P38 activation induces the dissociation of
tristetraprolin from Argonaute 2 to increase
ARE-mRNA stabilization
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ABSTRACT Tristetraprolin (TTP) destabilizes AU-rich element (ARE)-containing mRNA by di-
rectly binding with their 3’UTR. P38 stimulation substantially increases ARE-mRNA stability, at
least through repressing TTP. However, the mechanism by which P38 keeps TTP inactive has
not been fully understood. TTP and ARE-mRNA localize to processing bodies (PBs), the mRNA
granules associated with mRNA silencing. Here, we detected the influence of P38 on TTP lo-
calization within PBs and found that P38 regulates TTP localization within PBs. Through
luciferase-based systems, we demonstrated that PBs depletion significantly increased ARE-
mRNA stability inhibited by TTP. Additionally, we provided evidence that the microRNA-in-
duced silencing complex (miRISC) core member Ago2 is required for TTP distribution within
PBs. Importantly, the cooperation of TTP and Ago2 is a prerequisite for effective ARE-mRNA
degradation. Moreover, Dcp1a and Dcp2 act downstream of Ago2 and TTP engaging in ARE-
mRNA decay. Finally, we demonstrated that P38 activation represses the interaction between
TTP and Ago2 due to TTP phosphorylation, which impairs TTP localization within PBs and
ARE-mRNA degradation. Collectively, our study revealed a novel mechanism through which
P38 activation repressed the cooperation of TTP with Ago2, thus ensuring that ARE-mRNA
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does not associate with PBs and remains stable.

INTRODUCTION

Posttranscriptional regulation of gene expression involves RNA se-
quences that collaborate with trans-acting factors to regulate mRNA
instability and translation. AU-rich elements (AREs) are key posttran-
scriptional regulation elements that promote translation silencing
and rapid turnover, which reside in the 3’ untranslated region (UTR)
of many human mRNAs (referred to as ARE-mRNAs) including those
encoding interleukins, cytokines, and proto-oncogenes (Chen and
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Shyu, 1995; Shim and Karin, 2002; Zhang et al., 2002; Mazan-
Mamczarz et al., 2006). AREs have been well characterized as regu-
lators of ARE-mRNA instability and translation repression (Mukherjee
et al., 2002; Qi et al., 2012). Targeted deletion of the tumor necrosis
factor alpha (TNF-0) mRNA ARE in mice (AARE mice) results in
TNF-o. overproduction and the development of a systemic inflam-
matory syndrome (Kontoyiannis et al., 1999).

A number of ARE-binding proteins (AUBPs), which activate or
suppress target gene decay, have been identified. Tristetraprolin
(TTP) (also known as Nup475, TIS11, or Zfp36) is one of the best-
characterized ARE-binding proteins containing three tetraproline
(PPPP) and two CCCH zinc finger domains required for interaction
with ARE. It mediates ARE-mRNA instability and translational repres-
sion (Qi et al., 2012; Tao and Gao, 2015; Fu et al., 2016) by directly
binding to ARE. The importance of TTP as a physiological regulator
of gene expression is manifested in TTP knockout mice, in which
chronic inflammation has been directly attributed to elevated levels
of TNF-a. and granulocyte-macrophage colony-stimulating factor
(GM-CSF) protein in TTP~~ macrophages (Carballo et al., 1997, 2000).
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TTP promotes ARE-mRNA degradation through recruiting a number
of MRNA decay enzymes responsible for deadenylation, decapping,
and exonucleolytic decay (Fenger-Gron et al., 2005; Lykke-Andersen
and Wagner, 2005). TTP could also be involved in a microRNA16-
mediated ARE mRNA degradation, through interaction with Argo-
naute 2 (Ago2) (Jing et al., 2005). Ago2 is the essential functional
effector of the microRNP-the slicer in microRNA-mediated decay
or the repressor in microRNA-mediated translational repression
(Meister et al., 2004; Kiriakidou et al., 2007).

On the other hand, ARE also confers its transcript stability in
response to rapidly changing cellular environment. Several cell sig-
naling pathways are known to modulate mRNA stabilization or
translation (Lee et al., 2011; Tiedje et al., 2012; Rataj et al., 2016).
The P38 mitogen-activated protein kinase (MAPK) pathway plays a
very important role in regulating ARE-mRNA stability (Mahtani et al.,
2001; Dean et al., 2004; Brook et al., 2006; Hitti et al., 2006; Tudor
et al., 2009; McGuire et al., 2017). P38 is activated by proinflamma-
tory stimuli such as bacterial lipopolysaccharide (LPS), TNF-o,, and
then phosphorylates its own substrates, including the kinase MAPK-
activated protein kinase 2 (MAPKAPK2, MK2). P38 activation has
been shown to impair ARE-containing mRNA degradation, leading
to mRNA stabilization. Macrophages from MK27~ mice showed
significantly decreased levels of TNF-q, IL-1, IL-6, and IFN y due to
reduced cytokine mRNA stability (Kotlyarov et al., 1999; Neininger
et al., 2002). MK2 can deliver signals from P38 and then directly
phosphorylate TTP at Ser-52 and Ser-178. Phosphorylation of TTP
by MK2 creates a substrate for the adaptor protein 14-3-3 (Stoecklin
et al., 2004), which protects TTP from dephosphorylation by protein
phosphatase 2A (PP2A) (Sun et al., 2007). It has been reported that
phosphorylated TTP lose the ability to combine with ARE-mRNA,
thus stabilizing mRNA (Carballo et al., 2001; Cao, 2004; Hitti et al.,
2006). However, a growing body of evidence indicate that TTP ef-
fectively retains its affinity with target genes under P38 activation
condition (Mahtani et al., 2001; Stoecklin et al., 2004; Sun et al.,
2007; Clement et al., 2011). Moreover, extant studies show that TTP
phosphorylation prevents recruitment of cytoplasm deadenylase
complex (Marchese et al., 2010; Clement et al., 2011), thereby pro-
moting ARE-mRNA stability. Although it is presently understood
that ARE-mRNA stabilization regulation is mediated by P38 and TTP,
the detailed underlying mechanisms require further investigation.

TTP and ARE-mRNA were observed to reside in discrete cyto-
plasm foci called processing bodies (PBs) (Franks and Lykke-Ander-
sen, 2007; Balagopal and Parker, 2009), in which a number of
proteins involved in translational silencing and mRNA decay (Eulalio
etal., 2007; Balagopal and Parker, 2009). These proteins include the
decapping enzyme Dcp2, the 5'-to-3’exonuclease X1, and factors
that stimulate decapping or inhibit general translation (Sheth and
Parker, 2003). As PBs are very dynamic RNA granules, they can rap-
idly exchange components with the surrounding cytoplasm and can
thus quickly emerge and disappear (Buchan, 2014). In addition, the
assembly and formation of PBs are precisely controlled by certain
signal pathways (Rzeczkowski et al., 2011; Conforto et al., 2012;
Blanco et al., 2014), implying that PBs may play a critical role in
mRNA posttranscriptional regulation.

The goal of this study was to verify the function of PBs in P38-
mediated ARE-mRNA posttranscriptional modulation. We provided
the preliminary evidence that PB integrity is important for ARE-mRNA
destabilization induced by TTP. Ago2 is responsible for delivering
TTP into PBs for effective degradation of ARE-mRNA. Dcpla and
Dcp2 within PBs act downstream of Ago2 participating in ARE-mRNA
decay. P38 activation represses the interaction of TTP with Ago2 by
phosphorylating TTP at Ser-52 and Ser-178, thereby blocking the
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main mechanism by which TTP is directed into PBs, promoting ARE-
mRNA stabilization. P38 activity regulates ARE-mRNA turnover by
dynamically modifying the cooperation between TTP and Ago2.

RESULTS

P38 activation represses the accumulations of TTP

and ARE-mRNA within PBs

We first detected the distribution of TTP in Hela cells. Owing to the
lack of a TTP antibody suitable for immunofluorescence imaging, a
construct coding for TTP-EGFP (enhanced green fluorescent protein)
was transiently delivered into Hela cells. Dcp1a, a well-characterized
PB component for mRNA decapping in eukaryotes, was used as a
marker to visualize PBs by fluorescence microscopy. The endoge-
nous Dcp1a was stained with its polyclonal antibody and looked dis-
tributed in a focal pattern (Supplemental Figure S1A, top panel),
which was expected as PBs. The endogenous Dcpla distribution
pattern was consistent with that of ectopically expressed Dcpla
fused with red fluorescent protein (RFP-Dcp1a) (Supplemental Figure
S1A, bottom panel), thus we used the anti-Dcp1a antibody in the
subsequent experiments. TTP-EGFP appeared to cluster in cytoplas-
mic foci that overlapped PBs either marked by an anti-Dcpla anti-
body or by RFP- Dcpla (Supplemental Figure STA). We conclude
that TTP mainly accumulated within PBs in Hela cells.

It is well known that in mouse macrophages, such as RAW 264.7
cells, TTP is transiently induced and extensively phosphorylated on
LPS stimulation. We tested whether TTP localization would produce
any change in this scenario. TNF-o can simultaneously activate sev-
eral MAPKs family members (P38 MAPK, ERK, and JNK) and was
used to treat Hela cells at the concentration of 10 ng/ml for 2 h. TTP
became extensively diffused in the cytoplasm and did not localize to
PBs (Figure 1, A and B), while the focal pattern of PBs was preserved
under TNF-a stimulation (Figure 1A). The diffused localization of TTP
was confirmed by transient expression of HA-TTP followed by anti-
HA staining (unpublished data). These results suggest that TTP local-
ization within PBs could be regulated by the MAPK signal cascade.

To identify the potential signal pathways responsible for redistri-
bution of TTP, a number of specific MAPK inhibitors was used to in-
dividually pretreat Hela cells for 1 h before TNF-oincubation, includ-
ing P38 inhibitor SB 203580 (SB), ERK inhibitor PD 98059 (PD), and
JNK inhibitor SP 600125 (SP) with DMSO as negative control. Among
these inhibitors only SB prevented diffusion of TTP from PBs to the
cytoplasm (Figure 1, A and B), indicating that TTP dispersion from
PBs in presence of TNF-o is dependent on P38 activation. P38 activ-
ity affects neither the number nor the apparent size of PBs, as was
demonstrated in RAW264.7, P38a+/+ or P380—/— MEF cells, treated
with SB, TNF-a. or LPS (Supplemental Figure S1, B and C), suggest-
ing that the causation that promotes TTP release from PBs comes
from TTP itself rather than of PBs. We further determine whether the
increased foci structure under SB treatment is stress granules (SGs),
which do not appear in the cytoplasm in general condition. Our re-
sults showed that SB treatment did not promote SGs generation as
visualized by anti-HuR staining, although SG was greatly induced by
FCCP (carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone) treat-
ment (Supplemental Figure S1D). In contrast, PD and SP had no ef-
fect on TTP localization within PBs on TNF-a. stimulation (Figure 1, A
and B). Collectively, these results suggest that P38, but not ERK or
JNK, specifically regulates TTP localization in PBs.

MKKéb is a specific activator kinase of P38. Its constitutively active
mutant MKKéb (E) constantly keeps P38 phosphorylated and active,
while catalytically dead mutant MKKéb (A) is incapable of P38 activa-
tion (Han et al., 1996; Raingeaud et al., 1996; Stein et al., 1996, Huang
et al., 1997). MKKéb (E) or MKK6b (A) was ectopically expressed
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P38 activation promotes the dissociations of TTP and ARE-mRNA from PBs. (A) Hela
cells transiently transfected with TTP-EGFP were pretreated with DMSO (10 pM) as a control or
SB (10 uM), PD (30 pM), and SP (50 pM) for 1 h before TNF-o. addition (10 ng/ml) for 2 h. PBs
were visualized using the anti-Dcp1a antibody. (B) Graph showing the P-body numbers per cell
that is positive for TTP as in A. Error bars present SD (n = 30 cells per group). **p < 0.01.

(C) Hela cells were transfected with TTP-EGFP plasmid, together with plasmid expressing
MKKéb(E), MKK6b(A), or its empty vector. PBs were displayed with anti-Dcp1a staining.

(D) Graph showing the P-body numbers per cell which is positive for TTP as in C. Error bars
present SD (n = 30 cells per group). *p < 0.05; **p < 0.01. (E) Schematic of the MS2 system for
fluorescence-based mRNA visualization. The mRNA containing MS2 sites present downstream
of the ARE-containing GM-CSF 3’ UTR is bound by GFP-tagged MS2-binding protein, allowing
fluorescent visualization of the mRNA. (F) HelLa cells were transfected with the MS2 dual
plasmid system using the luciferase-GM-CSF 3’ UTR mRNA expression constructs, along with
MS2-GFP. MS2-GFP was used to visualize mRNA. Cells were cultured in media alone (Control),
treated for 2 h with TNF-o. (10 ng/ml), and pretreated with SB (10 uM) for 1 h before TNF-o.
addition (10 ng/ml). PBs were visualized using anti-Dcp1a antibody. Results shown are
representative of those from three experiments. (G) Graph showing the P-body numbers per cell
that is positive for MS2-GFP. Error bars present SD (n = 30 cells per group). *p < 0.05; **p < 0.01.

in Hela cells to modulate P38 activity. Like TNF-o stimulation, P38
activation by MKKéb (E) reduced TTP localization within PBs (Figure 1,
C and D), while P38 inhibition by MKKéb (A) yielded the opposite
effect (Figure 1, C and D). Together, these results confirmed that P38
activity directly affects TTP targeting within PBs.

P38 activation also represses ARE-mRNA localization

within PBs

Since TTP is an ARE-binding protein and P38 modifies its localization
within PBs, we reasoned that P38 activity could also regulate ARE-
mRNA accumulation in PBs. To test this possibility, a chimera reporter
was constructed that fuses luciferase coding sequence with ARE-con-
taining human GM-CSF mRNA 3" UTR and 24 binding sites for the
MS2 coat protein (Figure 1E). These MS2-binding sites allowed us to
follow the localization of ARE-mRNAs by coexpression of an MS2-
GFP fusion protein (Liu et al., 2005). In Hela cells, the reporter with
GM-CSF 3" UTR exhibited the distribution pattern of discrete cyto-
plasmic foci marked by Dcp1a, indicating localization of ARE-mRNA
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in PBs (Figure 1F). TNF-o stimulation ren-
dered GM-CSF reporter mRNA substantially
diffused into cytoplasm while SB treatment
abolished the diffusion of the reporter mRNA
from PBs (Figure 1, F and G). Therefore, ARE-
mRNA and TTP demonstrated an identical
localization response to TNF-o. stimulation.
The aforementioned data indicate that TTP
and ARE-mRNA can be localized to PBs,
depending on P38 activity.

o

P-body integrity is essential

for ARE-mRNA degradation

triggered by TTP

Since P38 activity modulates the TTP and
ARE-mRNA localization in PBs, we specu-
late that PBs may be responsible for ARE-
mRNA degradation, and P38 stabilizes
ARE-mRNA through inhibition of TTP tar-
geting into PBs. To test our hypothesis, we
set out to detect the effect of PB depletion
on ARE-mRNA abundance. A construct de-
scribed previously was adopted (Qi et al.,
2012), comprising a firefly luciferase re-
porter followed by the ARE-containing 3’
UTR of GM-CSF mRNA. Renilla luciferase
(RL) was chosen as an internal control for all
firefly luciferase assays. As shown in Supple-
mental Figure S2A, TTP overexpression de-
creased GM-CSF reporter mRNA level by
~50% compared with Septin1, a cell mito-
sis-related cytoskeletal protein that served
as a control. Similar results were obtained
with a different set of FL- or RL-specific
primers (unpublished data).

Several factors have been reported to be
essential for P-body integrity, including the
decapping enhancer Hedls or Lsm1. To dis-
rupt the PB structure, we silenced Hedls
with two small interfering RNAs (siRNAs) in
293T cells. The siHedls-1 and siHedls-2 de-
creased the abundance of Hedls protein to
~50 and 20% of control siRNA, respectively
(Supplemental Figure S2B). As shown in
Figure 2A, no PBs could be observed, as evidenced by the uniform
cytoplasm distribution of Dcp1a after Hedls silencing. To determine
whether PB integrity affects ARE-mRNA turnover, GM-CSF reporter
mRNA was assayed with RNAi of Hedls. In this case, the FL mRNA
level in the presence of HA-TTP was normalized to that with HA-
Septin1 to minimize the potential nonspecific effects of RNA
silencing. As expected, overexpression of TTP reduced FL-GM-CSF
reporter mRNA level by ~40% of that measured in the control.
Silencing Hedls by siHedls-1 recovered the mRNA level from 40% to
80% in the presence of TTP, and similar change was obtained for
siHedls-2 (Figure 2B). An additional reporter FL-TNF hosting the
entire human TNF-o. 3’UTR was used to further examine our obser-
vation. Indeed, Hedls knockdown by either siHedls-1 or siHedls-2
alleviated the diminishing of the FL-TNF reporter mRNA induced by
TTP (Figure 2C). Thus, these experiments imply that PB integrity
may be involved in ARE-mRNA turnover mediated by TTP.

Next, PBs were disassembled by depression of the decapping
activator Lsm1, which is essential for their formation. Knockdown of
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Lsm1 was analyzed with real-time PCR (Supplemental Figure S2C)
and its effect on PB depletion was monitored by anti-Dcp1a staining
(Figure 2D). As expected, Lsm1 silencing reversed the decrease of
GM-CSF reporter mRNA level triggered by TTP (Figure 2E). Impor-
tantly, introduction of the siRNA-resistant form of Myc-Lsm1 (Myc-
Lsm1") restored the decreased mRNA level of GM-CSF reporter in
the presence of TTP (Figure 2E). Consistently, a similar effect was
also found with FL-TNF reporter mRNA (Figure 2F).

DEAD-box helicase 6 (DDX6, also called RCK/P54), a conserved
helicase family member, has been shown to be essential for PB in-
tegrity (Ayache et al., 2015). SiRNAs against RCK eliminated the en-
dogenous RCK protein expression in 293T cells (Qi et al., 2012) and
subsequently the visible PB foci (Figure 2G). RCK knockdown also
restored GM-CSF reporter mRNA level reduced by TTP (Figure 2H),
although its effect was smaller than that of Hedls or Lsm1 silencing.
Also, the derepression was diminished with the introduction of a
siRNA-resistant form of Myc-RCK (Myc-RCK') (Figure 2H), indicating
that the effect is specific to RCK.

In addition to function in translational repression, RCK has also
been demonstrated involved in mRNA decapping (Fenger-Gron
et al., 2005). To confirm that the effect of PB depletion as seen
above are genuinely resulted from PB disorganization, rather than
the impaired decapping process, we dispersed PBs by elF4E-T
knockdown, elF4E-T is a blocking partner of the translational initia-
tion factor elF4E (eukaryotic initiation factor 4E, elF4E) and has been
shown to be required for the accumulation of MRNA degrading en-
zymes Lsm1, RCK/P54 and Ccrd in PB and mRNA instability (Andrei
etal., 2005). RNAi reduced elF4E-T protein to ~20 and 25%, respec-
tively (Supplemental Figure S2D), compared with corresponding
control. EIFAE-T depletion caused Dcpla to disperse throughout
the cytoplasm and did not concentrate in foci any longer, indicative
of disrupted PBs (Figure 2l). Interestingly, depletion of elF4E-T re-
lieved the mRNA level of GM-CSF reporter from 45% to 75% in the
presence of TTP, with either siRNA (Figure 2J). A similar change was
also obtained with FL-TNF (unpublished data). Together, the above
results suggested the possibility that PB integrity is involved in ARE-
mRNA degradation initiated by TTP.

To further determine whether PBs affect ARE-mRNA stability, we
adopted a tetracycline-regulatory pulse-chase experiment described
previously to trace ARE-mRNA stability (Lykke-Andersen and Wag-
ner, 2005; Franks and Lykke-Andersen, 2007). A mRNA reporter f3-
GM-CSF was constructed by placing GM-CSF 3"UTR downstream of
human B-globin coding region. Transcription of the reporter gene is
driven by a tetracycline response promoter, which is activated by a
tetracycline-repressible activator protein when tetracycline is absent.
A FL mRNA with the 3’UTR of GAPDH (FL-GAPDH) under the control
of the CMV promoter served as an internal control. To specifically
monitor the B-GM-CSF reporter mRNA stability influenced by TTP,
we cotransfected the B-GM-CSF reporter together with Septin1 as a
control. We found that the half-life of B-GM-CSF reporter mRNA was
~80 min in Hela cells (Figure 2K). PB depletion by Hedls knockdown
enhanced B-GM-CSF reporter mRNA stability (Figure 2K), with a half-
life ~135 min, suggesting that the PBs are involved in the decrease of
ARE-mRNA stability. Importantly, TTP overexpression caused a two-
fold reduction in the half-life of the B-GM-CSF reporter mRNA and
the accelerated degradation was inhibited with Hedls knockdown
(Figure 2K). A similar effect of derepression was also observed on
elFAE-T knockdown (Figure 2L), confirming that PBs modulated ARE-
mRNA stability initiated by TTP. We noticed that PB depletion by
Hedls or elF4E-T knockdown restored the B-GM-CSF reporter mRNA
level suppressed by TTP comparable with that without TTP overex-
pression (Figure 2, K and L), implicating that the PB-mediated mRNA
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decay pathway is the main downstream mechanism responsible for
TTP-mediated degradation of ARE-mRNA. Collectively, these ARE-
containing reporter MRNA experiments suggest that PB depletion
represses ARE-mRNA instability prompted by TTP.

Ago2 mediates TTP targeting into P-body

We proposed that TTP promotes ARE-mRNA turnover by delivering
them into PBs in which multiple MRNA decay enzymes reside. Thus,
delivery into PBs should be a potential mechanism for TTP to induce
target MRNA degradation. TTP, as an RNA-binding protein, interacts
with PBs by two possible mechanisms. One possibility is that TTP
spontaneously assemble visible PBs by recruiting factors responsible
for RNA degradation after it binds to ARE-mRNA. Alternatively, TTP
and its ARE-mRNA partner are delivered into well-assembled PBs.
TTP protein level is quite small due to low transcription rate and rela-
tively quick mRNA degradation in the general condition. Hence we
could not knock down TTP to validate its role in PB organization and
then turned to determine whether TTP overexpression could restore
PB formation after depleting PBs. Our assay showed that RCK knock-
down completely diminished cytoplasm PBs as visualized by anti-
Dcpla staining (Figure 3A). TTP overexpression could not restore PB
number, as displayed by diffused distribution of Dcpla as well as TTP
(Figure 3A). Similar results were obtained when Hedls was knock-
down (unpublished data). Furthermore, we attempted to determine
whether TTP expression would augment PB de novo biogenesis. Our
results showed that TTP expression slightly increase PB number but
with no statistical significance even at a higher transfection dosage
(Figure 3, B and C), indicating that TTP itself could not significantly
promote PB production. Instead, the fluorescence intensity and ap-
parent size of PBs marked by Dcp1a were enhanced with TTP expres-
sion (Figure 3B), implying that TTP may help PB assembly by interac-
tion with other mRNA decay components. Overall, the above results
indicate that TTP itself was not sufficient to promote PB de novo
formation, excluding the first possibility. Alternatively, TTP is associ-
ated with PBs by an unidentified factor. Ago2 is the component of
PBs and has been reported to participate in TTP-mediated ARE-
mRNA decay, and therefore we tested whether Ago2 is essential for
TTP recruitment into PBs. Ago2 knockdown was achieved by RNAI
(Supplemental Figure S3A) and led to the decline of PB localization,
as well as to an increase in cytoplasm distribution of TTP (Figure 3, D
and E). In contrast, Ago2 knockdown slightly reduced the number of
PBs with no statistical significance (Figure 3E and Supplmental Figure
S3, B and C), suggesting that Ago2 is specifically required for TTP
accumulation in PBs, whereas function in PB formation is only a sec-
ondary effect. Additionally, Ago2 overexpression substantially in-
creased the fluorescence intensity of TTP within the PBs and reduced
its distribution in the cytoplasm (Figure 3, F and G); Moreover, over-
expression of Ago2 also increased the number of PBs that are posi-
tive for TTP (Figure 3, F and G). However, the total number of PBs
displayed by Dcp1a was marginally increased with Ago2 expression
with no statistical significance (Figure 3G and Supplemental Figure
S3, D and E). This observation indicates that Ago2 promoted TTP
targeting into PBs. Overall, Ago2 knockdown and overexpression
experiments demonstrated that Ago2 specifically mediated TTP as-
sociation with PBs.

We next sought to establish whether Ago2 and TTP are sufficient
for organizing microscopically visible granules formation. TTP and
Ago2 were introduced into Hela cells in which cytoplasmic PBs had
been disassembled by RCK knockdown. Interestingly, on RCK deple-
tion, Ago2 and TTP expression led to the focal pattern of TTP that is
positive for PB marker Dcp1a, in spite of decreased numbers com-
pared with those under the undisturbed condition (Figure 3, H and I).
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mRNA level were set to 1 for cells transfected with Septin1 in each knockdown condition. Means and SD from three
independent experiments are shown. *p < 0.05; **p < 0.01. (C) Results of an experiment similar to that for B, except
that the reporter FL-GM-CSF was replaced with FL-TNF. *p < 0.05. (D) Lsm1 knockdown destroyed the PB integrity.
Hela cells transfected with control siRNA (siNC) or siLsm1 were stained with anti-Dcp1a antibody to visualize PBs.

(E) PB depletion by Lsm1 knockdown increases FL-GM-CSF reporter mRNA level induced by TTP. 293T cells
transfected with control siRNA (siNC) or siLsm1 were also transfected with FL-GM-CSF reporter plasmid and
overexpression plasmids. The normalized values of FL mRNA level were set to 1 for cells transfected with Septin1 in
each knockdown condition. *p < 0.05. (F) Results of an experiment similar to that for E, except that the reporter
FL-GM-CSF was replaced with FL-TNF. *p < 0.05. (G) RCK silencing diminished the cytoplasm PB foci as determined by
anti-Dcp1a staining. (H) The experiment was the same as for E, except that the siLsm1 was replaced with siRCK.

*p < 0.05. (I) EIF4E-T knockdown destroyed the PB integrity as shown by anti-Dcp1a staining. (J) The experiment was
the same as for B, except that the siHedls-1 and siHedls-2 was replaced with sielF4E-T-1 and sielF4E-T-2. *p < 0.05.
(K) Hedls knockdown increased ARE-mRNA stability induced by TTP. Hela cells were transfected with control siRNA
(siNC) or siHedls-1 twice. In the second transfection, 3-GM-CSF reporter plasmid, HA-TTP or HA-Septin1, and the
internal control plasmid FL-GAPDH were also included in the transfection mixture in the presence of tetracycline
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Ago2 is responsible for delivering TTP into PBs. (A) Hela cells were transfected
with siRCK to deplete the cytoplasm PBs. Scrambled siRNA (siNC) served as negative control.
TTP-EGFP plasmid was also included in the transfection mixture. PBs were visualized with
anti-Dcp1a antibody. (B) TTP overexpression did not increase the P-body numbers. Hela cells
were transfected with TTP-EGFP plasmid and the corresponding empty vector served as
negative control. PBs were displayed by anti-Dcp1a antibody. (C) Graph showing the numbers
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the PB number for 50 cells. ns, no significance. (D) Ago2 knockdown significantly reduced TTP
localization in PBs. Hela cells were treated with siAgo2 or siNC twice. TTP-EGFP plasmid
was included in the second transfection mixture. PBs were shown by anti-Dcp1a staining.

(E) Graph showing the P-body numbers that are positive for TTP, and the total P-body
numbers per cell, in siNC and siAgo2 conditions. Error bars represent standard error
calculations obtained from averaging the PB number for 50 cells. *p < 0.05; **p < 0.01; ns, no

significance. (F) Ago2 overexpression significantly increased the localization of TTP within PBs.

Hela cells were transfected with TTP-EGFP with or without Myc-Ago2 cotransfection. PBs
were visualized with anti-Dcp1a antibody. (G) Graph showing the P-body numbers that are
positive for TTP and the total P-body numbers per cell. Error bars represent standard error

calculations obtained from averaging the PB number for 50 cells. *p < 0.05; ns, no significance.

(H) Both TTP and Ago2 could organize microscopically visible granules formation. Hela cells
were treated with siRCK twice to deplete PBs. TTP-EGFP plasmid was included in the second
transfection mixture with or without Myc-Ago2. PBs were displayed by anti-Dcp1a antibody.
(I) Graph showing the P-body numbers that are positive for TTP per cell. Error bars

This experiment showed that the interaction
of TTP and Ago2 could organize the forma-
tion of Dcpla-containing granules that are
likely to be PBs or their precursor and implies
that the interaction of TTP and Ago2 may
occur independently of PBs. Indeed, coim-
munoprecipitation assay showed that PB de-
letion by RCK silencing did not interfere with
the interactions of TTP with Ago2 (Figure
3J). Together, these data support the conclu-
sion that Ago2 plays a role in targeting TTP
into PBs.

Ago2 is required for TTP-mediated
ARE-mRNA degradation that is
dependent on PB integrity

The results reported above suggest that
Ago2 may be involved in ARE-mRNA degra-
dation through delivering TTP into PBs. To
determine whether Ago2 is required for
ARE-mRNA decay induced by TTP, we si-
lenced Ago2 expression and detected its ef-
fect on the ARE reporter mRNA level. Our
findings indicated that TTP overexpression
reduced GM-CSF reporter mRNA level to
~50%, and Ago2 knockdown significantly in-
creased the relative mRNA level to ~80% of
that induced by TTP (Figure 4A). In addition,
Ago2 overexpression further reinforced the
inhibitory effect of TTP on GM-CSF reporter
mRNA (Figure 4B). Similar results were also
obtained with FL-TNF reporter mRNA
(Figure 4, A and B). The ability of Ago2 to
stimulate degradation of the reporter mRNA
is thus dependent on TTP binding, as Ago2
neither influences TTP-induced decay of a
reporter mRNA with a mutated ARE se-
quence (Supplemental Figure S4A), nor
stimulates GM-CSF reporter mRNA degra-
dation in the presence of a TTP mutant in-
competent for ARE binding (Supplemental
Figure S4B). Furthermore, in the absence of

represent standard error calculations
obtained from averaging the PB number for
30 cells. **p <0.01. (J) Western blots of
anti-Myc immunoprecipitates from RNase
A-treated HEK 293T cells treated with
siRCK or siNC (negative control) twice.
Plasmids Flag-TTP and Myc-Ago2 were
included in the second transfection mixture.
Precipitates (left panels) and total extracts
(input, right panels) were probed for the
presence of coexpressed Flag-TTP and
Myc-Ago2, as indicated.

(50 ng/ml). Pulse-chase experiments were performed as described under Material and Methods. The normalized values
of B-globin mRNA level were set to 100% for cells transfected with TTP compared with cells transfected with Septin1, at
the 0 time point, in each knockdown condition. Means and SD from three independent experiments are shown. (L) The

experiment was the same as for K, except that the siHedls-1 was replaced with sielF4E-T-1.
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FIGURE 4: The cooperation of TTP and Ago2 is critical for ARE-
mRNA degradation. (A) Ago2, acts together with TTP to promote
ARE reporter mRNA decay. 293T cells were transfected with the
indicated siRNAs and then transfected with reporter FL-GM-CSF or

FL-TNF, RL, and the indicated plasmids expressing HA-tagged TTP or
HA-Septin1. Normalized value of FL mRNA level was set to 1 for cells
transfected with the HA-Septin1 plasmid and the relative value of FL
mRNA was shown for cells transfected with the HA-TTP plasmid in
each knockdown condition. Means and SD from three independent
experiments are shown. **p < 0.01. (B) 293T cells were transfected
with the FL-GM-CSF or FL-TNF reporter and RL plasmids, together
with two plasmids, one expressing either HA-tagged TTP or HA-
Septin1 and another expressing either Myc-tagged Ago2 or Myc-
Septin1 or corresponding empty vector, as indicated. The relative
value of FL activity was set to 1 for cells transfected with the plasmid
expressing HA-tagged Septin1 and the relative value of FL mRNA was
shown for cells transfected with the plasmid expressing HA-tagged
TTP in each condition. Means and SD from three independent
experiments are shown. **p < 0.01; ns, no significance. (C) Ago2
depletion only did not change ARE reporter mRNA level. 293T cells
transfected with control siRNA (siNC) or siAgo2 were also transfected
with the indicated reporter plasmids. The normalized value of FL
mRNA level was set to 1 for cells transfected with siNC for each
reporter mRNA. ns, no significance. (D) 293T cells transfected with
Myc-Ago2 or corresponding empty vector (control) were also
transfected with the indicated reporter plasmids. The normalized
value of FL mRNA level was set to 1 for cells transfected with control
plasmid for each reporter mRNA. ns, no significance. (E) 293T cells
were transfected with the indicated siRNAs and the reporter
FL-GM-CSF and RL plasmids, together with two plasmids, one
expressing either HA-tagged TTP or HA-Septin1 and another
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TTP, either knockdown or overexpression of Ago2 did not affect the
relative mRNA levels of either ARE reporter (Figure 4, C and D). All
these data imply that Ago2 must act in concert with TTP to promote
ARE-mRNA degradation.

To determine whether PB integrity is necessary for ARE-mRNA
degradation, we depleted cytoplasm PBs by RCK knockdown in
293T cells. As shown in Figure 4E, TTP and Ago2 expression led to
the decline of GM-CSF reporter mRNA level, while the mRNA level
was substantially restored by the PB destruction. Similar results were
obtained with TNF reporter mRNA (Figure 4F), supporting the
denotation that PBs are involved in executing the ARE-mRNA
degradation mediated by TTP and Ago2.

Ago2 mediates the interaction between TTP and Dcp1a

Since PBs are engaged in the decapping and degradation of mRNA
from the 5" end, we propose that Ago2 delivers TTP into PBs, after
which the decapping machinery proceeds with the subsequent
degradation. If this assertion is correct, Ago2 may mediate the inter-
actions of TTP with the decapping activator Dcpla and decapping
enzyme Dcp2. Coimmunoprecipitate (Co-IP) assay showed that TTP
copurifies with Dcp1a and Dep2, while RCK knockdown almost elim-
inated these complex formations (Figure 5A), implying that the
interactions of TTP with Dcpla and Dcp2 took place inside PBs. In
addition, Ago2 knockdown clearly removed either Dcpla or Dcp2
from TTP complex immunoprecipitated by anti-Flag antibody (Figure
5A). Furthermore, Dcpla or Dcp2 silencing impaired GM-CSF re-
porter mRNA decay in the presence of TTP and Ago2 (Figure 5B).
Conversely, Dcpla and Dcp2 expression strengthened the rapid
ARE-mRNA turnover (Figure 5C), suggesting that Dcpla and Dcp2
act downstream of Ago2 in TTP-mediated ARE-mRNA degradation.
Moreover, expression of a catalytically inactive mutant form of hu-
man Dcp2 (Dep2-E148Q), which impairs the 5" cap removal and sub-
sequent 5™-3" phosphohydrolysis, blocked TTP, and Ago2-induced
ARE-mRNA degradation (Figure 5C). In addition, TTP aggregate in
PBs was greatly increased in the presence of Dcp2-E148Q com-
pared with that of the wild-type Dcp2 (Figure 5D), implying that
ARE-mRNAs are targeted into PBs but are protected from degrada-
tion. Thus, the decapping complex Dcpla-Dep2 in PBs plays an es-
sential role in the ARE-mRNA decay downstream of TTP and Ago2.

Phosphorylation of TTP prevents Ago2 recruitment

ARE-mRNA degradation mediated by TTP requires its binding with
target mRNA and subsequent recruitment of decay enzymes. This
process could be potentially regulated by TTP phosphorylation. A
consensus has not been reached yet whether TTP phosphorylation
impairs its ability to bind target mRNA (Carballo et al., 2001; Mahtani
etal., 2001; Cao, 2004; Stoecklin et al., 2004; Hitti et al., 2006; Sun
etal., 2007; Clement et al., 2011). Therefore, we want to determine
whether TTP phosphorylation weaken its association with ARE-
mRNA in cells. To this end, Myc-tagged TTP was overexpressed in
HEK293T in the presence of the constitutively active kinase MKKéb
(E) or the inactive kinase MKKéb (A) (Han et al., 1996, Raingeaud
et al., 1996; Stein et al., 1996; Huang et al., 1997), after which
GM-CSF reporter mRNA was copurified by RNA immunoprecipita-
tion with anti-Myc antibody. As shown in Figure 6A, no significant

expressing either Myc-tagged Ago2 or Myc-Septin1. The normalized
value of FL mRNA level was set to 1 for cells transfected with
plasmids HA-Septin1 and Myc-Septin1 in each knockdown condition.
Means and SD from three independent experiments are shown.

**p < 0.01. (F) Results of an experiment similar to that for E, except
that the reporter FL-GM-CSF was replaced with FL-TNF. **p < 0.01.
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FIGURE 5: Dcpla and Dcp2 are responsible for TTP- and Ago2-mediated ARE-mRNA decay.
(A) Western blots for the endogenous Dcp1a and Dcp2 proteins that coimmunopurify with
Myc-tagged TTP from RNase A-treated HEK 293T cells treated with Scrambled siRNA, siAgo2,
or siRCK. Precipitates (left panels) and total extracts (input, right panels) were probed for the
presence of Dcpla, Dcp2, and TTP as indicated. (B) 293T cells were transfected with the
FL-GM-CSF reporter and RL plasmids, together with siRNA as indicated. Flag-tagged TTP and
Myc-tagged Ago2 were also included in the transfection mixture. Flag-tagged Septin1 and
Myc-tagged Septin1 served as control. The relative value of FL mRNA level was set to 1 for cells
transfected with the plasmid expressing Septin1 in each knockdown condition. Means and SD
from three independent experiments are shown. *p < 0.05. (C) 293T cells were transfected with
the FL-GM-CSF reporter and RL plasmids, together with plasmid expressing HA-tagged Dcp1a,
Dcp2, Dcp2-E148Q, or Septin1. Plasmid expressing Flag-tagged TTP and Myc-tagged Ago2
were also included in the transfection mixture. Flag-tagged Septin1 and Myc-tagged Septin1
served as control. The relative value of FL mRNA was set to 1 for cells transfected with the
Flag-tagged and Myc-tagged Septin1 plasmids in each condition. Means and SD from three
independent experiments are shown. *p < 0.05. (D) Dcp2-E148Q mutant significantly retains
TTP localization in PBs. HeLa cells were transfected with Myc-tagged wild-type Dcp2 (Dcp2-WT),
Dcp2-E148Q mutant, or the corresponding empty expression plasmid (control), together with

plasmid TTP-EGFP. PBs were shown by anti-Dcp1a staining.

differences in the abundance of GM-CSF reporter mRNA associated
with TTP were observed between the MKKéb (E) or MKKéb (A)
expression. Myc-tagged hnRNP A1 served as a positive control for
copurification with the GM-CSF reporter mRNA, whereas TTP lack-
ing the RNA-binding domain (TTP1-100) was used as a negative
control (Figure 6A). Our data support that TTP phsophorylation by
P38 does not impair its ARE-mRNA-binding ability, and thus alterna-
tive mechanisms may exist, such as the effect of TTP phosphoryla-
tion on the interaction with degradation-related proteins.

We therefore tested the effect of TTP phosphorylation on the
interaction with Ago2 by using the coimmunoprecipitation assay.
For this purpose, 293T cells were ectopically expressed with Myc-
tagged TTP and HA-tagged Ago2, followed by treatment with SB
203580 for 2 h. Among the immunoprecipitation complexes with
anti-HA antibody, Myc-TTP level was elevated in the presence of SB
203580 compared with control, although SB 203580 treatment did
not change TTP or Ago2 expression (Figure 6B). Similar results were
obtained when the same cell lysate was immnoprecipitated with
anti-Myc antibody (Figure 6C). These findings indicate that P38
inhibition promotes complex formation between TTP and Ago2.

Next, MKKéb (A) or MKKéb (E) were introduced together with
Myc-Ago2 and Flag-TTP into 293T cells to specifically inhibit or
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cluded that P38 activation inhibits the inter-
action of TTP with its partner Ago2, as well
as PB components.

Ser-52 and Ser-178 of TTP are the main
phosphorylation sites mediating its
interaction with Ago2 and ARE-mRNA
degradation

Ser-52 and Ser-178 of TTP are the phos-
phorylation targets of the P38-MK2 signal
pathway. To identify the target site mediat-
ing the interaction between TTP and Ago2,
the TTP mutant resistant to P38 phosphory-
lation, TTP-AA was employed. We found
that TTP-AA copurified with Myc-tagged
Ago2 more than the wild-type TTP did
(Figure 7A). Furthermore, the interaction
between TTP-AA and Ago2 was not weak-
ened by P38 stimulation (Figure 7B), sug-
gesting that phosphorylation of TTP at the
two sites was essential for its dissociation
from Ago2. In addition, the interaction be-
tween TTP-AA and Ago2 was not further
strengthened by P38 inhibition (Figure 7B),
implying that Ser-52 and Ser-178 of TTP are
the main phosphorylation sites responsible
for P38 signaling. Similarly, association between TTP-AA and Dcpla
was neither attenuated by P38 activation nor enhanced by P38 inhi-
bition (Figure 7C).

To determine whether the TTP mutant could respond to P38 to
alter its localization within PBs, we expressed TTP-AA-EGFP in Hela
cells and traced its localization. TTP-AA localized to PBs under a
natural condition, with an apparent size of PBs larger than that host-
ing the wild-type TTP (Figure 7D, left panel). TTP-AA did not in-
crease total PB numbers per cell but significantly enhanced the
number of PBs that was positive for TTP (Figure 7D, right panel).
TTP-AA did not diffuse into the cytoplasm and persisted in cluster-
ing within PBs when P38 was activated (Figure 7E). Conversely, its
localization to PBs was not further enhanced by P38 inhibition
(Figure 7E). These findings suggest that the phosphorylation status
of TTP induced by P38 is critical for its PB localization.

Finally, we studied the ARE-mRNA degradation regulated by
TTP-AA and found that TTP-AA more effectively promoted GM-CSF
reporter mRNA decay than the wild-type TTP did (Figure 7F). The
mRNA decay of GM-CSF reporter was clearly blocked by P38 activa-
tion in the presence of wild-type TTP (Figure 7F), whereas it persisted
in presence of TTP-AA in spite of high P38 activity (Figure 7F). More-
over, Ago2 knockdown alleviated GM-CSF reporter mRNA decay
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FIGURE 6: P38 activation represses the interaction of TTP with Ago2 or with Dcps. (A) 293T
cells were transfected with empty expression plasmid (control) or plasmids expressing MKK6b(E)
or MKKéb(A), together with plasmids FL-GM-CSF and Myc-tagged TTP-WT. Myc-tagged
hnRNP-A1 and TTP fragment (TTP1-100) served as positive and negative control for the
wild-type TTP, respectively. Cytoplasmic lysates were used for mRNP immunoprecipitation (IP)
assays with antibody to Myc followed by gRT-PCR to measure FL-GM-CSF mRNA abundance.
GAPDH mRNA served as internal control. Means and SD from three independent experiments
are shown. ns, no significance. (B) Western blots of anti-HA immunoprecipitates from RNase
A-treated extracts of HEK 293T cells transiently expressing HA-tagged Ago2 and Myc-tagged
TTP in the absence or presence of SB 203580 for 2 h. Precipitates and cell lysates were probed
for the presence of coexpressed Myc-TTP, HA-Ago2, as indicated. (C) The same cell extracts as
for B were immunoprecipitated with anti-Myc antibody. Precipitates and cell lysates were
probed for the presence of HA-Ago2, Myc-TTP, as indicated. (D) Western blots of anti-Myc
immunoprecipitates from RNase A-treated HEK 293T cells transiently expressing three
plasmids: one expressing Flag-tagged TTP, another expressing Myc-tagged Ago2, third
expressing either HA-tagged MKKéb(A) or HA-MKKéb(E) or corresponding empty vector.
Precipitates (left panels) and total extracts (input, right panels) were probed for the presence of
coexpressed Flag-TTP, Myc-Ago2, as indicated. (E) Results of an experiment similar to that for
panel D, except that the overexpressed Myc-tagged Ago2 was replaced with endogenous
Ago2. (F) Results of an experiment similar to that for panel E, except that the endogenous Ago2

was replaced with the endogenous Dcpla and Dcp2.

induced by TTP-AA (Figure 7G), and a similar effect was observed in
the condition of Dcp1a knockdown or destruction of PBs (Figure 7G).
Thus TTP-AA utilized the downstream decay pathway in the same
manner as the wild-type TTP did. Together, these results indicated
that phosphorylation at Ser-52 and Ser-178 of TTP by P38 mitigates
its interaction with Ago2 and relieves the ARE-mRNA instability.

DISCUSSION

Control of mRNA turnover plays a critical role in the regulation of
gene expression. Cell signaling pathways can influence mRNA de-
cay rates, yet the mechanism by which cell signaling information is
communicated to mRNA decay factors is poorly understood. In this
study, we showed that, in the case of the ARE-mRNA decay path-
way, TTP activates rapid degradation of ARE-mRNAs by delivering it
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hibiting mRNA turnover after decapping or
PB deficiency by inhibiting mRNA decay be-
fore decapping, suggested a possible site of
PBs for regulation of mRNA degradation
(Sheth and Parker, 2003). Yet, contrary results
presented that the combined deletion of de-
capping activator Edc3 and the Q/N-rich
domain of Lsm4 led to reduced stability of
PGC1 and MFA2 mRNA and concomitant
disappearance of PBs under general and
stress conditions in Saccharomyces cerevi-
siae, pointing out PBs implicating in mRNA
storage but not decay, at least under some
circumstances (Huch et al., 2016; Huch and
Nissan, 2017). In contrast to the conflicting
discoveries, studies showed that TTP and
ARE-mRNA accumulate in PBs following de-
pletion of Dcp2 and Xm1, both of which are
catalytic components of PBs involved in
mRNA 5-to-3" decay. In addition, a Ké3-
branched ubiquitin mutation (K63R) led to
strong stabilization of prototypical IL-1 target gene mRNAs IL-6, IL-8,
and CXCL3, along with the disappearance of PBs (Tenekeci et al.,
2016), suggesting a coupling of ARE-mRNA degradation and PB in-
tegrity. Notably, it was determined that Dcp1a silencing increased
ARE-mRNA stability and the PB abundance, although knocking
down Lsm1 caused PBs to disappear and increased ARE-mRNA sta-
bility, suggesting that PBs may not simply be involved in ARE-mRNA
stability regulation (Stoecklin et al., 2006). PBs organize from the
complex of mRNA and proteins. To date, several factors required for
its integrity have been identified, such as decapping activator Hedls,
Lsm1, RCK, or elF4E-T. Our observations demonstrated that PB de-
pletion by Hedls, Lsm1, or helicase RCK/P54 knockdown greatly re-
lieved GM-CSF reporter mRNA level repressed by TTP (Figure 2, B,
E, H, and K). Similar results were obtained in the experiments with
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Ser-52 and Ser-178 of TTP are the main phosphorylation sites mediating its interaction with Ago2 and
ARE-mRNA degradation. (A) 293T cells tranfected with Myc-tagged Ago2 and Flag-tagged TTP-WT or TTP-AA were
subjected to anti-Myc immunopurification (IP), and precipitates were detected via immunoblotting with anti-Flag
antibody. (B) Coimmunoprecipitation assays performed with extracts derived from 293T cells coexpressing Flag-tagged
TTP-AA together with MKK6b(E) or MKKéb(A). Immunoprecipitations (IP) were performed with anti-Flag antibody. Pellet
and 5% of input fractions were loaded on the left and the right and subjected to immunoblotting with anti-Flag or
anti-Ago2 antibodies as indicated. (C) Results of an experiment similar to that for B, except that the anti-Ago2 antibody
was replaced with anti-Dcp1a antibody. (D) Hela cells were transfected with plasmids expressing either TTP-WT-EGFP
or TTP-AA-EGFP. PBs were displayed with anti-Dcp1a antibody (left panel). Graph showing the P-body numbers that are
positive for TTP, and the total P-body numbers per cell, in TTP-WT-EGFP and TTP-AA-EGFP transfection conditions
(right panel). Error bars represent standard error calculations obtained from averaging the PB number for 50 cells.

*p < 0.05; ns, no significance. (E) Hela cells were transfected with two plasmids, one expressing TTP-AA-EGFP and
another expressing MKK6b(E), MKKéb(A), or a corresponding empty vector. PBs were visualized by anti-Dcp1a staining.
(F) 293T cells were transfected with the FL-GM-CSF reporter and RL plasmids, together with two plasmids, one
expressing HA-tagged TTP-WT, TTP-AA, or Septin1 and another expressing either MKK6b(E) or corresponding empty
vector, as indicated. The relative value of FL mRNA was set to 1 for cells transfected with the plasmid expressing
HA-tagged Septin1 in each condition. Means and SD from three independent experiments are shown. *p < 0.05;

**p < 0.01; ns, no significance. (G) 293T cells were transfected with the indicated siRNAs and then transfected with
reporter FL-GM-CSF and RL plasmids, together with HA-tagged TTP-AA or HA-Septin1. The normalized value of FL
mRNA level was set to 1 for cells transfected with plasmids HA-Septin1 in each knockdown condition. Means and SD
from three independent experiments are shown. **p < 0.01.

TNF-o reporter mRNA (Figure 2, C and F). In addition, PB depletion
by elF4E-T knockdown also rescued decreased GM-CSF reporter
mRNA level induced by TTP (Figure 2, J and L), implying that PBs
were specifically involved in ARE-mRNA degradation prompted by

Volume 29 April 15, 2018

TTP. Additional evidence further showed that Dcp2-E148Q overex-
pression not only inhibited ARE-mRNA degradation mediated by
TTP and Ago2 (Figure 5C) but also increased ARE-mRNA localization
within PBs (Figure 5D). Therefore, our data favor the denotation that
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PBs likely execute the ARE-mRNA decay. However, elF4E-T has been
verified to complex with TTP and assist in the degradation process
of ARE-mRNA induced by TTP (Nishimura et al., 2015). Thus, the
increased stability of GM-CSF reporter mRNA from elF4E-T knock-
down (Figure 2, J and L) may arise from the consequence of its non-
PB effects. Collectively, our result provides some clues that PBs may
be likely the location where ARE-mRNA was actively degraded.
However, we could not completely exclude the possibility that ARE-
mRNA degradation actually happens in some place other than PB
and ARE-mRNA localization in PBs as the consequence of RNA de-
cay. This issue is of great interest for future research.

TTP delivers ARE-mRNA into PBs, thus facilitating its contact with
decay-related enzymes and subsequent degradation. TTP could
enter preexisting PBs via a certain mechanism or organize PB forma-
tion by recruiting obligatory partners. Our data showed TTP expres-
sion extended the apparent size of PBs but did not alter their
number (Figure 3, B and C), and it could not rescue the PB depletion
induced by RCK knockdown (Figure 3H). Therefore our data support
that TTP and associated ARE-mRNA join in a mature PBs and impli-
cate that a potential component, such as a mMRNA decay-related
factor, is engaged in delivering TTP into PBs.

Ago2 delivers TTP into PBs and is involved in TTP-mediated

ARE-mRNA degradation

Our studies provided the important evidence that TTP is the
prerequisite for Ago2 participation in ARE-mRNA decay. Without
cotransfection of TTP, Ago2 has no significant effect on ARE-mRNA
expression at the mRNA level (Figure 4, C and D). However, when
TTP was cotransfected, Ago2 led to decreased ARE-mRNA expres-
sion at the mRNA level (Figure 4B), clearly indicating that Ago2 is an
ARE-mRNA decay factor. As Ago2 depends on TTP, without TTP, it
could not effectively bind to ARE-mRNA. In other words, Ago2 may
preferentially interact with TTP relative to other ARE-binding factors.
On the other hand, TTP promotes ARE-mRNA degradation depen-
dent on Ago2. As shown in the experiments where Ago2 was
depleted, in the presence of TTP, Ago2 was indispensable for ARE-
mRNA degradation (Figure 4A). Consistently, Ago2 overexpression
further strengthened ARE-mRNA repression induced by TTP, sug-
gesting that Ago2 acts downstream of TTP (Figure 4B).

As noted above, TTP itself could not organize microscopically
visible granule formation after PBs were destroyed, indicating that
other factors participated in this process. Ago2 is an interesting can-
didate because of its closer correlation with TTP and ARE-mRNA
degradation (Jing et al., 2005). We cotransfected Ago2 together
with TTP into Hela cells and found that granule formation was
somehow recovered, but their number and apparent size were still
smaller than those observed under the general conditions (Figure
3H). We posit that Ago2 recruited by TTP will further attract other
interaction components, leading to greater aggregation formation,
which can be seen under the microscope. Dcp1a, a critical decap-
ping activator, was positive in these foci, indicating that a portion of
Dcp1a is recruited into this complex. This is consistent with the find-
ing that Ago2 facilitates the association of TTP with Dcpla and
Dcpla acts downstream of Ago2 (Figure 5A). However, RCK deple-
tion diminished the interaction between TTP and Dcp1a (Figure 5A),
suggesting that this interaction mainly occurs within PBs.

Previous studies showed that P38-MK2 activation impaired the
deadenylase recruitment to ARE-mRNA due to TTP phosphoryla-
tion (Marchese et al., 2010; Clement et al., 2011). It is thus important
to ascertain whether Ago2 mediates the connection between
TTP and deadenylase. Given the closer relation of Ago2 and dead-
enylase complex in a microRNA (miRNA)-mediated pathway, we
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hypothesize that Ago2 is responsible for deadenylase recruitment.
Thus, Ago2 dissociation from TTP by P38 stimulation leads to dead-
enylase recruitment failure.

Owing to the involvement of Ago2 in TTP-mediated ARE-mRNA
decay (Jing et al., 2005), we could not exclude the possibility that
miRNAs, such as miR-16, may participate in TTP association with
Ago? targeting to PBs. Further work is needed to elucidate the func-
tion and mechanism of miRNAs and their role in the cooperation of
TTP and Ago2.

Phosphorylation of TTP by P38 inhibits Ago2 recruitment

It has been shown that phosphorylation of TTP by P38 is associated
with impaired decay of ARE-mRNA (Mahtani et al., 2001; Dean
et al., 2004; Brook et al., 2006; Hitti et al., 2006; Tudor et al., 2009;
McGuire et al., 2017), but the mechanism behind this process re-
mains insufficiently understood. Previous observations based on in
vitro RNA gel shift experiments suggested that phosphorylation of
TTP decreases its ability to bind ARE-mRNA in vitro (Carballo et al.,
2001; Cao, 2004; Hitti et al., 2006), whereas other studies have sug-
gested otherwise (Mahtani et al., 2001; Stoecklin et al., 2004; Sun
etal., 2007; Clement et al., 2011). Our results are consistent with the
latter. First, by RNA immunoprecipitate assay, we did not observe a
significant decrease in the ability of phosphorylated TTP to bind
ARE reporter mRNA in 293T cells (Figure 6A). Second, phosphoryla-
tion of TTP by P38 impairs its ability to activate the decay of an
mRNA substrate to which it is tethered (unpublished data), indicat-
ing that phosphorylation of TTP affects a step downstream of mRNA
binding. However, it is also possible that the binding of the phos-
phorylated TTP with its target is finely controlled and is thus beyond
the limit that we can presently detect and discriminate.

Rather than substrate binding defect, our observations suggest
that the phosphorylation state of TTP affects its association with
miRISC member Ago2. First, TTP dephosphorylation by P38 inhibi-
tor SB 203580 increased the copurification of TTP with Ago2 (Figure
6, B and C). Second, P38 inhibition by MKKéb (A) also increased the
coprecipitation of TTP with Ago2 (Figure 6, D and E). Third, TTP
phosphorylation by P38 upstream constitutively activated kinase
MKKéb (E) and clearly diminished the interaction of TTP and Ago2
(Figure 6, D and E). This reduced association defect is, at least in
part, due to the phosphorylation of P38 target residues Ser-52 and
Ser-178 of TTP, as evidenced by the restoration of TTP-Ago2 inter-
actions during P38 activation when TTP is mutated in these residues
(TTP-AA) (Figure 7B). Taken together, these observations suggest
that, on activation of the P38 MAPK pathway, the phosphorylation
of TTP leaves TTP associated with target mRNAs yet unable to re-
cruit Ago2 complexes to promote mRNA decay. If phosphorylated
TTP remains associated with target mRNA, it may be possible that
phosphorylated TTP prevents ARE-mRNA from being degraded by
other ARE-binding proteins. In addition, phosphorylated TTP may
also be involved in contacting with other mRNA stability or transla-
tion-related modulators, allowing ARE-mRNA regulation at multiple
levels. Future studies should reveal additional functions and mecha-
nisms for phosphorylated TTP on ARE-mRNA expression under P38
activation condition.

How does phosphorylation of TTP impede Ago2 deadenylase
recruitment? Previous studies have shown that phosphorylation of
TTP by P38-MK2 at Ser-52 or Ser-178 induces binding by the adap-
tor protein 14-3-3 (Chrestensen et al., 2004; Stoecklin et al., 2004).
It is known that the association of TTP with 14-3-3 protects TTP from
dephosphorylation by PP2A (Sun et al., 2007), ensuring TNF-a.
mRNA stabilization. In addition, the association of TTP with 14-3-3
blocks its contact with decay-related enzymes, such as deadenylase
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complex, preventing ARE-mRNA from being degraded (Clement
et al., 2011). Our findings showed that Ago2 dissociation from TTP
is dependent on the phosphorylation of TTP at Ser-52 and Ser-178,
which is also the target for 14-3-3. Thus, we hypothesized that TTP
phosphorylation at Ser-52 and Ser-178 led to 14-3-3 recruitment.
Simultaneously, Ago2 contact with TTP was blocked, thus promot-
ing ARE-mRNA stabilization. It is interesting to note that P38 activa-
tion induced during neuronal differentiation up-regulates the phos-
phorylation of Ago2, which promotes the dissociation of miRNA
from Ago2 and ensures normal neuronal differentiation (Patranabis
and Bhattacharyya, 2016), indicating that Ago2 could also be phos-
phorylated by P38. Additionally, the amino terminus of human Ago2
was also demonstrated to bind 14-3-3 proteins (Stoica et al., 2006).
We proposed that, like TTP, Ago2 could associate with 14-3-3 after
it is phosphorylated by P38, which would result in the dissociation of
TTP from Ago2. Further experiments are needed to determine the
precise role of 14-3-3 in TTP and Ago2 combination and its implica-
tion in ARE-mRNA stability under P38 activation condition. Perhaps
Ser-52 and Ser-178 are not the only two sites that can be phosphory-
lated by certain signal pathways. For example, hyperphosphoryla-
tion of the TTP-AA mutant protein, which cannot be phosphorylated
by P38-MK2, partially impairs deadenylase association (Clement
et al., 2011), suggesting that other phosphorylation sites that regu-
late TTP function exist. Further studies are required to identify signal
pathways other than P38 involved in TTP phosphorylation by a simi-
lar or different mechanism and its effects on ARE-mRNA stability
regulation. Moreover, not only TTP but also other AUBPs could be
regulated by phosphorylation, including TTP paralogues BRF-1 and
BRF-2, AUF1, and KSRP (Schmidlin et al., 2004; Gherzi et al., 2006;
Maitra et al., 2008; Shen and Malter, 2015). The phosphorylation of
KSRP by P38 leads to 14-3-3 association and the inhibition of KSRP's
ability to activate mRNA decay (Gherzi et al., 2006). Thus, in future
studies, it would be beneficial to explore the mechanism by which
phosphorylation regulates the activity of mRNA decay factor.

In summary, we have discovered a novel function for P38 in in-
ducing ARE-mRNA stabilization by hindering the collaboration be-
tween TTP and Ago2. These results provide new insight into the
mechanism by which P38 activation promotes ARE-mRNA stabiliza-
tion. Future work is required to understand these mechanisms in
more detail.

MATERIALS AND METHODS

Plasmid constructs

Plasmid TTP-EGFP is from our lab preserved. To construct plasmids
encoding HA-tagged or Myc-tagged TTP, full-length TTP was ampli-
fied from TTP-EGFP and inserted between the EcoRI and Xhol sites
of pCMV-HA or pCMV-Myc.

To construct HA-tagged or Myc-tagged Ago2, Ago2 cDNA was
amplified from 293T cells and inserted between EcoRl and Notl
sites of pPCMV-HA or pCMV-Myc to generate HA-tagged Ago2 or
Myc-tagged Ago2.

The mRNA localization reporters were as described previously
(Liu et al., 2005). We did some modification through replacing the
let-7 target sequence with human GM-CSF 3'UTR.

To generate FL-GM-CSF, GM-CSF 3’UTR was inserted between
the Kpnl and Bglll sites of pGL3 basic luciferase report vector. The
two sites were also used in the construction of FL-TNF and
FL-GAPDH.

Cell culture and luciferase reporter assay

For analysis of ARE reporter mRNA, transfections of 293T cells were
performed in 24-well plates with Lipofectamine 2000 (Invitrogen).
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Transfection mixtures contained 50 ng of FL reporter plasmid. Plas-
mids expressing various proteins were cotransfected in specific ex-
periments as follows: HA-TTP, HA-TTP-F126N, or HA-Septin1
(10 ng); Myc-RCK or its siRNA resistant version Myc-RCKr (50 ng);
Myc-Lsm1 or its siRNA-resistant version, Myc-Lsm1r; Myc-Ago2,
Myc-Depla, Myc-Dep2 or its catalytically inactive mutant Myc-
Dcp2-E148Q, or Myc-Septin1; and MKKéb(E) or MKK6b(A) (75 ng)
(Han et al., 1996; Raingeaud et al., 1996; Stein et al., 1996; Huang
et al., 1997). PcDNA3.0 was added to make a total of 200 ng of
plasmid in each experiment; 2 ng of RL was included in all transfec-
tion mixes. In all experiments, FL and RL mRNA levels were mea-
sured 48 h after transfection. The FL mRNA level was normalized
to that of RL.

Quantitative real-time RT-PCR for FL,

RL, and GAPDH mRNA

Total RNA was isolated by TRIzol (Invitrogen), and DNA was re-
moved from RNA samples with RNase-free DNase | (TaKaRa). Total
RNA was reverse transcribed into cDNA with Moloney murine leu-
kemia virus (MMLYV) reverse transcriptase (Promega) and oligo(dT18)
according to the manufacturer’s instructions. Fluorescence real-time
PCR was performed with the double-stranded DNA dye SYBR
green real-time PCR Master Mix (ToYoBo) with the ABI Prism 7900
system (Perkin-Elmer, Torrance, CA). The detailed experimental pro-
cedure and analyses were as described previously (Zhao et al.,
2004). The following primers were used: for FL, 5-TGAGTACTTC-
GAAATGTCCGTTC-3" (forward) and 5-GTATTCAGCCCATATC-
GTTTCAT-3 (reverse); for RL, 5-GCAGCATATCTTGAACCATTC-3’
(forward) and 5-TTGTACAACGTCAGGTTTACC-3’ (reverse); and
for human glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
5-AGCCACATCGCTCAGACAC-3’ (forward) and 5-GCCCAATAC-
GACCAAATCC-3 (reverse). The quantitative real-time RT-PCR (qRT-
PCR) products were visualized by fractionation in 2% agarose gels
to ensure correct product size. The FL mRNA level was normalized
to that of RL.

Transfection of siRNAs

293T cells were split to a density of 3 x 105/well in six-well plates 24 h
before transfection. The following siRNAs were used: control siRNA,
5-CUCGUAAUGCAAUGGGUCCTT-3;  siHedls-1, 5-GCAACG-
GAAGGUCCUCUAUTT-3; siHedls-2, 5-GCAACUCAGUGGCUAC-
CAATT-3; Lsm1 siRNA, 5-GUGACAUCCUGGCCACCUCACUU-3;
siRCK, 5-GCAGAAACCCUAUGAGAUUUU-3; siAgo2, 5-GCACG-
GAAGUCCAUCUGAATT-3’; siDcpla, 5-GCUAGGAAUGGAUAU-
GAUATT-3’; and siDcp2, 5-GCUGUAUAUGACUUGCCUATT-3". On
the following day, each cell sample was incubated for 6 hin a 1-ml
transfection mixture containing 2 pl of Lipofectamine 2000 reagent
(Invitrogen) and siRNAs at a concentration of 50 nM according to
the manufacturer’s protocols. Twenty-four hours later, cells were split
into 24-well plates (0.9 x 105/well) and further incubated for 24 h.
Seventy-five nanomolar siRNA, 200 ng of total plasmids as indi-
cated, and 1 pl of Lipofectamine 2000 were mixed in 500 pl Opti-
MEM medium in the second transfection. Forty-eight hours later,
cells were harvested for mRNA analysis.

Pulse-chase assay

Hela cells (Clontech) at 50% confluency in six-well plates were trans-
fected in the presence of 50 ng/ml tetracycline using Lipofectamine
2000 reagent (Invitrogen) according to the manufacturer protocols.
Transfection mixtures contained 50 ng of internal control FL-GAPDH
plasmid, 150 ng of B-GM-CSF, 300 ng of HA-TTP or HA-Septin 1,
500 ng of pTet-TTA, and 100 pmol of siHedls, sielF4E-T, or siNC in
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the presence of tetracycline (50 ng/ml). Forty hours after transfec-
tion, a transcriptional pulse was initiated by washing cells with phos-
phate-buffered saline (PBS) and feeding with 2 ml DMEM/10% fetal
bovine serum containing no tetracycline. Eight hours later, tetracy-
cline was added to 1.0 pg/ml to stop transcription. Cells were har-
vested in 1 ml Trizol (Invitrogen) starting at the O time point and then
every 30 min as indicated in Figure 2, K and L. Total RNA was pre-
pared, and the steady levels of the B-GM-CSF reporter mRNA were
determined by real-time PCR.

Coimmunoprecipitation and Western blotting

For co-IP experiments, 293T cells expressing the plasmids as indi-
cated in the figure legends were lysed at 48 h after transfection by
incubating for 10 min at 4°C in 600 pl of lysis buffer (20 mM Tris-HCI
buffer, pH 7.4, containing 150 mM NaCl, 1% NP-40, 1 mM sodium
orthovanadate, 1 mM sodium pyrophosphate, and 1 mM NaF sup-
plemented with a protease inhibitor cocktail [Roche]). Cell lysate
(50 pl) was preserved as input, and the remainder was preincubated
with protein A/G agarose for 1 h, and then the supernatant was in-
cubated with a monoclonal anti-HA (or anti-Myc) agarose conjugate
(Santa Cruz) in the presence of 0.1 pg/ml RNase A. Immunoprecipi-
tations were performed at 4°C for 4 h. The beads were washed
five times with the lysis buffer. Coprecipitated proteins were de-
tected by Western blotting using the indicated antibodies as follow-
ing dilution: horseradish peroxidase (HRP)-conjugated monoclonal
anti-Myc antibody at 1:2000 (Santa Cruz); mouse monoclonal anti-
HA antibody at 1:5000 (Sigma-Aldrich); mouse monoclonal anti-
Flag antibody at 1:5000 (Roche); rabbit polyclonal anti-Dcpila
antibody at 1:10,000 (gift from Jens Lykke-Andersen); and monoclo-
nal anti-GAPDH or anti-B-actin antibody at 1:5000 (Abmart). HRP-
conjugated goat anti-mouse IgG antibodies at 1:5000 (Abmart) or
goat anti-rabbit at 1:5000 (Abmart) were used as a secondary anti-
body for detection with a chemiluminescence reagent (peroxide/
luminol enhancer; Millipore).

RNA immunoprecipitation

293T cells were transfected with plasmids FL-GM-CSF and Myc-
tagged TTP-WT (wild type), together with plasmids expressing
MKK6b(E) or MKK6b(A). Myc-tagged hnRNP-A1T and TTP fragment
(TTP1-100) served as positive and negative control for the wild-type
TTP, respectively (Clement et al., 2011). At 48 h posttransfection,
cells were harvested. For Myc immunoprecipitation, cells were lysed
with lysis buffer (50 mM Tris-HCI, pH 7.4, with 150 mM NaCl, 1 mM
EDTA, and 1% Triton X-100) for 30 min at 4°C, centrifuged at 12,000
x g for 10 min, and then incubated with a monoclonal anti-Myc
agarose conjugate (Santa Cruz) for 16 h at 4°C. The protein complex
was washed five times with wash buffer (50 mM Tris-HCI, pH 7.4,
with 150 mM NaCl). The immunoprecipitation complex was pel-
leted by centrifugation and resuspended in 400 pl proteinase K buf-
fer (100 mM Tris-HCl, pH 7.4, 150 mM NaCl, 12.5 mM EDTA, and
1% SDS) with 100 pg proteinase K (Sigma) for 30 min at 37°C. The
RNA from the supernatant was extracted by TRIzol LS Reagent (Invi-
trogen) according to the manufacturer’s instructions. The detailed
procedures for DNA removal, reverse transcription, and fluores-
cence real-time PCR were performed as described above.

Indirect immunofluorescence

Hela cells were split to a density of 1 x 105/well in six-well plates
24 h before transfection. On the following day, each cell sample was
incubated for 6 h in a 1-ml transfection mixture containing 2 ul of
Lipofectamine 2000 reagent (Invitrogen) and siRNAs at a concentra-
tion of 50 nM according to the manufacturer’s protocols. Twenty-four
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hours later, cells were divided and applied to chamber slides (1 x
10%/well) and further incubated for 24 h. Seventy-five nanomolar
siRNA, 500 ng of total plasmids, and 2 pl of Lipofectamine 2000
were mixed in 1 ml Opti-MEM medium in the second transfection.
Plasmids included 50 ng of TTP-WT-EGFP or TTP-AA-EGFP, 100 ng
of Myc-Ago2 or Myc-Septin1, and 150 ng of HA-tagged-MKKéb(E)
or 6b(A). PcDNA3.0 was added to make a total of 500 ng of plasmid
in each experiment. Forty-eight hours after transfection, cells were
fixed in 4% paraformaldehyde for 15 min and permeabilized and
blocked with PBS-1% goat serum-0.1% Triton X-100 for 30 min. For
indirect immunofluorescence, all the primary and secondary anti-
bodies were diluted 1:500 with 1% (wt/vol) bovine serum albumin
(BSA) in PBS. PBs were detected using rabbit polyclonal anti-Dcp1a
antibody and Alexa Fluor 555-labeled goat anti-rabbit IgG (Mole-
cular Probes). Fluorescence was captured with a laser-scanning con-
focal microscope (Leica TCS SP5, Germary).

Statistical analysis

Data are reported as means and SD from three independent experi-
ments. For luciferase assays, transfection control plasmid RL was
included and the FL mRNA level was normalized to that of RL in all
experiments. The statistical significance of the differences between
the two groups was determined using Student’s t test; p values of
<0.05 were considered significant.
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