger polysome disassociation cause enlarged PBs (Cougot
et al. 2004; Brengues et al. 2005; Teixeira et al. 2005).
This suggests that PBs only form in the presence of avail-
able mRNA substrates and mRNAs exist in PBs to the
exclusion of polysomes. In addition, the observation that
mRNA decay intermediates can be detected in PBs sug-
gests that mRNA decay can take place in the PB (Sheth
and Parker 2003; Cougot et al. 2004). However, it re-
mains unclear under which conditions mRNAs are se-
questered in PBs and what delivers them there.

Here we present several lines of evidence that TTP and
BRF-1 proteins deliver ARE-mRNAs in PBs. This is
strongly enhanced when the availability of mRNA decay
enzymes is limiting, suggesting that TTP and BRF pro-
teins sequester ARE-mRNAs in PBs when mRNA decay
is inefficient. Based on these observations, we propose a
model for PB function in which PBs act to sequester
ARE-mRNAs, as well as other PB-associated mRNAs,
away from polysomes when the cellular mRNA decay
machinery is limiting, thus silencing mRNA function
even when mRNA degradation is slow.

Results

ARE-mRNAs are observed in PBs

As a first step to test whether a link exists between PBs
and the silencing of ARE-mRNAs, we asked whether
ARE-mRNAs can be detected in PBs. B-globin reporter
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mRNAs that contain the AREs from the 3’ UTRs of GM-
CSF (B-GMCSF) or TNF-a (3-TNF-a) mRNAs were ex-
pressed in HeLa cells and subjected to in situ hybridiza-
tion. These AREs were chosen because they are both
well-defined targets of TTP (Taylor et al. 1996; Carballo
et al. 2000), and TTP has been observed previously in PBs
at low levels (Kedersha et al. 2005). Transcription of the
reporter mRNAs is controlled by a tetracycline regula-
tory promoter, which is activated by a tetracycline-re-
pressible activator protein when tetracycline is absent
(see Materials and Methods). hDcpla fused to green fluo-
rescent protein (GFP) served as a PB marker. The in situ
hybridization assays in Figure 1 show that both the
B-GMCSF (panel 5) and B-TNF-«a (panel 8) ARE-mRNAs
concentrate in PBs (observed in 75% and 64% of cells,
respectively), while B-globin mRNA that contains no
ARE does not (B-wt; 0% of cells observed) (panel 2). We

A
GFP-hDcp1a

B-wt

B-GMCSF

B-GMCSF mRNA

Figure 1. ARE-mRNAs are observed in PBs. (A) In situ hybrid-
ization assays showing localization in HeLa cells of exog-
enously expressed wild-type B-globin mRNA (B-wt mRNA;
panel 2), or B-globin mRNAs containing AREs from GM-CSF
(B-GMCSF,; panel 5) or TNF-a (3-TNF-q; panel 8) mRNAs. (Pan-
els 1,4,7) PBs were visualized using GFP-hDcpla. Images are
merged in panels 3, 6, and 9 (GFP-hDcpla, green; B-globin
mRNAs, red). An enlarged cell section (representing the area in
the dotted square) is shown in the top Ieft corner for each image.
The percentage of cells with reporter mRNAs in PBs is dis-
played for each experiment with the total number of cells
counted indicated in parentheses. Note that the plasmid ex-
pressing B-GMCSF mRNA also expressed (unfused) GFP, thus
some nuclear GFP staining is observed in panels 4 and 6, as well
as in experiments using the same plasmid below. (B) In situ
hybridization assay showing localization of the B-GMCSF
mRNA in the absence of GFP-hDcpla.



observed that exogenously expressed GFP-hDcpla, as
well as other tested PB factors, affect PB dynamics
(Fenger-Gron et al. 2005; data not shown). However, the
ARE-mRNAs also localize to foci when GFP-hDcpla is
not coexpressed (Fig. 1B), excluding the possibility that
ARE-mRNA localization in PBs is an artifact of hDcpla
overexpression. We conclude that ARE-mRNAs can be
observed in PBs.

The accumulation of ARE-mRNAs in PBs correlates
with cellular levels of TTP/BRF proteins

We next asked whether TTP and BRF proteins function
in the delivery of the B-GMCSF and B-TNF-a ARE-
mRNAs to PBs (Fig. 2A). If TTP and BRF proteins deliver
substrate mRNAs to PBs, it is predicted that the accu-
mulation of ARE-mRNA in PBs directly correlates with
cellular TTP/BRF protein levels. To test this, we first
depleted HeLa cells of TTP/BRF proteins (BRF-1 and
BRF-2, but not TTP, could be detected in HeLa cells by
Western blotting) (data not shown) by using an siRNA,
which targets a sequence conserved between their
mRNAs (Jing et al. 2005). Knocking down TTP/BRF pro-
teins in this manner results in a twofold stabilization of
the 3-GMCSF and B-TNF-a mRNAs (Supplementary Fig.
S1). As seen in Figure 2B, fewer cells concentrate
B-GMCSF mRNA in PBs upon TTP/BRF protein deple-
tion (panel 5; quantified in Fig. 2C). A similar effect is
observed with the B-TNF-a reporter mRNA (Supplemen-
tary Fig. S2A, panel 5; quantified in Fig. 2C). Thus, a
reduction in TTP and BRF protein levels results in re-
duced localization of ARE-mRNAs in PBs and slower
mRNA decay.

It has been observed previously that overexpression of
TTP and BRF-1 results in enhancement of ARE-mediated
mRNA decay (Lai et al. 2000; Stoecklin et al. 2002;
Lykke-Andersen and Wagner 2005). We therefore tested
the effect of TTP and BRF-1 overexpression on the local-
ization of the reporter mRNAs. The in situ hybridization
assay in Figure 2B (panel 8) shows that overexpression of
TTP causes the B-GMCSF mRNA to accumulate in PBs
at a higher concentration (approximately fourfold, quan-
tified in Fig. 2D) and in an increased number of cells
(quantified in Fig. 2C). Similar results were observed
with overexpressed BRF-1 (Supplementary Fig. S2B;
quantified in Fig. 2D) and when TTP was coexpressed
with the B-TNF-a mRNA (Supplementary Fig. S2A,
panel 8; quantified in Fig. 2C,D). Importantly, these ef-
fects are specific to ARE-mRNAs because overexpres-
sion of TTP does not lead to the accumulation in PBs of
B-globin mRNA with no ARE (Fig. 2B, panel 11). The
time-course experiment in Figure 2E, in which the accu-
mulation of 3-GMCSF mRNA in PBs was followed over
time after its transcriptional induction, shows that TTP
overexpression stimulates rapid accumulation of
B-GMCSF mRNA in PBs, whereas TTP/BRF depletion
has the opposite effect. Interestingly, the number of vis-
ible PBs per cell also increased ~2.5-fold upon TTP or
BRF-1 overexpression (Fig. 2F). While overexpression of
TTP has been observed previously to induce the forma-

TTP mediates localization of ARE-mRNAs in PBs

tion of stress granules (Kedersha et al. 2005), the ARE-
mRNA foci observed here correspond to PBs and not
stress granules as they colocalize with GFP-hDcpla, but
not with the stress granule marker TIA-1 (Supplemen-
tary Fig. S2C).

We conclude that a strong correlation exists between
cellular TTP/BRF protein levels and the rate and extent
of localization of B-GMCSF and B-TNF-a mRNAs in
PBs. This suggests that TTP and BRF proteins function
to directly or indirectly mediate the localization of target
ARE-mRNAs in PBs. In addition, the extent of ARE-
mRNA PB localization directly correlates with the rate
of ARE-mRNA decay.

TTP and BRF-1 can target a tethered mRNA to PBs

To further test the hypothesis that mRNAs that associ-
ate with TTP and BRF-1 are targeted to PBs, we used
previously characterized tethering assays (Lykke-
Andersen et al. 2000) to ask whether association with
TTP and BRF-1 is sufficient to bring an mRNA to the PB
in the absence of an ARE. A B-globin reporter mRNA
that contains six MS2 coat protein-binding sites in the
3’ UTR (B-6bs) was coexpressed with TTP or BRF-1 fused
to the MS2 coat protein (MS2-TTP and MS2-BRF-1). The
localization of the B-6bs mRNA was subsequently moni-
tored by in situ hybridization. As seen in Figure 3, in the
presence of MS2-TTP or MS2-BRF-1, the 3-6bs mRNA
localizes in PBs in 29%-33 % of cells (panels 5,8). In con-
trast, the B-6bs mRNA does not significantly localize to
PBs when expressed alone (Fig. 3, panel 2) or when co-
expressed with unfused MS2 (Fig. 3, panel 11), TTP (Fig.
3, panel 14), or BRF-1 proteins (Fig. 3, panel 17). The
enhancement of B-6bs localization in PBs correlates with
a sevenfold to 7.5-fold increase in the rate of decay of the
mRNA in the presence of MS2-TTP or MS2-BRF-1
(Lykke-Andersen and Wagner 2005). These results show
that TTP and BRF-1 are capable of targeting a tethered
non-ARE-mRNA to PBs. Interestingly, however, AREs
are more efficient at targeting mRNAs to PBs than are
MS2-TTP and MS2-BREF-1 (cf. panels 5,8 in Figs. 3 and 1).
This suggests that tethered TTP and BRF proteins may
not completely recapitulate ARE function (see below).

The N- and C-terminal domains of TTP are PB
localization domains

If TTP can target ARE-mRNAs to PBs, it is expected that
one or more domains of TTP are required to mediate this
process. We observed earlier that the N-terminal domain
(NTD) and C-terminal domain (CTD) of TTP and BRF-1
can each activate decay of an associated mRNA (Lykke-
Andersen and Wagner 2005), whereas the RNA-binding
domain (RBD) inhibits ARE-mediated mRNA decay in a
dominant-negative manner when overexpressed (Lai et
al. 2000; Lykke-Andersen and Wagner 2005). We there-
fore tested whether removal of the NTD or CTD of TTP
reduces the ability of TTP to enhance the localization of
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Figure 2. The accumulation of ARE-mRNAs in PBs correlates with cellular levels of TTP/BRF proteins. (A) Schematic displaying a
possible function of TTP and BRF proteins in delivering ARE-mRNAs to PBs. (B) In situ hybridization showing localization of
B-GMCSF and B-wt mRNAs in HeLa cells, in the presence of a control siRNA targeting luciferase mRNA (panel 2), an siRNA targeting
TTP/BRF proteins (panel 5), or exogenously expressed TTP (panels 8,11). PBs were visualized using GFP-hDcpla as indicated. An
enlarged cell section (representing the area in the dotted square) is shown in the top Ieft corner for each image. The percentage of cells
with reporter mRNAs in PBs is displayed for each experiment with the total number of cells counted indicated in parentheses. (Panel
8) Note that, for reasons currently unknown, nuclear 3-GMCSF mRNA foci are often observed in cells that overexpress TTP. (C) Graph
showing the percentage of cells in which the B-GMCSF or B-TNF-a mRNAs were observed in PBs in the absence of exogenous TTP
or siRNA (None), a control siRNA (Control knockdown), an siRNA targeting TTP/BRF proteins (TTP/BRF knockdown), or exog-
enously expressed TTP (TTP overexpression). Error bars represent standard deviation from at least three experiments. (**)
P-value < 0.01. (D) Graph showing the concentration of 3-GMCSF or 3-TNF-a mRNA in PBs relative to the cytoplasm when no protein
is overexpressed (None) or TTP (TTP overexpression) or BRE-1 (BRF-1 overexpression) protein is overexpressed. Error bars represent the
standard deviation from at least three cells. (*) P-value < 0.05; (**) P-value < 0.01. (E) Graph showing the percent of cells containing the
B-GMCSF mRNA substrate in PBs over time as a result of TTP overexpression, TTP/BRF depletion, or no cotransfection (None). Error
bars represent standard deviation calculations from at least three experiments. (F) Graph showing the average number of visible PBs
per cell when no protein is overexpressed (None), or TTP (TTP overexpression) or BRF-1 (BRF-1 overexpression) protein is overex-
pressed. Error bars represent standard deviation calculations obtained from averaging the PB number for 10 cells. (**) P-value < 0.01.
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Figure 3. TTP and BRF-1 can target a tethered mRNA to PBs.
In situ hybridization assays showing localization of a B-globin
mRNA with six MS2 coat protein-binding sites in the 3’ UTR
(B-6bs) in HeLa cells in the presence of exogenous MS2-TTP
(panel 5), MS2-BRF-1 (panel 8), MS2 (panel 11), TTP (panel 14),
or BRF-1 (panel 17) proteins, or no exogenous protein (panel 2).
PBs were visualized by GFP-hDcpla as indicated. An enlarged
cell section (representing the area in the dotted square) is shown
in the top left corner for each image. The percentage of cells
with reporter mRNAs in PBs is displayed for each experiment
with the total number of cells counted indicated in parentheses.

B-GMCSF mRNA in PBs. The 3-GMCSF mRNA was co-
expressed with either a TTP-ANTD (TTP,0 3.6) Or a
TTP-ACTD (TTP,_,-,) mutant protein (Fig. 4A), and PB
localization was visualized by in situ hybridization. The
results in Figure 4B show that neither the NTD (panel 2)
nor the CTD (panel 5) of TTP is required to enhance the
accumulation of the B-GMCSF mRNA in PBs (quantified
in Fig. 4C). This is corroborated by the time-course assay
in Figure 4D. In contrast, 3-GMCSF localization in PBs
was strongly inhibited upon expression of the TTP RBD
(TTP,00_1-4), which lacks both the NTD and CTD (Fig.
4B, panel 8, quantified in C,D). In addition, exogenous
expression of a mutant TTP protein that is incapable of
binding the ARE (TTP-F126N] (Fig. 4A; Lai et al. 2002

TTP mediates localization of ARE-mRNAs in PBs

Lykke-Andersen and Wagner 2005) also inhibits accu-
mulation of 3-GMCSF mRNA in PBs (Fig. 4B panel 11,
quantified in C,D). Similar results were observed with
the B-TNF-a ARE-mRNA substrate (Fig. 4C; Supplemen-
tary Fig. S2A). These results suggest that the NTD and
CTD of TTP function as redundant PB localization
domains. Moreover, the ability of the overexpressed
RNA-binding-deficient TTP-F126N protein to inhibit PB
localization of B-GMCSF and B-TNF-a mRNAs in a
dominant-negative manner suggests that titratable
trans-acting factors that interact with TTP are impli-
cated in the process.

If the NTD and CTD of TTP are in fact PB localization
domains, it is expected that these protein fragments can
target a tethered mRNA to PBs, similarly to TTP. We
therefore tested whether the NTD (TTP, ,o0), CTD
(TTP;,6_326), or RBD (TTP,0_174) of TTP (Fig. 4A) are
sufficient to recruit the tethered B-6bs mRNA to PBs.
The in situ hybridization assays in Figure 4E demon-
strate that, when fused to the MS2 coat protein, both the
NTD and CTD of TTP are sufficient to target the B-6bs
mRNA to PBs (panels 5,8), while the MS2 coat protein
(panel 2) and the tethered RBD of TTP are not (panel 11).
However, it is important to note that the NTD of TTP
was much less efficient than the CTD and the full-length
protein. This correlates with a previously observed
weaker activation of mRNA decay by tethered NTD
(Lykke-Andersen and Wagner 2005).

TTP and BRF-1 deliver nontranslating mRNAs to PBs

We next wished to gain insight into the mechanism by
which TTP and BRF-1 shift the pool of ARE-mRNAs
from polysomes to PBs. Previous studies have shown
that mRNAs exist in PBs to the exclusion of polysomes
(Brengues et al. 2005; Coller and Parker 2005; Teixeira et
al. 2005). We considered the possibilities that TTP and
BRF-1 could facilitate the localization of ARE-mRNAs to
PBs either directly, or indirectly by stimulating the re-
lease of ARE-mRNAs from polysomes (Fig. 5A). It was
observed previously that mRNAs that are released from
polysomes in yeast through cell starvation (Brengues et
al. 2005) or in mammalian cells through miRNA-medi-
ated translational silencing accumulate in PBs (Liu et al.
2005b; Pillai et al. 2005). It was therefore possible that
TTP/BRF proteins mediate the localization of ARE-
mRNAs in PBs solely through inhibition of polysome
formation. If this was the case, it would be predicted that
inhibition of mRNA polysome association stimulates PB
localization even in the absence of TTP/BRF association.
To test this, we asked whether insertion of a hairpin that
inhibits translation initiation (Kozak 1989) into the 5’
UTR of our B-globin reporter mRNAs results in PB lo-
calization. However, as seen in Figure 5B, insertion of
the 5" UTR hairpin does not stimulate PB localization of
wild-type B-globin mRNA (BHP-wt) (panel 2) and does
not enhance the localization in PBs of the B-GMCSF re-
porter mRNA (BHP-GMCSF) (cf. panel 5 in Figs. 5B and
1). Importantly, the hairpin efficiently inhibits polysome
formation, as evidenced by sucrose gradient polysome
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Figure 4. The NTD and CTD of TTP are PB localization domains. (A) Schematic showing TTP and mutants thereof. The NTD and
CTD are indicated in gray, while the RBD is indicated in black. TTP-F126N contains a phenylalanine-to-asparagine mutation at
position 126. (B) In situ hybridization showing localization of B-GMCSF mRNA in HeLa cells in the presence of exogenously expressed
TTP proteins lacking the NTD (TTP-ANTD; panel 2), the CTD (TTP-ACTD; panel 5), or both the NTD and CTD (TTP-RBD; panel 8),
or in the presence of the TTP RNA-binding mutant protein (TTP-F126N; panel 11). PBs were visualized using GFP-hDcpla. An
enlarged cell section (representing the area in the dotted square) is shown in the top left corner for each image. The percentage of cells
with reporter mRNAs in PBs is displayed for each experiment with the total number of cells counted indicated in parentheses. (C)
Graph showing the percentage of cells in which B-GMCSF or 8-TNF-a mRNAs were observed in PBs in the absence of exogenous TTP
protein (None) or TTP, TTP-ANTD, TTP-ACTD, TTP-RBD, or TTP-F126N proteins. Error bars represent standard deviation from at
least three separate experiments. (**) P-value < 0.01. (D) Graph showing the percent of cells that contain the B-GMCSF mRNA
substrate in PBs over time as a result of the expression of wild-type and mutant TTP proteins. Error bars represent standard deviation
calculations from at least three experiments. (E) In situ hybridization showing localization of B-6bs mRNA in HeLa cells in the
presence of MS2 (panel 2), MS2-TTP-NTD (panel 5), MS2-TTP-CTD (panel 8), or MS2-TTP-RBD (panel 11). PBs were visualized using
GFP-hDcpla. An enlarged cell section (representing the area in the dotted square) is shown in the top left corner for each image. The
percentage of cells with reporter mRNAs in PBs is displayed for each experiment with the total number of cells counted indicated in
parentheses.
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Figure 5. TTP and BRF-1 deliver nontranslating mRNAs to PBs. (A) Schematic showing possible steps at which TTP/BRF proteins
may act to facilitate the localization of ARE-mRNAs in PBs. (B) In situ hybridization assays showing localization in HeLa cells of
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in the top left corner for each image. The percentage of cells with reporter mRNAs in PBs is displayed for each experiment with the
total number of cells counted indicated in parentheses. (C) Polysome fractionation analysis showing exclusion of hairpin-containing
mRNAs from polysomes in HeLa tet-off cells. Polysomes were differentially sedimented by sucrose gradient and fractionated into 11
fractions. Ribosomal rRNA and mRNA content was analyzed by methylene blue staining and Northern blot analysis, respectively. (D)
In situ hybridization assay showing localization in HeLa cells of a B-globin mRNA with six MS2 coat protein-binding sites in the 3’
UTR and a stable hairpin in the 5’ UTR (BHP-6bs) in the presence of exogenous MS2-TTP (panel 5), MS2-BRF-1 (panel 8), MS2 (panel
11), TTP (panel 14), or BRF-1 (panel 17) proteins, or no exogenous protein (panel 2). PBs were visualized using GFP-hDcpla. (E) Graph
showing the percentage of cells in which the B-GMCSF and B-6bs mRNAs localize to PBs in the absence (red bars) or presence (blue
bars) of a stable hairpin in the 5" UTR. Error bars represent standard deviation calculations from at least three experiments. (*)
P-value < 0.05; (**) P-value < 0.01.
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fractionation assays (Fig. 5C). We conclude that inhibi-
tion of polysome formation in itself is insufficient for PB
localization of mRNA in human HeLa cells.

We next asked whether TTP and BRF-1 mediate the
localization of nontranslating mRNAs to PBs. If this is
the case, it is expected that the translationally repressed
BHP-6bs mRNA, which contains six MS2 coat protein-
binding sites in the 3" UTR and a 5" UTR hairpin, will
localize to PBs only when coexpressed with MS2-TTP or
MS2-BRF-1. As seen in Figure 5D, both MS2-TTP and
MS2-BRF-1 stimulate the localization of PBHP-6bs
mRNA in PBs (cf. panels 5,8 and 2). In contrast, unfused
MS2 (Fig. 5D, panel 11), TTP (Fig. 5D, panel 14), or BRF-1
(Fig. 5D, panel 17) proteins do not stimulate PB localiza-
tion of the BHP-6bs mRNA. We conclude that TTP/BRF
proteins (Fig. 5D) and AREs (Fig. 5B) stimulate delivery
of mRNAs to PBs downstream from the release from
polysomes (Fig. 5A, right arrow). However, it cannot be
excluded that TTP/BRF proteins and AREs also play a
role in polysome release (Fig. 5A, left arrow). In fact,
AREs have been observed previously to inhibit transla-
tion (Zhang et al. 2002). Interestingly, quantifications
revealed that the translationally repressed BHP-6bs
mRNA was more efficiently recruited to PBs by MS2-
TTP and MS2-BRF-1 than was the corresponding trans-
lated B-6bs mRNA (Fig. 5E). A similar enhancement was
observed with the BHP-6bs mRNA as compared with the
B-6bs mRNA tethered to the NTD or the CTD of TTP
(data not shown). In contrast, localization of the
B-GMCSF mRNA in PBs was not enhanced by transla-
tional repression (Fig. 5E). This suggests that polysome
release is a limiting step in localization of an mRNA to
PBs by tethered TTP and BRF-1, but not by an ARE.
Thus, either tethered TTP and BRF-1 may not fully re-
capitulate endogenous TTP/BRF function, or ARE-bind-
ing proteins other than TTP and BRF-1 stimulate ARE-
mRNA polysome release.

The accumulation of ARE-mRNAs in PBs is strongly
enhanced upon mRNA decay enzyme depletion

The observations described above provide evidence that
TTP and BRF proteins sequester ARE-mRNAs in PBs
away from the translational machinery. To ask whether
a correlation exists between the accumulation of ARE-
mRNAs in PBs and the efficiency of mRNA decay, we
tested the effect of depleting mRNA decay enzymes.
HeLa cells were transfected with plasmids expressing
the B-GMCSF mRNA along with short hairpins targeting
the mRNAs for the 5'-to-3’ exonuclease hXrnl or the
decapping enzyme hDcp2, both catalytic components of
the PB. As seen in Figure 6A, a dramatically enhanced
accumulation of B-GMCSF mRNA in PBs is observed in
hXrn1- and hDcp2-depleted cells (panels 5,8), whereas no
enhanced accumulation was observed with a control
hairpin targeting luciferase mRNA (panel 2). In contrast
to the B-GMCSF mRNA, the B-wt mRNA, which lacks
an ARE, accumulates in PBs in <10% of cells following
mRNA decay factor depletion (data not shown). The con-
centration of the B-GMCSF mRNA in PBs was quanti-
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fied relative to its concentration in the cytoplasm and
revealed a three- to fourfold increase upon hXrnl or
hDcp2 knockdown (Fig. 6B). This rules out the possibil-
ity that the enhanced localization of ARE-mRNAs in PBs
following hXrnl and hDcp2 knockdown is simply a re-
sult of elevated ARE-mRNA levels (1.5-fold to twofold
higher levels of B-GMCSF mRNA were observed) (data
not shown). In addition, we observed that localization of
exogenously expressed TTP (Fig. 6C) and BRF-1 (data not
shown) to PBs is also strongly enhanced following hXrnl
or hDcp2 depletion (Fig. 6C, cf. panels 5,8 and 2). We
conclude that TTP/BRF proteins and ARE-mRNAs accu-
mulate in PBs following hDcp2 and hXrnl depletion.

The exosome has been implicated previously in ARE-
mRNA decay (Chen et al. 2001; Mukherjee et al. 2002),
and knockdown of the exosome component PMScl-75
was observed to impair ARE-mRNA decay (Stoecklin et
al. 2006). In contrast to hXrnl and hDcp2, it is not clear
whether the exosome associates with PBs, although exo-
some subunits have been observed in cytoplasmic foci in
Drosophila cells (Graham et al. 2006). As seen in Figure
6A (panel 11), knockdown of PMScl-75 causes enhanced
accumulation of the 3-GMCSF reporter in PBs similar to
what was observed following hDcp2 and hXrnl deple-
tion (quantified in Fig. 6B). Double knockdowns of
mRNA decay enzymes revealed even stronger accumu-
lation of the B-GMCSF mRNA in PBs (Fig. 6A, panels
14,17,20, quantified in B). We conclude that the
B-GMCSF mRNA strongly accumulates in PBs upon
depletion of mRNA decay enzymes. This suggests that
ARE-mRNAs are sequestered in PBs when mRNA decay
enzymes become limiting for the ARE-mRNA decay
pathway. The importance of deadenylation for the local-
ization of ARE-mRNAs in PBs is currently unclear, be-
cause overexpression of catalytically inactive deadenyl-
ases (hPan2 D1083A, hCcrdb D525A, hCaflb D40A/
E42A) showed no significant effect on the accumulation
of B-GMCSF mRNA in PBs (data not shown), perhaps
due to the redundance of deadenylases in the human cell
(Yamashita et al. 2005; Wagner et al. 2006).

TTP nucleates PB formation on substrate mRNAs

Based on the observations in Figure 6, we hypothesized
that mRNAs only accumulate in visible PBs when they
are targeted for mRNA decay but their degradation is
slow or absent. If this is the case, it is predicted that PBs
can be re-created under conditions in which PBs are nor-
mally absent (such as during cycloheximide treatment) if
the mRNA decay machinery is rendered limiting. To test
this, we asked whether PBs containing ARE-mRNAs can
be generated in the presence of cycloheximide when
hDcp2 is knocked down or TTP is overexpressed. As
seen in Figure 7A, the B-GMCSF ARE-mRNA does not
localize in PBs in the presence of cycloheximide (panel
2). Similarly, the translationally silenced BHP-GMCSF
ARE-mRNA was not observed in PBs upon cyclohexi-
mide treatment (Fig. 7A, panel 4), even though this
mRNA is not trapped in polysomes under these condi-
tions (Fig. 5C; data not shown). However, upon depletion
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Figure 6. ARE-mRNAs accumulate in PBs when mRNA decay enzymes are depleted. (A) In situ hybridization assays showing
accumulation of the -GMCSF mRNA in PBs in HeLa cells expressing siRNAs targeting luciferase (panel 2), hXrnl (panel 5), hDcp2
(panel 8), PMScl-75 (panel 11), hXrnl and hDcp2 (panel 14), hDep2 and PMScl-75 (panel 17), or hXrnl and PMScl-75 (panel 20). PBs
were visualized using GFP-hDcpla. An enlarged cell section (representing the area in the dotted square) is shown in the top left corner
for each image. The percentage of cells with reporter mRNAs in PBs is displayed for each experiment with the total number of cells
counted indicated in parentheses. (B) Graph showing the average concentration of B-globin mRNA in PBs relative to the cytoplasm.
Error bars represent standard deviation from measurements of at least three cells. (*) P-value < 0.05; (**) P-value < 0.01. (C) Indirect
immunofluorescence assays showing localization of endogenous hDcpla (panels 1,4,7) and exogenous Myc-tagged TTP (panels 2,5,8)
in untreated cells, or cells treated with siRNAs against hXrn1 or hDep2, as indicated. The percentage of cells in which Myc-tagged TTP
protein was observed colocalizing with hDcpla is shown with the total number of cells counted indicated in parentheses.

of the decapping enzyme hDcp2, 15% of cells form PBs
containing BHP-GMCSF mRNA in the presence of cy-
cloheximide (Fig. 7A, panel 8). In contrast, little PB for-
mation is observed with the translated B-GMCSF mRNA
(Fig. 7A, panel 6). Thus, an untranslated ARE-mRNA can
nucleate PB formation in the presence of cycloheximide
when hDcp2 is knocked down. We also tested whether
overexpressed TTP can nucleate PB formation in the
presence of cycloheximide. As seen in Figure 7A (panels
10,12), overexpression of TTP triggers efficient PB for-

mation. This is particularly evident for the translation-
ally repressed BHP-GMCSF mRNA (Fig. 7A, panel 12),
but also was observed on the translated B-GMCSF
mRNA (Fig. 7A, panel 10), suggesting that overexpressed
TTP can localize ARE-mRNAs in PBs even before their
association with polysomes. When hDcp2 was depleted
in combination with TTP overexpression, the accumu-
lation of the B-GMCSF mRNAs in PBs was further en-
hanced (Fig. 7A, panels 14,16).

We next tested the ability of tethered TTP to nucleate
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Figure 7. TTP can nucleate PB formation on
substrate mRNAs in the presence of cyclohexi-
mide. (A) In situ hybridization assays showing
localization of B-GMCSF (left panels) and BHP-
GMCSEF (right panels) mRNAs in cycloheximide-
treated HeLa cells in the presence of hDep2 siRNAs
(panels 5-8), TTP protein (panels 9-12), a combi-
nation of TTP protein and hDcp2 siRNAs (panels
13-16), or no exogenous siRNAs or protein (pan-
els 1-4). PBs were visualized using GFP-hDcpla.
An enlarged cell section (representing the area in
the dotted square) is shown in the top Ileft corner
for each image. The percentage of cells with re-
porter mRNAs in PBs is displayed for each ex-
periment with the total number of cells counted
indicated in parentheses. (B) In situ hybridization
assays showing localization of B-6bs (top left pan-
els), B-GMCSF (bottom left panels), BHP-6bs (top
right panels), or BHP-GMCSF (bottom right pan-
els) mRNAs in cycloheximide-treated HeLa cells
in the presence of hDecp2 siRNAs (panels 5-8),
MS2-TTP-F126N protein (panels 9-12,17-20), or
a combination of both MS2-TTP-F126N protein
and hDcp2 siRNAs (panels 13-16), or no exog-
enous siRNAs or protein (panels 1-4). PBs were
visualized using GFP-hDcpla. The percentage of
cells with reporter mRNAs in PBs is displayed for
each experiment with the total number of cells
counted indicated in parentheses.
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PB formation. As seen in Figure 7B (panel 10), in the
presence of cycloheximide the ARE-binding-deficient
mutant TTP-F126N protein stimulates formation of PBs
when tethered via the MS2 coat protein to the B-6bs
mRNA. This is strongly enhanced when polysome for-
mation on the 3-6bs mRNA is inhibited by insertion of
the 5" UTR hairpin (Fig. 7B, panel 12) and when hDcp2 is
simultaneously knocked down (Fig. 7B, panels 14,16). In
contrast, hDcp2 knockdown was insufficient to stimu-
late PB localization of the 3-6bs mRNAs (Fig. 7B, panels
6,8). Importantly, the MS2-TTP-F126N protein likely
has no cellular mRNA targets other than the B-6bs
mRNAs, since it is mutant for ARE binding (Lai et al.
2002; Lykke-Andersen and Wagner 2005) and does not
stimulate PB localization of translated or untranslated
B-GMCSF ARE-mRNA (Fig. 7B, panels 18,20). Thus, the
PBs observed in Figure 7B are likely highly homoge-
neous, containing primarily the B-6bs reporter mRNAs.
We conclude that TTP can nucleate PB formation on
substrate mRNAs under conditions in which other
mRNAs are trapped in polysomes. This only occurs
when the mRNA decay machinery is rendered limiting
by hDcp2 depletion or TTP overexpression.

Discussion

AREs are key elements in post-transcriptional gene regu-
lation that target mRNAs in which they reside for trans-

TTP mediates localization of ARE-mRNAs in PBs

lational silencing and decay, thereby regulating the ex-
pression of multiple human genes (Chen and Shyu 1995;
Wilusz et al. 2001; Shim and Karin 2002; Zhang et al.
2002). It was observed recently that a number of factors
involved in mRNA decay and translational silencing
concentrate in cytoplasmic foci called PBs (van Dijk et
al. 2002; Eystathioy et al. 2003; Sheth and Parker 2003;
Cougot et al. 2004). Here we show that the ARE-binding
proteins TTP and BRF-1 nucleate PB formation on ARE-
mRNAs. This silences the ARE-mRNAs by sequestering
them from the translation machinery until they undergo
mRNA decay (Fig. 8A).

TTP and BRF proteins mediate the localization
of ARE-mRNAs in PBs

The mechanism by which AREs repress protein expres-
sion is poorly understood, but involves both transla-
tional silencing and mRNA decay (Chen and Shyu 1995;
Gueydan et al. 1999; Piecyk et al. 2000; Wilusz et al.
2001; Shim and Karin 2002; Lopez de Silanes et al. 2005;
Mazan-Mamczarz et al. 2006). Here, we show evidence
that ARE-mRNA silencing involves delivery of ARE-
mRNAs to PBs by the proteins TTP and BREF-1. First,
B-GMCSF and B-TNF-o« ARE-mRNAs are observed in
PBs (Fig. 1). This localization is inhibited upon depletion
of TTP/BRF proteins using siRNAs or upon overexpres-
sion of dominant-negative mutant TTP proteins (Figs. 2,
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Figure 8. Model for mRNA silencing by PB localization in human cells. (A) TTP and BRF proteins nucleate the formation of a
submicroscopic PB subcomplex on ARE-mRNAs. When decay enzymes are limiting, this PB subcomplex aggregates with other
mRNA-PB subcomplexes to form PBs, which can grow large enough to be microscopically visible. (B) Under conditions in which
mRNA decay enzymes are nonlimiting, mRNAs are efficiently turned over before they can aggregate into a PB, and thus PBs remain
submicroscopic (above the dotted line). When mRNA decay enzymes are limiting, PB subcomplexes form larger aggregates (below the
dotted line) visible to the microscope that serve to silence translation until mRNA degradation (see Discussion).
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4). In contrast, localization of B-GMCSF and B-TNF-a
mRNAs in PBs is enhanced upon TTP or BRF-1 overex-
pression (Fig. 2; Supplementary Fig. S2). Second, TTP and
BRF-1, as well as the NTD and CTD of TTP, can target
a tethered non-ARE mRNA to PBs (Figs. 3, 4). However,
it is important to note that targeting to PBs of B-globin
mRNA by tethered TTP and BRF-1 is not as efficient as
by AREs. This suggests that the function of the ARE is
not completely recapitulated by tethered TTP and BRF-
1. Nevertheless, our experiments demonstrate that the
TTP family of ARE-binding proteins deliver target ARE-
mRNAs to PBs and, in the case of TTP, this can be me-
diated by both the NTD and CTD.

TTP and BRF proteins target polysome-released
ARE-mRNAs to PBs

How do TTP/BRF proteins shift the equilibrium of ARE-
mRNAs from polysomes to PBs? The following observa-
tions suggest that TTP/BRF proteins act, at least in part,
to target ARE-mRNAs to PBs subsequent to their poly-
some release (Fig. 8A). First, the presence of a hairpin
that efficiently inhibits polysome formation does not
target an mRNA to PBs unless the mRNA contains an
ARE or is tethered to TTP or BRF-1 (Fig. 5). Second, TTP
can nucleate the formation of PBs on an ARE-mRNA or
a tethered mRNA even when other PB substrates are
trapped in polysomes by cycloheximide treatment (Fig.
7). Thus, polysome release is insufficient for mRNA PB
localization, and TTP and BRF-1 efficiently localize non-
translated mRNAs to PBs.

This raises the question of how TTP and BRF proteins
promote localization of ARE-mRNAs in PBs. Our obser-
vations suggest that this is mediated through direct in-
teractions between TTP/BRF proteins and PB subunits.
First, TTP and BRF-1 stimulate PB localization of mRNA
already released from polysomes (Fig. 5). Second, overex-
pression of the ARE-binding-deficient TTP-F126N mu-
tant protein inhibits ARE-mRNA localization in PBs
(Fig. 4), suggesting that titratable trans-acting factors
that bind to TTP are important for PB localization.
Third, TTP exists in complex with several PB factors
(Fenger-Gron et al. 2005). Some of these interactions ap-
pear to be direct, as evidenced by interaction assays be-
tween bacterially purified TTP and PB components
translated in rabbit reticulocyte lysates (C. Egan, T.M.
Franks, and J. Lykke-Andersen, unpubl.). Taken to-
gether, these observations suggest that TTP nucleates
the formation of a PB “subcomplex” on ARE-mRNAs
that subsequently mediates the association with the
PB (Fig. 8A). Once a PB subcomplex is nucleated by
TTP/BRF proteins, how does it mediate the localization
of ARE-mRNAs in PBs? Future studies should reveal
whether this is a result of active transport or passive
diffusion followed by retention in the PB. However, we
have not observed any effect on PB formation of de-
pleting actin filaments or microtubules using cytoskel-
eton inhibitors (J. Dennis and J. Lykke-Andersen, un-

publ.).
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Do ARE-binding proteins actively release ARE-mRNAs
from polysomes!?

Experiments using translational inhibitors suggest that
mRNAs need to be released from polysomes prior to
their localization in PBs (Fig. 8A; Cougot et al. 2004,
Teixeira et al. 2005). Our observation that a 5' UTR hair-
pin that represses translation initiation does not enhance
localization of the B-GMCSF ARE-mRNA in PBs (Fig. 5)
suggests that ARE-binding proteins may stimulate poly-
some release, thus negating the effect of the 5" UTR hair-
pin. This is consistent with observations by others that
AREs can repress translation (Zhang et al. 2002). Inter-
estingly, tethered TTP and BRF-1 were less efficient than
an ARE at localizing an mRNA in PBs (Figs. 1, 3), but
regained activity similar to an ARE when translation
was inhibited (Fig. 5). This suggests that either TTP and
BRF-1 do not efficiently release bound mRNAs from
polysomes, or the tethered proteins do not fully recapitu-
late endogenous protein function. Using sucrose gradient
polysome assays, we observed no evidence that an ARE
or tethered TTP or BRF-1 stimulates accumulation of
polysome-released mRNA (data not shown). However, it
is possible that, under these conditions, the released
mRNA is rapidly degraded and therefore is undetectable.
Candidate factors implicated in releasing ARE-mRNAs
from polysomes include (in addition to TTP and BRF
proteins) the microRNNA miR16 and the associated RNA-
induced silencing complex (RISC), which has been im-
plicated in the decay of mRNAs containing the ARE
from TNF-a mRNA (Jing et al. 2005), as well as the trans-
lation repressor proteins TIA-1 and TIAR, which have
affinity for AREs (Dember et al. 1996; Gueydan et al.
1999; Piecyk et al. 2000; Lopez de Silanes et al. 2005;
Mazan-Mamczarz et al. 2006). In addition, general trans-
lation repressors that are components of PBs may stimu-
late localization of ARE-mRNAs in PBs by repressing
polysome formation. Interestingly, the PB component
Rck/p54 exists in complex with TTP (Fenger-Gron et al.
2005), and its yeast ortholog, Dhhlp, is a translational
repressor (Coller and Parker 2005). An important goal for
future studies is to delineate how the multiple ARE-
binding proteins and their associated factors cooperate to
silence ARE-mRNAs.

TTP and BRF proteins facilitate the localization
of ARE-mRNAs in PBs when mRNA decay enzymes
are limiting

Our studies raise the important question of under which
conditions TTP and BRF proteins translocate ARE-
mRNAs from the cytoplasm to PBs. The following ob-
servations suggest that the sequestration of the ARE-
mRNAs into microscopically visible PBs takes place un-
der conditions in which mRNA decay enzymes acting on
the ARE-mRNA become limiting (Fig. 8A). First, when
levels of hDcp2, hXrnl, or PMScl-75 are reduced by
knockdown, ARE-mRNAs accumulate at higher concen-
trations in PBs (Fig. 6). Second, when TTP or BRF-1 pro-
teins are overexpressed, which is predicted to leave en-



dogenous mRNA decay factors limiting for TTP and
BRF-1 function, the ARE-mRNAs accumulate at high
levels in the PBs (Fig. 2; Supplementary Fig. S2). Third,
TTP can nucleate the formation of PBs on substrate
mRNAs during cycloheximide treatment only when
TTP is overexpressed or hDcp2 is depleted (Fig. 7). Thus,
TTP and BRF-1 sequester ARE-mRNAs in PBs when the
availability of mRNA decay enzymes becomes limiting
for ARE-mRNA decay (Fig. 8A). This is predicted to se-
quester the ARE-mRNA away from the translation ma-
chinery, thereby providing an efficient means of silenc-
ing ARE-mRNA function even while the mRNA is
awaiting decay.

Can the sequestered ARE-mRNAs degrade in the PB,
or do they have to be released from the PB prior to their
decay? The observations that the catalytic mRNA decay
enzymes hDcp2 and hXrnl concentrate in PBs (Sheth
and Parker 2003; Cougot et al. 2004) and that their
knockdown results in enhanced accumulation of ARE-
mRNAs in PBs (Fig. 6) suggest that these enzymes func-
tion to degrade ARE-mRNAs in the PB. Moreover, any
manipulation of TTP and BRF-1 proteins that enhances
ARE-mRNA decay also stimulates ARE-mRNA localiza-
tion in PBs (Fig. 2), whereas those conditions that impair
TTP/BRF-1 function result in decreased degradation and
PB localization of the ARE-mRNAs (Figs. 2, 4). However,
while these observations suggest that ARE-mRNAs can
degrade in PBs, it is a formal possibility that mRNA de-
cay enzymes are kept inactive in the PB and only degrade
mRNAs when both the mRNA and the mRNA decay
enzymes are released from the PB. Even if ARE-mRNA
degrades in the PB, it remains to be determined what
fraction of the total cellular mRNA degrades there.
Moreover, it is unknown whether the exosome assists in
ARE-mRNA decay in the general cytoplasm or in con-
junction with PBs or PB subunits. Indirect immunofluo-
rescence assays have revealed that several Drosophila
exosome subunits are observed in cytoplasmic foci, al-
though it is unclear whether these correspond to PBs
(Graham et al. 2006).

A general function of PBs in sequestering mRNAs that
undergo delayed decay

The model in Figure 8A can likely be extended to other
mRNAs that interface with PBs. In this scenario, the
miRISC complex would serve (via GW182) to nucleate
PBs on miRNA target mRNAs (Yang et al. 2004; Ding et
al. 2005; Jakymiw et al. 2005; Liu et al. 2005b; Pauley et
al. 2006), whereas Upf proteins mediate PB formation on
NMD substrates (Sheth and Parker 2006)—in human
cells, likely via hSmg7 (Unterholzner and Izaurralde
2004). In addition, it can be speculated that, at least in
yeast, mRNAs that lack destabilizing cis-elements are
targeted after their deadenylation to PBs by the Lsm1-7-
Patl complex, which localizes in PBs (Sheth and Parker
2003) and specifically associates with and activates de-
cay of deadenylated mRNAs (Tharun et al. 2000; Tharun
and Parker 2001).

If the model in Figure 8A provides a general paradigm

TTP mediates localization of ARE-mRNAs in PBs

for how mRNAs interface with PBs, it is predicted that
the size of PBs in the cell directly correlates with the
availability of mRNA substrates and inversely correlates
with the availability of mRNA decay enzymes (Fig. 8B).
These predictions are consistent with our observations,
as well as with observations by others, of the dynamics
of PBs. For example, PBs grow large when the mRNA
decay machinery is rendered limiting by an increase in
the level of polysome-free cytoplasmic mRNA by puro-
mycin treatment (Teixeira et al. 2005), or by a reduction
in cellular Dep2 and Xrnl activity (Fig. 6; Sheth and
Parker 2003; Cougot et al. 2004). In contrast, PBs disap-
pear when mRNA substrates become limiting upon en-
trapment of translated mRNAs in polysomes by cyclo-
heximide treatment (Fig. 7; Cougot et al. 2004; Teixeira
et al. 2005), or when decapping is rendered nonlimiting
by hDcp2 overexpression (Fenger-Gron et al. 2005).
These considerations provide a possible explanation for
the observation that PBs disappear when miRNAs are
depleted from human HeLa cells through depletion of
Drosha (Pauley et al. 2006), or when miRNA function is
inhibited through depletion of the PB factor GW182
(Yang et al. 2004; Jakymiw et al. 2005; Liu et al. 2005a;
Rehwinkel et al. 2005; Pauley et al. 2006). In this case,
depletion of a major cellular pathway that employs
mRNA decay enzymes is likely to render the mRNA
decay enzymes nonlimiting for other mRNA decay path-
ways, thus degrading them prior to their aggregation into
(microscopically visible) PBs (Fig. 8B). In a similar man-
ner, PBs disappear when deadenylases are depleted in
yeast cells (Sheth and Parker 2003), even though a subset
of PB-associated mRNAs, such as NMD substrates
(Sheth and Parker 2006), can undergo mRNA decay in-
dependently of deadenylation (Muhlrad and Parker
1994). The concept that PB factors are not inactive when
PBs are invisible is underscored by our observation that
PBs can form on TTP-associated mRNAs even when
other mRNAs are trapped in polysomes by cyclohexi-
mide treatment, which normally results in the disap-
pearance of PBs (Fig. 7).

Thus, PB formation may provide a mechanism for the
cell to deal with situations in which mRNAs targeted for
decay become overabundant. A key purpose for the PB
may therefore be to sequester mRNAs targeted for decay
away from the translational machinery when the mRNA
decay machinery is limiting, thus effectively silencing
protein production even before the mRNA is degraded.
Interestingly, some mRNAs sequestered in PBs can re-
turn to the cytoplasm for translation rather than being
degraded (Brengues et al. 2005; Bhattacharyya et al.
2006). For example, Bhattacharyya et al. (2006) demon-
strated that the CAT-1 mRNA, which has both miRNA
targets and an ARE in its 3’ UTR, can be relieved of
miRNA-mediated suppression in PBs by the ARE-bind-
ing protein HuR. An interesting question for future stud-
ies will be to determine if mRNAs that are targeted to
PBs by an ARE can also be removed from PBs by HuR or
other ARE-binding proteins. This could conceivably be
regulated for those mRNAs by an inability of the PB
localizing factors to recruit catalytic mRNA decay en-
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zymes. Alternatively, mRNA decay enzyme function
could be inhibited globally under certain conditions. It
can also be speculated that aggregation into PBs provides
a mechanism to effectively increase the local concentra-
tion of mRNA decay enzymes. If mRNA decay can occur
in the PB, it is thus predicted that the rate of mRNA
decay is higher in the PB than it is in the general cyto-
plasm. Finally, the PB may act to sequester mRNA decay
enzymes to prevent promiscuous mRNA decay in the
cytoplasm. Thus, the aggregation of mRNAs into PBs
may provide an efficient mechanism to silence mRNAs
by simultaneously shutting down translation and stimu-
lating mRNA decay. The PB could therefore be thought
of as a “buffer” for the cellular mRNA decay machinery,
which ensures that mRNAs targeted for degradation are
functionally repressed even when the cellular mRNA de-
cay machinery has become limiting.

Materials and methods

Plasmids

Plasmids  encoding the B-wt (pPCBwt), B-GMCSF
(pPCBwWtATGMCSF), B-Gap (pcB-Gap), and B-6bs (pcTet2Bwt-
3MS2) reporter mRNAs have been described previously (Lykke-
Andersen and Wagner 2005). The plasmid pPCBwtTNF-q,
which encodes the B-TNF-a mRNA, contains the core TNF-«
ARE (Carrick et al. 2004) inserted into an Apal site of the
pPCBwt plasmid (Fenger-Gron et al. 2005). To create the con-
structs for BHP-wt (pcTet2BHP-wt), BHP-MS2 (pcTet2BHP-
3MS2), and BHP-GMCSF (pcTet2BHP-GMCSF) mRNA expres-
sion, a previously described hairpin sequence (Kozak 1989) was
inserted into the HindIIl and Nhel sites of the corresponding
B-globin mRNA expression vectors upstream of the B-globin
coding region. A plasmid encoding a tetracycline-responsive ac-
tivator protein was used to activate transcription of reporter
mRNAs (pTet-TTA; Clontech). Plasmids encoding TTP, BRF-1,
or derivatives thereof have been described previously (Lykke-
Andersen and Wagner 2005). The plasmid pcNEGFP-hDcpla,
which was used as a PB marker, has two tandem copies of the
Enhanced GFP (EGFP) inserted into the HindIII site of pcDNA3
and the ORF of hDcpla inserted between EcoRI and NotI sites.
Plasmids used to knock down hDcp2, hXrnl, and PMScl-75
expression were created by cloning an siRNA precursor se-
quence (see Supplemental Material) into the BseRI and BamHI
sites of the pSHAG vector (Paddison et al. 2004). Plasmid se-
quences are available upon request.

Indirect immunofluorescence and in situ hybridization
assays

HeLa cells in DMEM/10% fetal bovine serum (FBS) at ~50%
confluency in 12-well plates were transfected using TransIT
HeLaMonster reagent according to the manufacturer’s protocols
(Mirus), with a total of 1 pg of plasmid. Cells were split to
chamber slides 24 h later. For indirect immunofluorescence ex-
periments, cells were transfected with 50 ng of pcDNA3-Myec-
TTP/BRF-1 and 0.95 pg of empty pcDNA3 vector. Forty-eight
hours after transfection, cells were fixed in 4% paraformalde-
hyde for 15 min, and permeabilized and blocked with PBS/1%
goat serum/0.1% Triton X-100 for 30 min. Cells were then in-
cubated with rabbit anti-hDcpla (Lykke-Andersen and Wagner
2005) and mouse anti-myc (9B11; Cell Signaling) antibodies at
1:200 and 1:1000 dilutions, respectively, for 2 h. Following re-
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moval of the primary antibody, cells were incubated for 1 h with
4 pg/mL secondary anti-rabbit antibodies labeled with Alexa
488 fluorophore and anti-mouse antibodies labeled with Texas-
red fluorophore (Molecular Probes).

For in situ hybridization experiments, cells were transfected
in the presence of 50 ng/mL tetracycline with 300 ng of reporter
mRNA expression plasmid, 300 ng of pTet-TTA, and 100 ng of
pcNEGFP-hDcpla. Plasmids expressing the following proteins
were cotransfected in specific experiments: 50 ng (Figs. 2, 7) or
150 ng (Figs. 3, 5) of pcDNA3-Myc-TTP, 150 ng of pcNMS2-
TTP/BRF-1 (Figs. 3, 5), 50 ng of pcDNA3-Myc-TTP-ANTD/
ACTD/F126N (Fig. 4], 200 ng of pcDNA3-Myc-TTP-RBD (Fig.
4), and 150 ng of pcNMS2-TTP-F126N (Fig. 7). pcDNA3 was
added to a total of 1 pg of plasmid in each experiment. Forty
hours after transfection, transcription of reporter mRNAs was
initiated by washing cells in phosphate-buffered saline (PBS) and
placing them in DMEM/10% FBS, containing no tetracycline.
After a transcriptional pulse of 0-12 h (see Pulsed Expression
Experiments and Cell Phenotype Quantification), cells were
fixed in 4% paraformaldehyde for 15 min and permeabilized
overnight in 70% ethanol. Cells were then rehydrated for 10
min in 50% formamide and 2x SSC. Next, cells were incubated
overnight at 37°C in a solution containing 50% formamide, 2x
SSC, 0.02% bovine serum albumin (BSA), 2 mM vanadyl-ribo-
nucleoside complexes, 1 pug/mL total yeast RNA, and 0.1 mg/
mL dextran sulfate. In order to detect the localization of the
B-globin mRNA, four Texas-red labeled 50-nucleotide DNA
oligo probes (Invitrogen) complementary to sequences in exons
1,2, and 3 were also added to the mixture at a concentration of
20 ng/mL each (sequences of oligos are given in the Supplemen-
tal Material). Cells were washed twice for 30 min at 37°C in
50% formamide and 2x SSC prior to visualization.

Pulsed expression experiments and cell phenotype
quantification

Transcription was pulsed for 8 h prior to the observation of the
localization of B-wt, B-GMCSF, and B-TNF-a reporter mRNAs
(Figs. 1, 2, 4-7). To observe the localization of reporter mRNAs
over time, transcription of individual cell samples was induced
for the indicated time prior to fixation (Figs. 2, 4). For tethering
experiments, transcription of reporter mRNAs was pulsed for 12
h (Figs. 3, 5, 7).

To quantify the number of cells with reporter mRNAs con-
centrated in PBs, transfected cells expressing detectable quan-
tities of reporter mRNA were scored for reporter mRNA colo-
calization with GFP-hDcpla. The cell counts from at least three
experiments were averaged to produce a final percentage and
standard deviation measurement.

Quantification of RNA concentration in the PB
versus the cytoplasm

The intensity of the in situ hybridization signal in the back-
ground (outside the cell), the cytoplasm, and the five most in-
tensely staining PBs were calculated for each of three randomly
chosen cells using OpenLab software. After subtraction of the
background intensity, the average PB intensity was divided by
the cytoplasmic intensity to determine the concentration of
reporter mRNA in the PB versus the cytoplasm.

RNAi-mediated knockdown

For TTP/BRF knockdown, HeLa (Fig. 2) or HeLa tet-off (Supple-
mentary Fig. S1) cells were seeded onto 3.5-cm wells at 75%
density 20 h prior to siRNA transfection. On the following day,



each cell sample was incubated for 6 h in a 1-mL transfection
mixture containing 10 uL of Lipofectamine 2000 reagent (Invit-
rogen) and siRNAs at a concentration of 200 nM, along with the
following plasmids: 200 ng pcNEGFP-hDcpla, 600 ng reporter
mRNA, and 600 ng pTet-TTA (Clontech) in DMEM/10% FBS
containing tetracycline at a concentration of 50 ng/mL. On the
following day, cells were split to chamber slides or 12-well
plates. For in situ hybridization experiments and mRNA decay
assays, expression of mRNA reporters was induced 40 h after
siRNA transfection. For hDep2, hXrnl, and PMScl-75 knock-
downs (Fig. 6), HeLa cells were transfected as previously de-
scribed under “immunofluorescence and in situ hybridization”;
however, in this case, cells were also transfected with pSHAG
plasmids encoding a precursor siRNA targeted against hDcp2,
hXrnl1, or PMScl-75 mRNAs.

Polysome profiles

HeLa tet-off cells were seeded onto 10-cm plates at ~50% den-
sity 1 d prior to transfection. On the following day, cells were
transfected in the presence of 50 ng/mL tetracyline with 3.75 pg
of reporter plasmid, 1.5 ug of a plasmid encoding a desired MS2
coat protein (if relevant), and 500 ng of pcB-Gap transfection
control reporter and pcDNA3 to a total of 10 pg plasmid. Forty
hours after transfection, transcription of reporter mRNAs was
pulsed for 8 h. Polysome profile experiments were then con-
ducted as described by Johannes and Sarnow (1998).

PB nucleation experiments

Expression of mRNA reporters was pulsed for 8 h. Cyclohexi-
mide was added to cells at a concentration of 10 pg/mL for the
duration of the pulse, and cells were visualized as described
above.
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