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MAPKAP Kinase 2 Blocks Tristetraprolin-directed mRNA
Decay by Inhibiting CAF1 Deadenylase Recruitment®
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Tristetraprolin (TTP) directs its target AU-rich element
(ARE)-containing mRNAs for degradation by promoting re-
moval of the poly(A) tail. The p38 MAPK pathway regulates
mRNA stability via the downstream kinase MAPK-activated
protein kinase 2 (MAPKAP kinase 2 or MK2), which phosphor-
ylates and prevents the mRNA-destabilizing function of TTP.
We show that deadenylation of endogenous ARE-containing
tumor necrosis factor mRNA is inhibited by p38 MAPK. To
investigate whether phosphorylation of TTP by MK2 regulates
TTP-directed deadenylation of ARE-containing mRNAs, we
used a cell-free assay that reconstitutes the mechanism in vitro.
We find that phosphorylation of Ser-52 and Ser-178 of TTP by
MK2 results in inhibition of TTP-directed deadenylation of
ARE-containing RNA. The use of 14-3-3 protein antagonists
showed that regulation of TTP-directed deadenylation by MK2
is independent of 14-3-3 binding to TTP. To investigate the
mechanism whereby TTP promotes deadenylation, it was nec-
essary to identify the deadenylases involved. The carbon catab-
olite repressor protein (CCR)4-CCR4-associated factor (CAF)1
complex was identified as the major source of deadenylase activ-
ity in HeLa cells responsible for TTP-directed deadenylation.
CAF1laand CAF1b were found to interact with TTP in an RNA-
independent fashion. We find that MK2 phosphorylation
reduces the ability of TTP to promote deadenylation by inhibit-
ing the recruitment of CAF1 deadenylase in a mechanism that
does not involve sequestration of TTP by 14-3-3. Cyclooxygen-
ase-2 mRNA stability is increased in CAF1-depleted cells in
which it is no longer p38 MAPK/MK2-regulated.

Many mammalian mRNAs contain adenosine/uridine-rich
elements (AREs)® in their 3'-untranslated regions (UTRs)
that target mRNAs for rapid degradation. The importance of
AREs in regulation of mRNA stability has been demon-
strated particularly for mRNAs of the inflammatory re-
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sponse. The p38 MAPK pathway inhibits ARE-mediated decay
allowing for dynamic control of the expression of these mRNAs
(1-3). p38 MAPK regulates mRNA stability via the downstream
kinase MAPKAP kinase 2 (MK2), which phosphorylates (4, 5)
and prevents the function (6, 7) of the mRNA-destabilizing
ARE-binding protein, tristetraprolin (TTP). We recently
showed that dual control of mRNA stability by TTP and the p38
MAPK pathway is a general mechanism, which operates for
many mRNAs of the inflammatory response (8). The impor-
tance of TTP in the control of inflammatory gene expression
is demonstrated by spontaneous inflammatory arthritis in
TTP~/~ mice arising mainly from increased tumor necrosis
factor (TNF) production (9). p38 MAPK also regulates mRNA
stability by direct phosphorylation and inactivation of another
ARE-binding protein, KH domain-splicing regulatory protein
(10, 11). p38 MAPK inhibitors fail to destabilize mRNAs of the
inflammatory response in macrophages from TTP ™/~ mice (8,
12). Thus, it appears that in these cells, at least, TTP is entirely
responsible for the effects on mRNA stability mediated by the
p38 MAPK pathway.

In addition to controlling inflammatory mediator mRNA
stability, the p38 MAPK pathway stabilizes both TTP mRNA
(13) and protein (14), thereby increasing TTP expression. The
current understanding is that the mRNA destabilizing protein,
TTP, is induced and held in a latent state by the p38 MAPK
pathway and is poised to direct mRNA destabilization when
activity in the pathway dissipates. Thus a proinflammatory
stimulus triggers the induction of inflammatory genes and the
subsequent resolution of their expression, the latter being cru-
cial to prevent chronic inflammation. It has long been known
that treatment of cells with p38 MAPK inhibitor following an
inflammatory stimulus destabilizes inflammatory mediator
mRNAs (1). Recently, we showed that treatment of cells with
p38 MAPK inhibitor prior to an inflammatory stimulus fails to
destabilize TNF mRNA (8), presumably because under these
conditions, TTP protein is not induced (14). Thus, prolonged
treatment of cells with p38 MAPK inhibitors in vivo may not
take advantage of blocking this important post-transcriptional
mechanism of gene regulation. This is one potential reason why
p38 MAPK inhibitors have failed recently in clinical trials for
rheumatoid arthritis (15). Elucidation of the post-transcrip-
tional mechanism downstream of p38 MAPK may offer future
promise for the therapy of such diseases.

It is known that TTP directs its target mRNAs for degrada-
tion by promoting removal of the poly(A) tail or deadenylation
(16), the first step in mRNA decay. The p38 MAPK pathway
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stabilizes mRNAs by inhibiting deadenylation (17, 18) but the
precise mechanism whereby phosphorylation of TTP by MK2
inhibits poly(A) tail shortening is not known. Phosphorylation
of TTP by MK2 at Ser-52 and Ser-178 results in binding of
14-3-3 to TTP (6, 19), and the formation of this complex has
been suggested to prevent TTP from interacting with mRNA
decay factors (6).

Two distinct deadenylase complexes, poly(A) nuclease (PAN)2-
PANS3, and carbon catabolite repressor protein (CCR)4-CCR4-
associated factor (CAF)1, originally were discovered in yeast
(20, 21). Human orthologues of both complexes exist (22).
In humans, the CCR4-CAF1 complex comprises two subunits
with deadenylase activity (CCR4 and CAF1) together with
seven other CNOT proteins (23). Human CCR4 and CAF1 each
have two different paralogues: CCR4a (CNOT6) and CCR4b
(CNOT6L); and CAFla (CNOT7) and CAF1b (CNOTS). In
general, for mRNA decay in mammalian cells, PAN2-PANS3 is
thought to catalyze initial poly(A) shortening, and CCR4-CAF1
then removes the remaining ~110 nucleotides (nt) of the
poly(A) tail (24).

CAF1 deadenylase has been implicated in ARE-mediated
deadenylation. Knockdown of CAF1 by RNA interference
(RNAI) has been shown to impair the deadenylation and decay
of an ARE-containing B-globin mRNA (25, 26). In contrast,
CCR4 depletion has been reported to have no effect on dead-
enylation of an ARE reporter mRNA (26). Mammalian cells also
contain another, predominantly nuclear enzyme, poly(A) ribo-
nuclease (PARN) (27). It has been suggested to be involved in
ARE-mediated deadenylation (28) and to promote TTP-di-
rected deadenylation in vitro (29). TTP has been reported to
interact with mRNA decay factors including the exosome (30),
Dcpla, Dcp2, Xrnl, and also CCR4 (31) but not PARN (29). It is
thus not clear which deadenylase is involved in TTP-directed
deadenylation in cells.

To elucidate the mechanism whereby MK2 inactivates TTP,
it was necessary to first identify which deadenylase is involved
in TTP-directed deadenylation. To investigate this, we modi-
fied an in vitro ARE-dependent and TTP-directed deadenyla-
tion assay described by Lai et al. (29) to use bacterially ex-
pressed recombinant TTP. This allowed the involvement of
deadenylases to be determined by assaying extracts from cells
depleted of different deadenylases by RNAi in the presence of a
constant amount of TTP. The use of recombinant T'TP in the in
vitro system also allowed us to investigate the role of MK2 in the
absence of changes in TTP protein expression, which occurs in
cells following activation or inhibition of this kinase (7, 14). The
assay uses TNF and granulocyte/macrophage-colony stimulat-
ing factor (GM-CSF) ARE RNA substrates with 100-nt poly(A)
tails. Deadenylation of both of these mRNAs has been shown
previously to be regulated by TTP (16, 32). Both mRNAs also
are stabilized by the p38 MAPK/MK2 pathway (33, 34). R18 and
difopein (dimeric fourteen-three-three peptide inhibitor) are
high affinity 14-3-3 antagonists that allow for essentially com-
plete inhibition of 14-3-3 binding to target proteins (35). The
in vitro deadenylation assay enabled us to use R18 and difo-
pein to test the function of 14-3-3 in deadenylation and to
determine a novel mechanism whereby MK2 inhibits TTP-
directed deadenylation.
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FIGURE 1. p38 MAPK regulates the poly(A) tail length of endogenous TNF
mRNA. A and B, RAW 264.7 cells were treated with LPS (10 ng ml~ ") for 2 h,
and then actinomycin D (Act D; 10 ug ml~") was added together with vehicle
(0.1% dimethyl sulfoxide) or 1 um SB202190 (SB). Cells were harvested at the
time intervals shown, and RNA was extracted. A, 10 g RNA was incubated
with TNF 1246 (lanes 2-9) or TNF 1246 oligodeoxynucleotide and oligo(dT)
(lanes 1 and 70) and cleaved with RNase H. The samples were Northern blot-
ted with an antisense riboprobe against the TNF 3'-UTR. B, Northern blot of
full-length TNF mRNA. GAPDH is shown as a loading control.

EXPERIMENTAL PROCEDURES

Materials—General laboratory reagents were from Sigma.
4-(4-Fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl) 1H-
imidazole (SB202190) was from Calbiochem-Novabiochem.
pSP73-GM-CSF ARE-p(A)* and -GM-CSF ARE mut-p(A)~"
plasmids were described previously (36). The GM-CSF ARE
sequence was removed by digestion with Xbal and replaced
with a Spel Xbal fragment from pBluescript-hTNF 75 (37) to
create pSP73-TNF ARE-p(A)* and -TNF ARE antisense-p(A)™
plasmids. Glutathione S-transferase (GST)-TTP expression
plasmids were constructed by subcloning the previously de-
scribed wild-type and a S52A/S178A mutated form of mu-
rine TTP ¢cDNA (13) into pGEX-6P-3 (GE Healthcare) at the
EcoRI site. GM-CSF ARE and GM-CSF ARE mut oligoribo-
nucleotides were synthesized commercially (Dharmacon). The
sequences were as follows: GM-CSF ARE, AGUAAUAUUUA-
UAUAUUUAUAUUUUUAAAAUAUUUAUUUAUUUAUU-
UAUUUAA; and GM-CSF ARE mut, GUAAUAUGAAUACA-
UCUGAAUGUCUGGAAUAUUGAUUGAUAAGCUUAGU-
CGAC. The antibodies used were as follows: anti-a-tubulin
(Sigma), anti-MK2 (Upstate), anti-CAF1a (Abnova), anti-CAF1b
(LifeSpan BioSciences), anti-pan-14-3-3 (Chemicon), and anti-
TTP (4). Anti-PARN, anti-PAN2, and anti-PABP1 antibodies
were gifts from Professor Anders Virtanen (Uppsala Univer-
sity), Professor Shin-ichi Hoshino (University of Tokyo), and
Dr. Matt Brook (University of Edinburgh), respectively.

Cell Culture—HeLa (gift from Yamanouchi) and RAW 264.7
(ATCC) cells were cultured in Dulbecco’s modified Eagle’s
medium (PAA Laboratories) supplemented with 10% fetal calf
serum (PAA Laboratories). Penicillin/streptomycin (PAA Lab-
oratories) was included in HeLa cell culture medium. Cells were
maintained at 37 °C in the presence of 5% CO.,,.

Preparation of Recombinant TTP—GST-TTP expression plas-
mids were used to transform Escherichia coli TOP10 (Invitro-
gen). Bacteria were grown in LB containing 100 wg/ml ampicil-
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FIGURE 2. TTP promotes ARE-dependent deadenylation in vitro. A, in vitro deadenylation of *?P-labeled TNF
ARE or TNF ARE antisense RNA substrates were incubated in the presence of HeLa S100 (5 ng) and 100 ng GST
or GST-TTP at 37 °C for the times indicated. Representative phosphorimage of urea-PAGE of **P-labeled reac-
tion products is shown. Graphs show mean poly(A),,, expressed as a percentage of t = 0 = S.E. from three
independent experiments. Where not shown, error bars are smaller than the symbols. The positions of polya-
denylated substrate (poly(A),o0) and deadenylated product (poly(A),(*)) are indicated. B, as for A but with

GM-CSF ARE or GM-CSF ARE mut RNA substrates.

lin, and 1 mm isopropyl 1-thio-B-p-galactopyranoside was
added at mid-exponential phase to induce expression for 12 h at
28 °C. Cells were harvested and suspended in 20 mm HEPES,
pH 7.9, with 10% (v/v) glycerol, 0.5 M KCI, 2 mm DTT, 1 mm
PMSEF, 1 pg/ml pepstatin A, 13.5 ug/ml aprotinin, and 10 um
E-64. Cells were lysed by four passages through a French pres-
sure cell at 15,000 psi. Cell debris was removed by centrifuga-
tion at 30,000 X g for 20 min, and the supernatant was incu-
bated with glutathione-Sepharose 4B (GE Healthcare) at 4 °C
for 30 min with shaking. The resin was washed with 15 column
volumes of PBS, and bound protein was eluted with 50 mm
Tris-HCl, pH 8.0, 10 mm reduced glutathione. On-column
cleavage of the GST tag was performed with PreScission prote-
ase (GE Healthcare) treatment following the manufacturer’s
instructions. Glycerol was added to a final concentration of 10%
(v/v), and the protein was stored at —80 °C until use. TTP pro-
tein concentration was determined by Bradford assay.

In Vitro Deadenylation Assay—This was performed accord-
ing to Lai et al. (29) using HeLa cells lysed by Dounce homog-
enization. Briefly, RNA substrates with 100 nt poly(A) tails

27592 JOURNAL OF BIOLOGICAL CHEMISTRY

Raytest, Germany).

In Vitro Phosphorylation of GST-
TTP by MK2—In vitro phosphory-
lation of TTP by MK2 was per-
formed with immunoprecipitated
MK?2 or with recombinant MK2 (Mil-
lipore). 1 ug of GST-TTP was com-
bined with immunoprecipitated MK2
or with recombinant activated MK2
(0.1 unit) in a final volume of 30 ul
containing 20 um ATP and incu-
bated at 30 °C. To assess phosphor-
ylation of GST-TTP, 4 uCi of
[y->2P]ATP (PerkinElmer Life Sci-
ences) was included in the reaction, and it was stopped by the
addition of 10 ul of 4X SDS-PAGE sample buffer and subjected
to electrophoresis. >*P incorporation was visualized and quan-
tified by phosphorimaging. The stoichiometry of phosphory-
lation was measured by excising the radioactive bands and
scintillation counting.

GST Pulldown Assay—2 ug of GST-TTP was incubated with
30 ul of a 50% slurry of glutathione-Sepharose 4B and 200 ug of
cytoplasmic extract in 1 ml of binding buffer (10 mm HEPES,
pH 7.6, 100 mm KCl, 6 mm MgCl,, 1 mm DTT, 1% (v/v) Igepal
CA-360) for 60 min at 4 °C in the presence or absence of 150
units of benzonase (Sigma). The beads were washed with bind-
ing buffer and boiled in SDS-PAGE sample buffer for 5 min, and
eluted proteins were analyzed by Western blotting as described
previously (38).

RNase H Mapping and Northern Blot—RNase H mapping
was performed as described previously (17) using an antisense
murine TNF 3’-UTR oligodeoxynucleotide (TNF 1246) span-
ning nt 1246 —1276 of the TNF mRNA (5'-GCTGGCTCTGT-
GAGGAAGGCTGTGCATTGC-3'). RNA was detected by
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Northern blotting using a murine antisense riboprobe that
hybridizes with TNF mRNA between the cleavage site and the
poly(A) tail. This was generated by PCR amplification of a
250-bp sequence spanning nt 1359 -1609 of the 3'-UTR of TNF
mRNA and in vitro transcribed as described previously (37).
Full-length TNF and GAPDH mRNAs were detected by North-
ern blotting as described previously (17).

Electrophoretic Mobility Shift Assay (EMSA)—A GM-CSF
ARE oligonucleotide was end-labeled with [y-**P]ATP (3000
Ci/mmol) using T4 polynucleotide kinase. A **P-labeled RNA
probe (~0.1 pmol) was incubated in the presence or absence of
cold competitors for 15 min at room temperature with GST,
unphosphorylated TTP, or TTP in vitro phosphorylated by
MK2 in 20 pul of bandshift buffer (20 mm HEPES, pH 7.2, 100 uMm
ZnCl,, 50 mm KCl, 1 mm DTT, 5% glycerol) containing heparin
sulfate (5 mg/ml). Two ul of loading buffer (80% glycerol, 0.1%
bromphenol blue) was then added, and RNA-protein com-
plexes were resolved by electrophoresis on a 4% (w/v) acrylam-
ide/Tris borate gel using Tris borate running buffer. Complexes
were visualized using a phosphorimaging device. Quantified
data were plotted as fraction bound versus protein concentra-
tion and fit with the Hill equation using Prism 5 (GraphPad
Software).

RNAi—The following siRNAs were used: scramble, 5'-
CAGUCGCGUUUGCGACUGGATAT-3" and PARN, de-
scribed previously by Lin et al. (28) were obtained from Euro-
fins MWG Operon; and CCR4a (s33100), CCR4b (s48341),
CAFla (s26638), CAF1b (s17849), PAN2 (s19252), and PAN3
(s48721) were purchased from Ambion (Applied Biosystems).

HeLa cells were transfected twice using Oligofectamine
(Invitrogen), 24 h apart, as described previously (38), except
that 15 nm siRNA (final concentration) was used. The efficiency
of protein depletion was determined by Western blotting (38)
and quantitative reverse-transcription PCR (Q-RT-PCR).

Q-RT-PCR—RNA was isolated using the RNeasy Kit (Qia-
gen), and cDNA was generated using the Reverse Transcription
system kit and oligo(dT) (Promega). This cDNA was analyzed
by Q-RT-PCR using TagMan technology and primer-probe
sets for CCR4a (Hs01019492_m1), CCR4b (Hs00375913_
m1), CAFla (Hs01020564 m1), CAF1b (Hs00231841 ml),
PARN (Hs00377733_m1), PAN2 (Hs00208356_m1), PAN3
(Hs00107000_m1), COX-2 (Hs00153133_m1), and GAPDH
(Hs99999905_m1) from Applied Biosystems. A Rotor-Gene
6000 thermal cycler and software (Corbett Research) were
used. The AAC, method and relative quantitation (with stan-
dard curves) were used for mRNA quantitation using GAPDH
as internal control (39).

RESULTS

The p38 MAPK Pathway Inhibits Deadenylation of Endoge-
nous TNF mRNA—We showed previously that p38 MAPK
stabilizes ARE-containing reporter mRNAs by inhibiting
deadenylation (17). To investigate whether p38 MAPK reg-
ulates deadenylation of an endogenous mRNA, the poly(A)
tail length of TNF mRNA induced by lipopolysaccharide (LPS)
in the macrophage-like cell line RAW 264.7 in the presence or
absence of the p38 MAPK inhibitor SB202190 was assessed. For
this, RNase H mapping was used because full-length TNF
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FIGURE 3. Phosphorylation of TTP by MK2 inhibits deadenylation. MK2
was immunoprecipitated from lysates of HelLa cells stimulated with IL-1a and
used to phosphorylate recombinant GST-TTP in vitro. Phosphorylation reac-
tions were performed for different times (30, 60, and 120 min) at 30 °C,and a
nonimmune antibody (N.I.) served as a control. A, phosphorylated GST-TTP
assayed by in vitro deadenylation assay for 60 min at 37 °C. B, phosphorimage
of GST-TTP or GST phosphorylation by immunoprecipitated MK2 or nonim-
mune control (N.L) for different times in the presence of [y->>P]ATP. C, graph
showing correlation between GST-TTP phosphorylation by MK2 (% max
incorp. of 32P) and inhibition of deadenylation.

30°C (time)

mRNA is too long for accurate resolution of mRNAs with dif-
ferent poly(A) tail lengths. RNase H cleaves RNA/DNA hetero-
duplexes allowing mRNAs to be shortened in a specific fashion
in the presence of oligodeoxyribonucleotides. Cells were
treated with LPS for 2 h, and then actinomycin D was added to
block transcription together with dimethyl sulfoxide vehicle or
1 pum SB202190. RNA was isolated from the cells and treated
with RNase H and an oligodeoxyribonucleotide against the
TNF mRNA 3'-UTR to cleave TNF mRNA. Some samples were
additionally treated with oligo(dT) to completely remove
poly(A) tails. Cleaved TNF mRNA was detected by Northern
blot with a probe against the 3’-end of the mRNA. In cells
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FIGURE 4. Phosphorylation of TTP by MK2 does not affect ARE binding by TTP. A, >?P end-labeled GM-CSF
ARE RNA probe (0.1 pmol) was incubated with different concentrations of either unphosphorylated TTP or TTP
phosphorylated by recombinant active MK2 for 30 min at 30 °C. B, graph of bound RNA against [TTP] and best
fit with the Hill equation from three independent experiments. Where not shown, error bars are smaller than the
symbols. C, **P end-labeled GM-CSF ARE was incubated with TTP (25 nm) or GST (25 nm) in the presence or
absence of increasing amounts (1, 10, and 20X) of cold GM-CSF ARE (self) or GM-CSF ARE mut (non-self) RNA
competitors. Results are representative of three experiments. RNA-protein complexes were resolved by elec-
trophoresis and visualized using a phosphorimaging device. The free probe and the TTP-RNA complexes are

indicated.

treated with LPS and vehicle, TNF mRNA was relatively stable
and little poly(A) shortening occurred (Fig. 14). The mRNA
underwent rapid simultaneous decay and deadenylation in the
presence of SB202190 (Fig. 1A), confirming an important role
for p38 MAPK in blocking deadenylation of an endogenous
transcript. It was not possible to quantify GAPDH mRNA on
the same membranes as TNF mRNA owing to nonspecific deg-
radation of GAPDH mRNA during RNase H treatment. There-
fore, an identical actinomycin D chase experiment was per-
formed in parallel, and full-length TNF and GAPDH mRNAs
were detected by Northern blotting. The even GAPDH signals
on the gel (Fig. 1B) confirm that the identical TNF mRNA decay
profiles in Fig. 1 (A and B) are an accurate assessment of TNF
mRNA decay.

TTP-directed in Vitro Deadenylation of ARE-containing
RNA—p38 MAPK stabilizes inflammatory mRNAs via acti-
vation of the downstream kinase MK2, which phosphory-
lates and blocks the function of the mRNA destabilizing fac-
tor, TTP. To investigate the mechanism whereby MK2 inhibits
poly(A) shortening, it was necessary to modify an ARE-depen-
dent and TTP-directed in vitro deadenylation assay developed
by Lai et al. (29) to use recombinant bacterially expressed GST-
TTP rather than TTP overexpressed in 293 cells. In vitro dead-
enylation reactions contained a 100,000 X g supernatant of
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to a 100 nt poly(A) tail. Reaction

mixtures were incubated for differ-

ent times in the presence of GST-
- TTP, GST or S100 alone. This
showed time- and TTP-dependent
disappearance of full-length TNF
- RNA substrate (poly(A);o) and the
accumulation of an intermediate of
higher mobility on the gel (Fig. 24).
The increase in the deadenylated
product did not fully correspond to
the reduction of full-length sub-
strate (Fig. 2A), suggesting that it is
an intermediate that undergoes fur-
ther decay. No TTP-directed dead-
enylation was seen in in vitro dead-
enylation assay with antisense TNF
ARE (Fig. 2A). Similar results were
obtained for a GM-CSF ARE RNA
and mutant form in which the ARE
was disrupted with multiple substi-
tutions of A and U to G and C (Fig.
2B), consistent with ARE binding by
TTP being a mandatory event for
TTP-directed deadenylation. Titra-
tion of GST-TTP confirmed that
100 ng is the optimum amount of
TTP to use in the assay and oli-
go(dT) and RNase H treatment
showed that the GM-CSF ARE RNA intermediate represents
an RNA species that lacks the poly(A) tail (poly(A)y(*)) and an
additional ~5 nt (supplemental Fig. S1).

Phosphorylation of TTP by MK2 Inhibits Deadenylation—To
elucidate how phosphorylation of TTP by MK2 regulates
deadenylation of ARE-containing mRNAs, inhibition of
TTP-directed deadenylation by MK2 was reconstituted in
vitro. In initial experiments, MK2 was immunoprecipitated
from lysates of HeLa cells stimulated with IL-1«, a potent
activator of the p38 MAPK pathway, and used to phosphor-
ylate recombinant GST-TTP. Phosphorylation reactions
were performed for different times, and phosphorylated
GST-TTP was assayed for its ability to promote deadenyla-
tion following a 1 h incubation at 37 °C. A dummy phosphor-
ylation reaction with a nonimmune antibody immunopre-
cipitate served as a control. Phosphorylation of GST-TTP by
MK2 for 1 or 2 h inhibited the ability of TTP to promote
GM-CSF ARE substrate deadenylation (Fig. 3, A and C).
Analysis of GST-TTP phosphorylated for different times in
the presence of [y->*P]ATP showed that phosphorylation was
essentially complete at 2 h, and little phosphorylation of GST-
TTP was seen with a nonimmune immunoprecipitate (Fig. 3B).
Thus, the inhibition of deadenylation appeared to closely cor-
relate with phosphorylation of GST-TTP by MK2 (Fig. 3C).

Complexes

Free Probe
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three independent experiments are shown.

Phosphorylation of TTP by MK2 Has No Effect on GM-CSF
ARE RNA Binding—It has been suggested that phosphorylation
of TTP by MK2 reduces its affinity for mRNA (7). To test this,
EMSA was performed with a GM-CSF ARE RNA probe lacking
a poly(A) tail and either unphosphorylated TTP or TTP phos-
phorylated by recombinant active MK2 in vitro. For this exper-
iment, cleaved TTP lacking the GST tag was used to avoid
formation of complexes that may be formed due to dimer-
ization of GST. Bands corresponding to two distinct
RNA-protein complexes were observed and there was no sig-
nificant difference in binding between unphosphorylated
and phosphorylated TTP (Fig. 4, A and B). ARE-dependent
binding of TTP was confirmed by competition experiments
using unlabeled GM-CSF ARE (self) and GM-CSF ARE mut
(non-self) probes as competitors in the binding reaction. Com-
petition was strongest with GM-CSF ARE RNA, consistent
with specific ARE binding (Fig. 4C). Incubation of GM-CSF
ARE RNA with a bacterially expressed GST preparation con-
firmed that complexes were formed by TTP and not E. coli
contaminants (Fig. 4C). Phosphorylation of TTP by MK2 was
confirmed to be complete by the incorporation of **P into TTP
(supplemental Fig. S2). The stoichiometry of phosphorylation
was 0.48 mol/mol TTP. This value is approximate as TTP pro-
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FIGURE 5. 14-3-3 binding does not mediate the effect of MK2 on TTP-directed deadenylation. A, GST-TTP
(WT or S52A/S178A) was phosphorylated with MK2 as in Fig. 4 or left unphosphorylated and used in a GST
pulldown assay. S100 extracts from Hela cells were incubated with recombinant GST-TTP or GST (negative
control) immobilized on glutathione-Sepharose in the presence or absence of R18 or difopein. Pulled down
proteins were resolved by SDS-PAGE and Western blotted for 14-3-3 and TTP. Results are representative of
three experiments. B, in vitro deadenylation assay using unphosphorylated and phosphorylated GST-TTP (wild-
type and S52A/S178A) in the presence or absence of R18 (5 um) or difopein (1 um). Graphs of mean (£S.E.) for

15 30 phosphorylation of TTP at Ser-52
and Ser-178 by MK2 gave rise to
14-3-3 binding (Fig. 54). 5 uMm R18
or 1 um difopein efficiently inhib-
ited 14-3-3 binding to phosphory-
lated TTP (Fig. 5A4). Phosphoryla-
tion of GST-TTP by recombinant
active MK2 inhibited deadenylation
(Fig. 5B). Inactive MK2 had no
effect (data not shown). Inclusion of
R18 or difopein in in vitro deadeny-
lation assay did not significantly impair the ability of MK2 to
inhibit TTP-directed deadenylation, indicating that this proc-
ess is not regulated by 14-3-3 (Fig. 5B). Moreover, GST-TTP
S52A/S178A did not display MK2-dependent inhibition of
deadenylation (Fig. 5B), indicating that Ser-52 and Ser-178
mediate the effect of MK2 on deadenylation directed by
TTP. Both wild-type and S52A/S178A GST-TTP migrated
with reduced mobility on SDS-PAGE (Fig. 54), consistent
with phosphorylation of residues other than Ser-52 and Ser-
178 by MK2. This was confirmed by significant **P incorpo-
ration into the mutant form of the protein in the presence of
MK?2 (supplemental Fig. S2).

The CCR4-CAF1 Complex Is the Major TTP-directed Dead-
enylase in HeLa S100—To further probe the mechanism it was
necessary to identify the major deadenylase responsible for
TTP-directed deadenylation. The known mammalian dead-
enylases (CCR4-CAF1, PAN2-PAN3 and PARN) were depleted
in HeLa cells in two independent experiments by RNAi and
high speed supernatants prepared and analyzed by duplicate in
vitro deadenylation assays. First, HeLa cells were transfected
with siRNAs against the two CCR4 paralogues (CCR4a and
CCR4b alone or in combination), a scrambled double-stranded
oligonucleotide as a control, or left untransfected. Cells were
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FIGURE 6. Depletion of CCR4a inhibits TTP-directed deadenylation. Hela cells were left untransfected
(Untr), transfected with a scramble (Scr) control double-stranded oligoribonucleotide or with siRNAs targeting
CCR4a or CCR4b, separately orin combination. In vitro deadenylation assays were performed in the presence of
GST-TTP as shown in Fig. 2. A, CCR4a and CCR4b mRNA knockdown efficiencies were determined by Q-RT-PCR.
Graphs of mean (+S5.D.) mRNA determined by Q-RT-PCR of RNA from knockdown cells. B, Graphs show mean
poly(A), 4, expressed as a percentage of t = 0 = S.D. from two independent knockdown experiments per-
formed in duplicate. Where not shown, error bars are smaller than the symbols. Significance was determined by

two-tailed unpaired t test. *, p < 0.05; **, p < 0.01; and ***, p < 0.001.

lysed, and lysates were either centrifuged at 100,000 X g for in
vitro deadenylation assay or used for RNA isolation to assess
deadenylase depletion by Q-RT-PCR. This showed a reduction
of ~85-90% of both CCR4a and CCR4b and no compensatory
or off-target effects on reciprocal mRNAs (Fig. 6A4). It was not
possible to assess CCR4 knockdown by Western blotting as no
suitable antibodies have yet been described. The effect of
deadenylase depletion on deadenylation was investigated
only in the presence of TTP, because in its absence, no
appreciable deadenylation occurred. Knockdown of CCR4a
alone resulted in reduced TTP-directed deadenylation com-
pared with that observed with S100 from scramble-transfected
or untransfected cells (Fig. 6B). Depletion of CCR4b was with-
out effect (Fig. 6B). Simultaneous depletion of both CCR4a and
CCR4b did not result in any further inhibition compared with
CCR4a depletion alone (Fig. 6B).

CAFla and CAF1b were depleted by RNAi as before, and
knockdown efficiency was evaluated by Q-RT-PCR and West-
ern blotting. CAFla and CAF1b mRNA (Fig. 7A) and protein
(Fig. 7B) were strongly suppressed by their respective siRNAs.
Depletion of either CAFla or CAF1b alone had no effect
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to display TTP and ARE depen-
dence of deadenylation (Fig. 8B).

An siRNA targeting PARN
strongly suppressed PARN mRNA
and protein expression (supple-
mental Figs. S3, A and B). PARN
depletion had no effect on TTP-di-
rected deadenylation of GM-CSF
ARE RNA (supplemental Fig. S3C).
However, recombinant bacterially
expressed PARN catalyzed TTP-directed deadenylation as pre-
viously reported (data not shown) (29). The involvement of
both PAN2 and PAN3 in TTP-directed deadenylation was also
tested as above. Despite strong depletion of both subunits, no
effect on TTP-directed deadenylation in S100 supernatants was
observed (supplemental Fig. S4).

To control for possible off-target effects, all siRNA-mediated
depletions were repeated with a different set of siRNAs. Similar
results were obtained in in vitro deadenylation assay (data not
shown). These observations indicate that the CCR4-CAF1 com-
plex is the major source of deadenylase activity in HeLa cells
responsible for TTP-directed deadenylation. CAFla and
CAF1b may have redundant functions in HeLa cells as dead-
enylation was inhibited only when both CAFla and CAF1b
were knocked down together and not individually (Fig. 7C).

Recruitment of CAF1 to TTP Is Inhibited by MK2 Phosphory-
lation and 14-3-3 Independence—To investigate interactions
between TTP and different deadenylases, GST pulldowns
were performed with HeLa cell lysates using GST-TTP and
GST or beads alone as controls. Neither PARN nor PAN2
were found to associate with GST-TTP (Fig. 94). In the
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FIGURE 7. Depletion of CAF1a and CAF1b inhibits TTP-directed deadenylation. CAF1a or CAF1b expression
was suppressed, separately orin combination (CAF1a+CAF1b) in HelLa cells by RNAi as shownin Fig.6.A, CAF1a
and CAF1b mRNA knockdown efficiencies were determined by Q-RT-PCR as in Fig. 6. B, CAF1a and CAF1b
knockdown assessed by Western blot for CAF1a and CAF1b. C, in vitro deadenylation assay and graphs as in Fig.

6. Untr, untransfected; Scr, scramble.

absence of antibodies to CCR4 proteins, CAFla was probed
for instead. As expected, and in agreement with results
obtained by in vitro deadenylation assay, CAF1la interacted
with GST-TTP (Fig. 94).

To test whether the TTP-CAF1 interaction is modulated by
MK2, pulldowns were repeated with GST-TTP that was phos-
phorylated by MK2 or left unphosphorylated. The nonspecific
nuclease, benzonase, which cleaves poly(A) RNA in addition to
other sequences was used to determine whether interactions
are RNA-dependent. GST-TTP interacted with both CAFla
and CAF1b, and these interactions were inhibited by phosphor-
ylation of the ARE-binding protein by MK2 (Fig. 9B). Phosphor-
ylation reduced the mean binding in three independent exper-
iments of CAFla to GST-TTP both in the presence or absence
of benzonase, by ~50% (Fig. 9C). Thus, the interactions were
RNA-independent, and benzonase treatment actually in-
creased the amount of CAFla and CAF1b interacting with
unphosphorylated or phosphorylated GST-TTP (Fig. 9B).

In the case of miRNA-mediated deadenylation, PABP1 has
been suggested to form a link between the CCR4-CAF1 and
RNA-induced silencing complexes (40). PABP1 also has been
suggested to interact with TTP, although it was not shown
whether the interaction is RNA-independent (41). To investi-
gate whether PABP1 mediates the interaction between TTP
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30 GST-TTP.Phosphorylation of GST-
TTP was confirmed by the shift in
mobility (Fig. 9D).

CAF1 Is Required for Regulation
of COX-2 mRNA Stability by p38
MAPK/MK2—To confirm that CAF1
is needed for p38 MAPK-mediated
regulation of ARE-mRNA decay, CAFla and CAFlb were
depleted from HeLa cells and then treated with or without IL-1
for 90 min to activate the p38 MAPK/MK2 pathway and induce
COX-2 mRNA. This mRNA contains an ARE and is post-tran-
scriptionally regulated by TTP and p38 MAPK/MK2 (8). Cells
were treated with actinomycin D alone or together with p38
MAPK inhibitor. Depletion of CAFla and CAF1b increased
steady-state COX-2 mRNA in resting and IL-1-treated cells
(Fig. 104). COX-2 mRNA was more stable in CAF1-depleted
than scramble-transfected cells (Fig. 10B). p38 MAPK inhibitor
destabilized the mRNA in scramble-transfected cells but not in
CAF1-depleted cells (Fig. 10B). Thus, CAF1 plays a key role in
the regulation of inflammatory mRNA stability by the p38
MAPK pathway.

DISCUSSION

We have shown that phosphorylation of TTP by MK2
directly inactivates TTP by inhibiting the recruitment of the
CCR4-CAF1 deadenylase complex. However, it is not clear pre-
cisely which subunit of the complex TTP interacts with. We
find that 14-3-3 does not appear to sequester TTP away from
the mRNA decay machinery as proposed previously (6) as R18
and difopein prevented 14-3-3 from binding TTP but had no
effect on TTP-directed deadenylation or CAF1 recruitment.
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FIGURE 8. Depletion of CCR4 inhibits TTP-directed deadenylation and
formation of 5'-AMP. A, cells were transfected with scramble or CCR4a and
CCR4b together, cells were lysed, and extracts were assayed in the presence
of GST-TTP using an [a->?P]ATP-labeled RNA substrate. Two portions of the
same gel are shown. B, same as A, but GM-CSF ARE or GM-CSF ARE mut RNA
substrates were incubated in the presence or absence of GST-TTP (100 ng)
and untransfected cell extracts for the times indicated. The position of the
5'-AMP product of the deadenylation reaction is indicated.

14-3-3 binding to TTP has been reported to cause TTP to shuttle
from the nucleus to the cytoplasm (19) and to prevent TTP from
associating with stress granules (6). We cannot exclude that 14-3-
3-mediated TTP subcellular localization might play a role in the
regulation of ARE-mediated decay, but it does not appear to be the
mechanism to explain the regulation of TTP-directed deadenyla-
tion by MK2 under the conditions used in this study.

Regulation of TTP-directed deadenylation by MK2 requires
phosphorylation of Ser-52 and Ser-178 because no effect on
deadenylation was observed for a mutant form in which these
two serines were mutated to alanine. Moreover, no MK2-de-
pendent difference in binding of CAFla and CAFlb was
observed with the mutant form of TTP. MK2 still caused sig-
nificant phosphorylation of the S52A/S178A mutant form of
TTP, consistent with phosphorylation of other residues, as
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FIGURE 9. Recruitment of CAF1 to TTP is inhibited by MK2 phosphoryla-
tion and 14-3-3 independent. A-D, GST-TTP or GST alone was bound to
glutathione -Sepharose 4B beads in presence of Hela cell lysates. A, pulled
down material probed for PAN2, PARN, or CAF1a. B, GST pulldown assay of
GST-TTP (wild-type or S552A/S178A mutant) phosphorylated by MK2 in vitro or
left unphosphorylated as in Fig. 4, in the presence or absence of 150 units of
benzonase. C, a graph of mean (=S.E.) for three independent experiments of
Caf1a protein quantified by densitometry. D, GST pulldown assay of wild-type
GST-TTP phosphorylated by MK2 or left unphosphorylated, in the presence of
150 units of benzonase (Benz.) and in the presence or absence of 1 um
difopein.

reported previously (5). However, because regulation of dead-
enylation and CAF1 binding was blocked by mutation of Ser-52
and Ser-178 to alanine, the other MK2 phosphorylation sites
may have a different function.

Several observations indicate that the effect of MK2 on dead-
enylation is caused by phosphorylation of TTP and not of other
proteins in the S100 extract. First, the effect of MK2 on dead-
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FIGURE 10. CAF1 is required for regulation of COX-2 mRNA stability by
p38 MAPK/MK2. A and B, Hela cells were transfected with scramble or CAF1a
and CAF1b siRNAs as in Fig. 6. Cells were then treated with IL-1 (20 ng/ml) for
90 min (A) and then treated with actinomycin D (Act D) alone or together with
1 uM SB202190 (SB) for the times indicated (B). A, graph shows COX-2/GAPDH
mMRNA normalized to scramble (IL-1). B, plot of % of t = 0 COX-2/GAPDH
mMRNA. A and B show mean and S.E. from three independent experiments.

enylation was dependent on the time of incubation of TTP with
MK?2 (Fig. 3). Second, when the incubation of TTP with MK2
was limited to 30 min, deadenylation was not inhibited relative
to TTP incubated with nonimmune controls (Fig. 34), thus,
carry-over of MK2 to the S100-containing reaction mixture was
not responsible for the effect observed. Third, the effect of MK2
was reversed by mutation of Ser-52 and Ser-178 of TTP to ala-
nine (Fig. 5B).

Phosphorylation of TTP by MK2 has been suggested to
reduce the affinity of TTP for ARE-containing mRNA (7). How-
ever, others found that mutation of the two major MK2 phos-
phorylation sites to alanine had no effect on ARE binding (42).
Using purified recombinant TTP and MK2, we also could not
detect any difference in affinity of unphosphorylated or phos-
phorylated TTP for the GM-CSF ARE, showing that regulation
of RNA binding does not account for the regulation of deadeny-
lation observed in the in vitro system described here.

We find that the major deadenylase involved in TTP-di-
rected deadenylation in HeLa cells is the CCR4+CAF1 complex.
CAFlaand CAF1bappear to have important deadenylase activ-
ities that can substitute one another, whereas CCR4a also has a
role. CCR4b appears not to be involved in TTP-directed dead-
enylation in HeLa cells as depletion of CCR4b in combination
with CCR4a did not increase the inhibition of deadenylation
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seen for CCR4a depletion alone. HeLa cells may express a lower
level of CCR4b than CCR4a or the two paralogues may have
different activities. In contrast, depletion of PAN2-PAN3 had
no effect on in vitro deadenylation directed by TTP. No inter-
action between PAN2-PAN3 and TTP could be detected either.
PAN2-PANS3 has been suggested to catalyze initial deadenyla-
tion of mRNA (24), so it is possible that the 100-nt poly(A) tails
of RNA substrates used in this study are not long enough to
reconstitute this step in vitro. Alternatively, PAN2-PAN3 may
play only a minor role in TTP-directed deadenylation. In agree-
ment with Lai et al. (29), we found that TTP can direct dead-
enylation in the presence of recombinant PARN, but this
enzyme does not appear to be responsible for deadenylation
directed by TTP in HeLa S100. Moreover, it has been shown
previously that deadenylation catalyzed by PARN is stimulated
by the presence of an m”-guanosine cap on substrate RNAs
(43). As reported previously (29), we found no difference in
rates of deadenylation between capped and uncapped RNA
substrates consistent with deadenylation in our system being
independent of PARN. This deadenylase is a nuclear cytoplas-
mic shuttling protein with a predominantly nuclear localization
(24). Because TTP also can shuttle between the nucleus and the
cytoplasm, we speculate that PARN may catalyze TTP-directed
deadenylation in the nucleus.

We recognize that our in vitro assay may not be entirely spe-
cific for deadenylation and exonuclease activities other than
deadenylases are present in HelLa cell extracts. Therefore, we
cannot exclude the possibility that other mRNA decay compo-
nents are involved in TTP-directed decay, and they could be
regulated by MK2. This does not detract from the main conclu-
sion of this study that CCR4-CAF1 is the main deadenylase
complex involved in TTP-directed deadenylation and that
MK2-mediated regulation of its recruitment to T'TP provides at
least part of the mechanism for mRNA stabilization by the p38
MAPK pathway. The in vivo significance of the involvement of
CAF1 in p38 MAPK-mediated regulation of mRNA decay is
confirmed by our observation that COX-2 mRNA stability in
CAF1-depleted cells is not regulated by the p38 MAPK/MK2
pathway.

PABP1 has been reported to act as a bridging factor between
GW182, a protein essential for miRNA-mediated gene silenc-
ing, and the CCR4-CAF1 complex (40). We hypothesized a sim-
ilar scenario for TTP-CCR4-CAF1 interaction, but PABP1
binding to TTP was RNA-dependent, excluding PABP1 as a
bridging factor between TTP and the deadenylase complex.
Other proteins might mediate the recruitment of CAF1 by
TTP, and RNA-dependent interactions may also be involved. It
would be interesting in the future to perform a more complete
analysis of interactions with TTP and to determine how they
are regulated by phosphorylation.

TTP has been shown to be a component of both stress gran-
ules and processing bodies (PBs) (44), and it has been suggested
to deliver its mRNA cargo to PBs for degradation or seques-
tration from polysomes by interacting with other compo-
nents of these particles (31). Moreover, deadenylation has
been shown to be a prerequisite for PB formation and
mRNAs in PBs appear to represent poly(A)-shortened spe-
cies (25). Our finding that TTP-directed deadenylation is
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mediated by the CCR4-CAF1 complex, together with evi-
dence that CCR4 and CAF1 are predominantly not PB-asso-
ciated (25), suggests that TTP-directed deadenylation also may
be largely PB-independent. We cannot, however, exclude the
involvement of stress granules and PBs in TTP function, and it
would be interesting to understand the role of these foci in the
TTP-directed deadenylation mechanism.
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