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Abstract

p38 mitogen-activated protein kinase (MAPK) stabilises MRNAs of pro-inflammatory mediators
by inhibiting AU-rich element-mediated decay. We show that in bone marrow-derived
macrophages (BMDM) tumour necrosis factor (TNF) mRNA is stabilised by inactivation of the
AU-rich element-binding protein tristetraprolin (TTP) by the p38 MAPK pathway. We show that
this mechanism is not limited to TNF mRNA and that p38 MAPK also inhibits TTP-directed
decay of interleukin (IL)-10 mRNA. Lipopolysaccharide-induced IL-10 mRNA and protein
expression was increased in TTP™~ compared with wild-type BMDM. We also provide evidence
that TTP directly targets IL-10 mRNA by binding to its 3’-untranslated region. We found that p38
MAPK activation also prevents TTP-directed decay of cyclooxygenase-2, IL-6, and IL-1a
mRNAs. However, despite destabilisation of IL-6 mMRNA by TTP, IL-6 mRNA and protein
expression was reduced in TTP~~ BMDM and IL-12p40 mRNA and protein expression was also
reduced in TTP~/~ BMDM. Neutralisation of IL-10 in lipopolysaccharide-treated BMDM with an
anti-1L-10 antibody rescued the inhibition of IL-6 and IL-12p40 protein in TTP™/~ cells. Thus the
p38 MAPK pathway acting in conjunction with TTP regulates the stability and expression of not
only pro-inflammatory mRNAs but also the mRNA of the anti-inflammatory cytokine, I1L-10.

INTRODUCTION

It is now recognised that in addition to transcriptional control, post-transcriptional
mechanisms play a key role in regulating gene expression. The control of mRNA stability is
of particular importance for the expression of proteins of the inflammatory response. A large
number of MRNAs of these proteins contain AU-rich elements (ARE) in their 3’-
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untranslated regions (UTR). These elements target mMRNAs for rapid decay. The decay of
ARE-containing reporter mRNASs is blocked following the activation of p38 mitogen-
activated protein kinase (MAPK) (1,2). Many ARE-containing endogenous mRNAs of
proteins of the inflammatory response are destabilised upon inhibition of this protein kinase
(3-9). Indeed, in a microarray study in THP-1 cells, the stability of 42 different ARE-
containing mRNAs was found to be regulated by p38 MAPK (10).

Tristetraprolin (TTP) has long been known to regulate the expression of tumor necrosis
factor (TNF) by binding to the ARE in the 3’UTR of TNF mRNA and targeting it for
degradation (11). TTP knockout mice develop a complex inflammatory phenotype and
display an inflammatory arthritis, cachexia, conjunctivitis and myeloid hyperplasia (12).
Treatment of TTP™~ mice with anti-TNF antibody prevented almost all aspects of the
phenotype (12) suggesting that TTP might specifically target TNF. Initial studies of the role
of TTP in TNF production were performed in macrophages. Since then, TTP deficiency has
been found to affect granulocyte-macrophage colony-stimulating factor (13), interleukin
(IL)-2 (14) and immediate-early response gene 3 (15) mRNA stability in bone marrow
stromal cells, T cells and embryonic fibroblasts respectively. The minimal ARE sequence
required for TTP binding on the RNA has been previously shown to be only nine (16,17) or
seven (18) nucleotides long, suggesting that there are additional potential TTP targets that
remain to be identified.

The stabilisation of inflammatory mediator ARE-containing mRNAs by p38 MAPK
involves the downstream kinase, MAPK-activated protein kinase (MK2) (1,2,19). TTP is
phosphorylated by MK2 (20) on Ser 52 and Ser 178 (21). Mutation of these two
phosphorylation sites to alanine prevented MK2-mediated stabilisation of a TNF reporter
mMRNA (22). Previous work has shown that lipopolysaccharide (LPS)-induced TNF protein
production by bone marrow-derived macrophages (BMDM) from TTP~/~ mice was
insensitive to p38 MAPK inhibition (23) although others failed to observe such an effect
(24). A more recent study in mice deficient in both TTP and MK2 showed that TNF mRNA
is stable in TTP~/"MK2~/~ macrophages consistent with the involvement of TTP in p38
MAPK/MK2-mediated mRNA stabilisation (25). Definitive evidence in support of this
model has been lacking, although, TTP does destabilise ARE-containing mRNAs by
promoting their deadenylation (13,26,27), and p38 MAPK stabilises these transcripts by
inhibiting their deadenylation (28). To date, only TNF mRNA has been shown to be
regulated by a mechanism that involves both TTP and p38 MAPK, and it is unclear how p38
MAPK stabilises other mRNASs.

Blockade of p38 MAPK activity in human monocytes (29) and murine BMDM (30) inhibits
IL-10 expression. p38 MAPK induces IL-10 by activating its transcription (31). The human
IL-10 promoter contains a binding site for the transcription factor, Sp1 and p38 MAPK has
been suggested to induce IL-10 by activating Sp1-dependent transcription (31). To our
knowledge, post-transcriptional regulation of IL-10 mRNA by p38 MAPK and TTP has not
been examined previously.

We now provide definitive evidence that p38 MAPK inhibits TTP-directed decay of TNF
mRNA in BMDM. p38 MAPK, TTP and MK2 represent important targets for therapies
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aimed at treating chronic inflammatory diseases such as rheumatoid arthritis. Ideally such
therapies would specifically block the expression of pro-inflammatory mediators, such as
TNF, whilst sparing anti-inflammatory IL-10. We have investigated whether the same post-
transcriptional mechanism that regulates TNF mRNA also controls the expression of other
mRNAs of the inflammatory response, including that for the anti-inflammatory cytokine
IL-10.

EXPERIMENTAL PROCEDURES

Materials

Plasmids

4-(4-Fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl)1H-imidazole (SB 202190) was from
Calbiochem-Novabiochem. We found that, in contrast to when added after LPS treatment,
pre-treatment of BMDM with inhibitor prior to LPS addition resulted in strong suppression
of MK2 activity only at concentrations =5 UM (Supplementary Fig. S1). When added 4h
post-LPS (as in the case of actinomycin D chases) a concentration of 1 uM of SB202190
was sufficient to completely block LPS-induced MK2 activity (Supplementary Fig. S1).
Therefore for pre-treatment experiments it was decided to use SB 202190 at a concentration
of 5 pM. LPS from Salmonella typhimurium was from Sigma-Aldrich. [a-32P]-UTP was
purchased from GE Healthcare. A hamster monoclonal antibody against murine TNF
(TN3-19.12) (32) was used to neutralise TNF at a final concentration of 10 pg ml~2
(generous gift from Robert Schreiber, Washington University School of Medicine, St. Louis,
MO). Anti-IL-10 neutralising antibody (R & D Systems) was used at 20 pg ml~L. Anti-
COX-2 antibody was from Alexis and anti-a-tubulin antibody was from Sigma-Aldrich. The
rabbit antiserum against the C-terminus of murine TTP has been described previously (20).

Antisense murine TNF 3’UTR riboprobe template plasmid was generated by PCR
amplification of a 250-bp sequence spanning nt 1359-1609 of the 3’UTR of TNF which was
cloned into pCR-Blunt (Invitrogen). Antisense murine COX-2 riboprobe template plasmid,
was prepared by PCR of cDNA prepared by reverse transcription of RNA from LPS-treated
BMDM. A 317-bp COX-2 fragment (nt 1522-1838) was then amplified by PCR. The 317-bp
COX-2 PCR product was then cloned in a pCR®II-TOPO® vector (Invitrogen) using a
“TOPO TA Cloning ® Kit” (Invitrogen) according to the manufacturer’s protocol. A
plasmid for in vitro transcription of nucleotides 613-1295 (from the translation stop codon to
the polyadenylation signal) of the murine 1L-10 3’UTR was prepared in a similar fashion.
Primer sequences are available upon request.

Mice—TTP~/~ mice were originally generated as described previously (12) by insertion of a
neomyecin-resistance cassette into the TTP coding region of the exon 2 of the TTP gene.
Gene disruption results in the expression of a TTP-neo fusion mRNA without the
subsequent expression of TTP protein. TTP~~ mice were of mixed 129 and C57BL/6
background as originally obtained from Perry Blackshear. All animal experiments were
performed according to ethical procedures.
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Bone marrow-derived macrophage (BMDM) preparation—Mice (four to eight
weeks old) were humanely culled and bone marrow was flushed from femurs and tibiae.
Bone marrow cells were resuspended in 15 % DMSO in foetal calf serum (FCS) (v/v) and
stored on dry ice for 24 to 48h. Cells were thawed at 37 °C and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 100 units mI~1 penicillin, 100 pg
ml~1 streptomycin, 10% (v/v) FCS and 10% (v/v) L929-cell conditioned medium (as a
source of macrophage colony stimulating factor) in bacteriological Petri dishes in 5% CO, at
37 °C for 6 days. Cells were then trypsinised, scraped and seeded in 6 well plates at a
density of 3 x 10° cells/well in DMEM supplemented with 100 units mI~1 penicillin, 100 pg
ml~1 streptomycin, 10% (v/v) FCS and 10 ng ml~1 macrophage colony stimulating factor
(PeproTech). Graphs in figures 1-3 show mean data from one experiment using BMDM
from TTP~/~ mice and wild-type littermates and two experiments using C57BL/6 mice as
controls. Similar data were obtained using littermate or C57BL/6 controls. All other
experiments were performed using wild-type littermates as controls.

RAW 264.7 cell culture—RAW 264.7 cells were cultured in DMEM supplemented with
10% (v/v) FCS in a humidified atmosphere of at 37 °C. 5% CO»

RNA analysis—Total RNA was isolated from BMDM using a QlAamp RNA Blood Mini
kit (Qiagen) according to the manufacturer’s instructions. TNF, COX-2 and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNAs were analysed by northern
blotting. Typically 5 ug of RNA was electrophoresed on denaturing formaldehyde/ 2%
agarose gels. RNA was capillary-transferred onto Hybond XL membranes (GE Healthcare)
and fixed by UV cross-linking. Membranes were prehybridised for 2h and hybridised
overnight with [a-32P]-UTP-labeled riboprobes at 65 °C in Ultrahyb (Ambion). Blots were
then washed 3 times for 30 min at 65 °C with 5 x SSC/0.1% SDS, 1 x SSC/0.1% SDS, and
0.1 x SSC/0.1% SDS. Signals were visualised and quantified using a phosphorimager (Fuji
FLA-2000). [a-32P]-UTP-labeled murine TNF, COX-2 and GAPDH riboprobes used for
northern blotting were prepared from template plasmids by in vitro transcription as
described previously (28).

Some mRNAs were quantified using the Riboquant multiprobe RPA kit (BD Biosciences)
according to the manufacturer’s instructions. Probes were synthesised using the mCK-2b
template set by in vitro transcription (as described in (28) except that the concentration of
unlabelled UTP was 2.4 uM). Typically 400,000 cpm was used per point. Protected RNA
fragments were resolved by electrophoresis on denaturing 4% polyacrylamide gels and
visualised and quantified by phosphorimaging.

IL-10 and GAPDH mRNAs were measured by quantitative RT-PCR. For this cDNA was
generated using the Reverse Transcription System kit (Promega) and random hexamers
(Promega) and 0.5 pg of total RNA per reaction. 4 % of this cDNA was measured by
quantitative RT-PCR using TagMan technology and prevalidated primer-probe sets for
IL-10 (Mm 00439616_m1) and GAPDH (Mm 9999915 g1) purchased from Applied
Biosystems. A Rotor-Gene 6000 thermal cycler (Corbett Research) was used. The AAC;
method of relative quantitation and the Rotor-Gene 6000 software (Corbett Research) was
used to calculate relative mRNA amounts for each of the transcripts examined.
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Preparation of RAW 264.7 cell extracts—Confluent RAW 264.7 cells were rinsed and
harvested in ice-cold PBS. Cells were pelleted by centrifugation at 500 x g for 5 min,
resuspended in 1 ml of lysis buffer (10 mM HEPES pH 7.6, 3mM MgCl,, 40 mM KClI,
2mM DTT, 5% glycerol, 0.5% IGEPAL CA-630, 2mM NaF, 1mM sodium orthovanadate
and protease inhibitors [ImM phenylmethylsulfonyl fluoride, 3 ug mi~1 aprotinin, 10 uM
E64, 1 ug ml~1 pepstatin A and 10 pM mycrocystin]) and lysed for 10 min on ice. The lysate
was centrifuged at 1500 x g for 5 min and the supernatant (cytoplasmic fraction) was
collected, aliquoted and stored at =70 °C. Protein concentrations of lysates were estimated
by Bradford assay.

Electrophoretic mobility shift assays (EMSA) and antibody supershifts—50 g
of RAW 264.7 cell extracts were incubated with a rabbit antiserum against TTP or a non-
immune serum (rabbit anti-HSP27) for 30 min on ice followed by incubation with 500,000
cpm of [a-32P]JUTP-labeled RNA probe and bandshift buffer (10 mM HEPES pH 7.6, 3 mM
MgCl,, 20 mM KCI, 1mM DTT, 5 % glycerol) for 15 min on ice. RNase T1 and heparin
sulfate were added to final concentrations of 5000 U ml~1 and 5 mg mI~1, respectively,
together with 3 pl loading buffer (80 % glycerol and 0.1 % bromophenol blue) and the
reaction mixture was incubated for 15 min. Samples were electrophoresed (150 V for 3h at 4
°C) on 4 % non-denaturing polyacrylamide gels containing 0.5x Tris-borate EDTA and 2.5
% glycerol (which had been pre-run for 1h at 150 V). The gels were dried on 3MM blotting
paper and visualised by phosphorimaging.

Enzyme-linked immunosorbent assay (ELISA) and western blotting

RESULTS

ELISAs for murine cytokines were performed using reagents from BD Biosciences
according to the manufacturer’s instructions. Western blotting was performed as described
previously (33).

TTP is required for destabilisation of TNF mRNA upon p38 MAPK inhibition

To investigate whether TTP is required for p38 MAPK-dependent regulation of TNF mRNA
stability, actinomycin D chases were carried out in BMDM from wild-type and TTP~/~ mice
in the presence or absence of SB 202190. BMDM were left untreated or treated with LPS for
4h and then actinomycin D was added together with SB 202190 (1 uM) or vehicle (0.1%
DMSO). Cells were harvested at the times shown, lysed and RNA was prepared. TNF
mRNA was detected by northern blotting (Fig. 1A and 1B). In wild-type BMDM, the
addition of SB 202190 destabilised TNF mRNA (t1/» = 18 min compared to ty;, = 46 min for
vehicle control; Fig. 1A and 1C). In TTP~/~ cells, the stability of TNF mRNA was about 2-
fold greater in the absence of SB 202190 compared to wild-type cells (t/, = 89 min for
TTP~/~ compared to ty/, = 46 min for wild-type BMDM) (Fig 1B and 1D). The destabilising
effect of SB 202190 on TNF mRNA was largely ablated in TTP~/~ BMDM (Fig. 1B and
1D). There was a small statistically significant effect of SB 202190 in these cells (Fig. 1D).
However, overall, TTP appeared to be responsible for most of p38 MAPK-mediated
regulation of TNF mRNA stability in LPS-treated BMDM.
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Chronic inhibition of p38 MAPK inhibits the induction of TTP mRNA and protein in
RAW264.7 cells (20). Pretreatment with SB 202190 also inhibited the induction of TTP
MRNA by LPS in BMDM (Supplementary Fig. S2). Addition of SB 202190 4h post-LPS
resulted in rapid decay of TNF mRNA in wild-type BMDM (Fig. 1 and Supplementary Fig.
S2), but addition of the inhibitor 1h before LPS treatment did not destabilise the mMRNA
(Supplementary Fig. S2). This is consistent with the requirement of TTP for TNF mRNA
decay and shows that p38 MAPK siRNA or dominant negative mutants cannot be used for
such experiments.

p38 MAPK inhibits TTP-directed decay of IL-10 mRNA

To date, p38 MAPK has only been shown to regulate the stability of pro-inflammatory
mMRNAS (34). p38 MAPK-mediated post-transcriptional regulation has only been shown to
involve TTP in the case of TNF mRNA (22,23,25). IL-10 is an important anti-inflammatory
cytokine and the induction of IL-10 protein is regulated by p38 MAPK (29,30). To
investigate whether IL-10 is regulated post-transcriptionally by p38 MAPK and TTP, the
stability of IL-10 mRNA was examined in TTP~~ BMDM in the presence or absence of SB
202190 by actinomycin D chase and quantitative RT-PCR. In wild-type cells, IL-10 mRNA
was relatively stable but in the presence of SB 202190 it decayed rapidly (Fig. 2A). In
TTP~~ cells, the decay of IL-10 mRNA induced by SB 202190 was blocked (Fig. 2B). In
the absence of the p38 MAPK inhibitor, IL-10 mRNA stability was similar in wild-type and
TTP~~ cells (Fig. 2A and 2B). Overall, these results show that IL-10 is a target for both
TTP and p38 MAPK and that p38 MAPK inhibits TTP-directed decay of IL-10 mRNA.

IL-10 expression is increased in LPS-treated TTP~~ BMDM

To investigate whether TTP regulates IL-10 expression, IL-10 mRNA was analysed by
quantitative RT-PCR in BMDM from wild-type and TTP~/~ P mice treated with LPS for 4h
in the presence or absence of 5 uM SB 202190 (Fig. 3A). Endogenous TNF induced by LPS
can up-regulate 1L-10 expression (29). Therefore a neutralising anti-TNF antibody was also
added to certain BMDM cultures 30 min before addition of LPS. IL-10 mRNA was induced
by LPS treatment in wild-type and TTP~~ BMDM (Fig. 3A).

In three separate experiments TTP~~ BMDM expressed 6-fold more LPS-induced IL-10
mRNA than wild-type cells (Fig. 3A). In resting wild-type cells, a small amount of IL-10
mRNA was detected with higher levels found in TTP™/~ P cells (Fig. 3A). LPS-induced
IL-10 mRNA was similarly inhibited by SB 202190 in wild-type cells and TTP~/~ BMDM
(Fig. 3A) in two separate experiments. TNF neutralisation resulted in little effect on IL-10
MRNA and even in the presence of the anti-TNF neutralising antibody, IL-10 mRNA was
increased >5-fold in TTP~/~ BMDM compared to wild-type cells (Fig. 3A). This suggests
that TTP negatively regulates IL-10 mRNA expression in LPS-treated BMDM.

IL-10 protein secreted into the culture medium in the above experiments was also measured
by ELISA (Fig. 3B). As seen for IL-10 mRNA, LPS-induced IL-10 protein was upregulated
in TTP~~ BMDM albeit to a slightly lesser extent, inhibited to a similar degree by
SB202190 in wild-type and TTP~/~ cells and there was little effect of anti-TNF (Fig. 3B).
Therefore TTP regulates the expression of both IL-10 mRNA and 1L-10 protein and this is
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not an indirect effect caused by TNF overproduction in TTP™/~ cells and subsequent
paracrine signalling.

TTP binds to the IL-10 3'UTR in EMSA

The IL-10 3’UTR contains several copies of the core heptamer UAUUUAU which is a
putative TTP binding site. To examine whether TTP regulates IL-10 mRNA directly by
binding to it EMSAs were performed using cytoplasmic extracts from RAW 264.7
macrophage-like cells that were left untreated or treated with LPS for 2h. Extracts were
analysed by EMSA using a 32P labelled probe spanning the IL-10 3’UTR. To supershift any
TTP-containing complexes an antiserum against TTP or a non-immune serum was included
in binding reactions. RNA-protein complexes were resolved by electrophoresis on a hon-
denaturing acrylamide gel. A constitutive (complex 1) and an LPS-inducible complex
(complex 2) were detected (Fig. 4). Incubation of the extracts with the anti-TTP antiserum
reduced the intensity of the LPS-inducible complex and resulted in a supershifted band (Fig.
4). No such supershifted complex was seen using a non-immune serum (Fig. 4). Therefore
TTP targets IL-10 mRNA for degradation by binding to it directly.

TTP is required for destabilisation of COX-2 mRNA upon p38 MAPK inhibition

To investigate whether TTP regulates the stability of other mRNAs that are also targeted by
the p38 MAPK pathway or whether this effect is specific to TNF and IL-10, the stability of
COX-2 mRNA was examined in TTP~~ BMDM in the presence or absence of SB 202190
by northern blotting. In wild-type cells there was little decay of COX-2 mRNA in the
absence of SB 202190 (Fig. 5A and 5C). Addition of the inhibitor resulted in an initial rapid
decrease in COX-2 mRNA (t1/2 = 29 min), after which there was no further decay (Fig. 5A
and 5C). The 4.6-kb and the 2.8-kb COX-2 transcripts that arise owing to the presence of an
internal polyadenylation site appeared to decay at a similar rate (Fig. 5A). Both COX-2
transcripts include conserved region 1 (35) which contains the p38 MAPK-regulated ARE
(2) and this is consistent with both being regulated by p38 MAPK. In the absence of p38
MAPK blockade, the stability of COX-2 mRNA was similar in wild-type and TTP~/~
BMDM (Fig 5C and 5D). However, in the presence of SB 202190 COX-2 mRNA was not
destabilised in TTP~~ BMDM (Fig. 5B and 5D). Thus, as for TNF and IL-10 mRNAs, the
destabilisation of COX-2 mRNA consequent upon p38 MAPK inhibition is also mediated by
TTP.

TTP is also required for destabilisation of IL-6 and IL-1a mMRNAs upon SB 202190 addition

To examine whether co-regulation by TTP and p38 MAPK represents a general mechanism,
multi-probe ribonuclease protection assays (RPA) were performed to examine the stabilities
of different cytokine mMRNAs upon p38 MAPK blockade in wild-type and TTP~~ BMDM.
Actinomycin D chases were performed as before, and RNA was isolated and analysed by
RPA (Fig. 6A and 6B).

In wild-type cells, in the absence of SB 202190, all of the mRNAs detected (IL-12p40,
IL-1a, IL-1p, IL-1 receptor antagonist (IL-1Ra), IL-6, macrophage inhibitory factor, L32
and GAPDH) appeared stable (Fig. 6A). IL-6 mRNA was destabilised upon addition of SB
202190 (ty/» = 50 min for decay over the initial 1 h of the actinomycin D chase compared to
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t1/2 = 203 min for vehicle control) (Fig. 6A and 6C). As for IL-10 (Fig. 2A) and COX-2
(Fig. 5A) mRNAs, most of the decay occurred in the first 30 min following actinomycin D
addition after which IL-6 mMRNA appeared stable (Fig. 6C). Similarly, IL-1a mRNA was
stable in the absence of SB 202190 (t1/» = 365 min) but was destabilised following addition
of the inhibitor (t;» = 61 min for initial decay) (Fig. 6A and 6D).

In TTP~~ BMDM, in the absence of SB 202190, IL-6 mMRNA appeared slightly more stable
compared to wild-type cells (Fig. 6B and 6E). IL-1a. mRNA was stable in TTP~~ cells in
the absence of p38 MAPK inhibitor (Fig. 6B and 6F) as seen in wild-type cells (Fig. 6A and
6D). However, in contrast to that in wild-type cells, in TTP~~ BMDM the decay of IL-6
(Fig. 6E) and IL-1a mRNAs (Fig. 6F) was insensitive to p38 MAPK inhibition. Therefore,
treatment of macrophages with SB 202190 results in rapid decay of IL-6 and IL-1a mRNAS
and TTP is required for the destabilisation of these mMRNAs upon SB 202190 addition.
Taken together these data show that p38 MAPK inhibits TTP-directed decay of TNF, IL-10,
COX-2, IL-6 and IL-1a mRNAs.

Expression of inflammatory mediator mRNAs in wild-type and TTP~~ BMDM

For most of the mMRNASs examined, the effect of TTP deficiency on mRNA stability was
only detected in cells treated with p38 MAPK inhibitor. To find out whether, in addition to
regulating mRNA stability, TTP also regulates the expression of these MRNAs their
abundance was measured in BMDM derived from wild-type and TTP~/~ mice. The effect of
SB 202190 on LPS-induced mRNA expression was also tested.

In broad agreement with previous work (11), TNF mRNA induced by LPS was increased in
TTP~~ compared with wild-type BMDM (Fig. 7A). SB202190 did not inhibit LPS-induced
TNF mRNA in wild-type (consistent with a previous report (36)) or TTPP ~/~ cells (Fig.
7A). COX-2 mRNA expression was only slightly increased in TTP~'~ BMDM compared
with wild-type cells and it was weakly inhibited by SB 202190 in both (Fig. 7A).

Since we found that TTP also targets IL-6 and IL-1a mRNAs for decay (Fig. 6), it was
expected that the expression of these mMRNAs in TTP~/~ cells would also be increased.
BMDM from TTP~~ mice are known to display increased TNF production (Fig. 7A) and
this might result in an upregulation of inflammatory response genes, therefore a neutralising
anti-TNF antibody was used to block paracrine stimulation of the cells by TNF. BMDM
from wild-type and TTPP =/~ were left untreated or treated with a TNF neutralising antibody
for 30 min and then either treated with SB 202190 or vehicle (0.1% DMSO) for a further 1h,
followed by LPS for a further 4h. Cells were harvested, lysed and RNA was isolated and
analysed by RPA.

Despite TTP-dependent regulation of IL-1a mRNA stability (Fig. 6), IL-1a mRNA
expression was similar in LPS-treated TTP~~ BMDM compared to wild-type cells (Fig. 7B
and 7C). Surprisingly, although IL-6 mMRNA stability was regulated by TTP IL-6 mRNA
was reduced in TTP~/~ cells compared with wild-type (Fig. 7B and 7C). IL-12p40 mRNA
expression was also suppressed in TTP~/~ BMDM compared to wild-type cells (Fig. 7B and
7C). Of the other mRNAs detected, IL-1p mMRNA expression was similar in wild-type and

FEBS Lett. Author manuscript; available in PMC 2016 March 18.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tudor et al.

Page 9

TTP~~ BMDM (Fig. 7B and 7C) and IL-1Ra mRNA was weakly upregulated in TTP~/~
BMDM in some experiments (Fig. 7C).

At first sight, these data appear confusing. However, a possible explanation is provided by
the fact that the anti-inflammatory cytokine, 1L-10, negatively regulates the expression of
IL-1, IL-6 and I1L-12p40 and positively regulates IL-1Ra (37).

COX-2 (Fig 7A), IL-1a, IL-1p, and IL-6, (Fig. XB) were all inhibited by SB 202190 not
only in wild-type but also in TTP~~ BMDM, suggesting that in addition to acting on TTP,
p38 MAPK also regulates their expression in a TTP-independent fashion. The inclusion of
neutralising anti-TNF antibody in cultures had no effect on the expression at 4h post-LPS of
any of the inflammatory mediator mRNAs measured (Fig. 7B) although it did inhibit IL-1a
MRNA at 16h post-LPS (data not shown).

Expression of pro-inflammatory mediator proteins in wild-type and TTP~~ BMDM

It was of interest to examine whether in addition to regulation of mMRNA levels, the
expression of pro-inflammatory proteins was also regulated in TTP~/~ BMDM. In agreement
with the data for TNF mRNA, TNF protein was upregulated approximately 2-fold in TTP~/~
BMDM (Fig. 8A). As previously reported (23,25) the effect of p38 MAPK inhibition on
TNF protein was reduced in TTP™~ cells. COX-2 protein was weakly upregulated in TTP~/~
BMDM as found by others (38) and was inhibited by SB202190 in both wild-type and
TTP~~ cells (Fig. 8B). As seen for IL-6 mRNA, IL-6 protein was expressed at a lower level
in TTP~~ compared with wild-type cells and it was inhibited by SB202190 in both cell
types in three separate experiments (Fig. 8C).

IL-10 blockade rescues IL-6 and IL-12p40 production in TTP~~ BMDM

It was possible that the reduction in expression of IL-6, IL-1a and IL-12p40 mRNAs and the
increase in IL-1Ra in TTP~/~ BMDM was due to increased production of I1L-10 in these
cells. To test this possibility, BMDM were either left untreated, or pre-treated with an anti-
IL-10 antibody for 1h and then incubated for a further 4h in the presence of LPS. LPS-
induced IL-6 expression was lower in TTP~/~ cells than in wild-type cells (Fig. 9A). Pre-
treatment with anti-1L-10 antibody had little effect on IL-6 production by wild-type cells,
but restored IL-6 expression in TTP~/~ BMDM (Fig. 9A). Similar results were obtained for
IL-12p40 (Fig. 9B). Thus the reduced expression of IL-6 and IL-12p40 in TTP~~ P BMDM
can be attributed to the increased production of IL-10.

DISCUSSION

p38 MAPK has been previously shown to regulate many different pro-inflammatory
mMRNAs (34). TTP has also been shown to play a pivotal role in the expression of the pro-
inflammatory cytokine, TNF. We have shown that p38 MAPK and TTP not only regulate
the stability of pro-inflammatory mRNAs, but also play a crucial role in the post-
transcriptional regulation of anti-inflammatory IL-10.

p38 MAPK regulates IL-10 mRNA stability by inhibiting TTP-directed mMRNA decay. This
is demonstrated by the lack of an effect of SB 202190 on IL-10 mRNA stability in TTP™/~
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BMDM. IL-10 appears to be a direct target of TTP since an LPS-inducible complex
containing TTP protein bound an IL-10 3’UTR probe in EMSA. The murine IL-10 3’'UTR
does not contain the originally proposed (17) nonameric TTP binding site. However, we
note that it does contain four heptameric UAUUUAU motifs, two of which are separated by
26 nucleotides. TTP has been found to bind with high affinity to such sites (18). All of the
mRNAs that we found were co-regulated by p38 MAPK and TTP (except IL-6 mMRNA)
contain at least two heptamers separated by an intervening sequence of similar length.
Murine TNF, COX-2 and IL-1a contain heptamers separated by 28, 26 and 23 nucleotides
respectively. IL-6 mMRNA contains only one heptamer, however, it also has a pentamer in a
U-rich context with intervening sequence present as in the other regulated mRNAs. Of the
mRNAs that we found were not regulated, IL-1p has two heptamers which are separated by
only 5 nt; 1L-12p40 has only one heptamer; IL-1Ra has none. This is consistent with the
presence of two heptamers separated by 23-28 nt in the majority of p38-MAPK- and TTP-
regulated mRNAs.

TTP plays an important role in regulating 1L-10 since steady-state IL-10 mMRNA and IL-10
protein was found to be upregulated in LPS-treated BMDM. In the absence of LPS
stimulation, I1L-10 mRNA was also found to be somewhat increased in TTP~/~ compared
with wild-type BMDM suggesting that circulating levels of IL-10 protein may be increased
in TTP~/~ mice. Whilst TTP~~ mice develop a complex inflammatory phenotype, largely
arising from increased TNF production (12), unlike mice with a targeted deletion of the TNF
ARE (36), they do not develop a Crohn’s-like inflammatory bowel disease (IBD). The anti-
inflammatory function of IL-10 plays a key protective role in protecting against IBD. This
has been clearly demonstrated by the finding that I1L-10~/~ mice spontaneously develop
ulcerative colitis (39). An interesting possibility is that the increased levels of IL-10 in the
TTP~/~ mice protects them against IBD-like disease that may otherwise have been caused by
the elevated TNF production in these animals. It is possible that therapies for the treatment
of chronic inflammatory diseases which target p38 MAPK, MK2, or TTP could be
complicated by the consequences of inhibition of 1L-10.

p38 MAPK has now been shown to stabilise a plethora of different transcripts, many of
which are mMRNAs of proteins of the inflammatory response (34). However, TNF (11) and
granulocyte-macrophage colony-stimulating factor (13) are the only mRNAs that have been
shown to be regulated in TTP~/~ cells and which are also stabilised by p38 MAPK (6-8).
Thus it was unclear whether inactivation of TTP by the p38 MAPK pathway represents a
general post-transcriptional mechanism, or whether it is restricted to only a few mRNAs. We
have now shown that TTP is required for p38 MAPK-dependent regulation of not only TNF,
but also of other long known p38 MAPK-regulated mRNAs such as COX-2 and IL-6. We
have also found that IL-1a and IL-10 are relatively stable mMRNAs in LPS-treated BMDM,
but are destabilised following the addition of p38 MAPK inhibitor to the cells. IL-1 o
MRNA has previously been found to be regulated by p38 MAPK in THP-1 cells (10). The
decay of these mMRNAs in the presence of the inhibitor was completely blocked in TTP~/~
macrophages. Thus we have identified five different mMRNAs of the inflammatory response
which are stabilised by p38 MAPK-mediated inactivation of TTP.
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It is noted that the decay of all of the mMRNASs co-regulated by p38 MAPK and TTP, except
TNF mRNA, all decay rapidly following addition of p38 MAPK inhibitor, after which they
appear to be relatively stable. This effect is probably due to the degradation of TTP protein
that occurs following p38 MAPK blockade (40). Under physiological circumstances the
decline in p38 MAPK activity following stimulation of the cells would likely be more
gradual and TTP protein could function for longer.

In a previous study we investigated the involvement of different ARE-binding proteins in
the p38 MAPK-mediated stabilisation of a COX-2 ARE reporter mRNA in a HeLa cell line
(41). We reported that AUF1, AUF2, FBP1, HUR and TTP were not required for this (41).
However, we ruled out a role for TTP largely because of our inability to detect TTP in these
cells (41). We have now been able to detect small amounts of TTP protein in HeLa cells (C.
Asensio and A. Clark, unpublished). Therefore it is of interest to test the function of TTP in
regulating the expression of COX-2 mRNA in these cells, as well as in human fibroblasts. It
is unclear which mechanism would predominate in such cells for COX-2 mRNA regulation
as other ARE-binding proteins with a stabilising function including HuR (42,43) and
CUGBP?2 (44) could be involved. However HuR does not appear to be required for the
induction of COX-2 by IL-1 in HeLa cells as shown by depletion of HuR by RNAi (J.L.E.D.
and Kate Alford, unpublished).

Overall, the data in this study are consistent with those obtained in BMDM from
TTP/=/MK27/~ mice (25). TNF mRNA was similarly stable in TTP~/~ and TTP~-/MK2~/~
BMDM (25). However in the present study, whilst TNF mRNA was relatively stable in
TTP~'~ cells either in the presence or absence of SB 202190, a small effect of the p38
inhibitor on TNF mRNA stability was observed. It is possible that additional ARE-binding
proteins other than TTP might be responsible for this effect. The TTP homologue, BRF1
(45), is one such protein. So far, we have failed to detect BRF1 protein in TTP~~ BMDM,
although BRF2, another TTP family member, does appear to be expressed in these cells. The
ARE-binding protein, KSRP, which regulates certain ARE-containing transcripts in
myocytes may also be involved (46). It should be stressed, however, that p38 MAPK-
dependent regulation of TNF mRNA stability appeared to be mainly regulated by TTP, or in
the case of the other p38 MAPK-regulated mRNAs examined in this study, exclusively
regulated by TTP.

We found that whilst IL-10 mRNA was relatively stable in BMDM treated with LPS for 4h,
rapid decay of the mRNA occurred following the addition of p38 MAPK inhibitor. Thus as
for other mMRNAs of the inflammatory response such as COX-2 (5) p38 MAPK controls
IL-10 expression by activating its transcription and by stabilising its mMRNA. The inhibition
of steady-state 1L-10 mRNA upon p38 MAPK blockade in TTP~/~ BMDM is consistent
with the regulation of IL-10 transcription by p38 MAPK. As for wild-type cells, chronic p38
MAPK blockade in TTP~~ BMDM, inhibited LPS-induced steady-state IL-6, IL-1a, and
IL-1p mRNAs. The fact that in TTP™/~ cells SB202190 regulates the steady-state levels of
these mRNAs but not their stability is not a result of the higher concentration of inhibitor
used for chronic inhibition because acute blockade of p38 MAPK activity (employed in
actinomycin D chases) is achieved with a concentration of only 1 pM. It is likely that as for
IL-10 and COX-2, the transcription of all of these mMRNAs is p38 MAPK-dependent.
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Transcription of TNF by contrast may not regulated by p38 MAPK in murine macrophages
since in these cells p38 MAPK inhibitors do not inhibit steady-state TNF mRNA. This
contrasts the situation in human cells of myeloid lineage in which TNF mRNA is inhibited
upon p38 MAPK blockade (5,47), likely due to regulation of TNF transcription by p38
MAPK.

COX-2 and IL-6 protein were inhibited by SB202190 in both wild-type and TTP-/- cells as
expected given that their mMRNAs are also inhbited. Despite the lack of an effect on TNF
mRNA, TNF protein was inhibited by p38 MAPK blockade, but to a lesser extent in TTP™/~
BMDM. This difference has been reported previously (25) and may be due to regulation of
TNF translation by TTP.

The use of p38 MAPK inhibitor in actinomycin D chases allowed us to examine a possible
correlation between TTP and p38 MAPK targets. Since many of the mMRNAs examined were
relatively stable in the absence of inhibitor in both wild-type and TTP~/~ cells, p38 MAPK
inhibition revealed targets of TTP which would otherwise not have been identified. This
may be why of the mRNAs found to be regulated by TTP and p38 MAPK in this study, only
TNF has previously been identified as a TTP target in experiments employing TTP™~ P
cells. In fact, of the mMRNAs tested, only TNF mRNA was found to be stabilised in TTP™/~
BMDM in the absence of the inhibitor. It would be interesting to search for additional TTP
targets in the future by performing microarray analyses of wild-type and TTP~/~ cells treated
with actinomycin D in the presence or absence of p38 MAPK inhibitor. The fact that TTP is
more promiscuous than originally thought may compromise the utility of TTP-targeted
therapies aimed at treating chronic inflammatory diseases.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Regulation of TNF mRNA stability by p38 MAPK requires TTP
Wild-type (A) or TTP™~ (B) BMDM were left untreated or treated with LPS (10 ng ml~1)

for 4h and then actinomycin D (10 pg ml~1) was added together with SB 202190 (final
concentration 1 pM) or vehicle (0.1% DMSO). Cells were harvested at the times shown and
RNA was extracted and northern blotted with an antisense riboprobe to TNF 3’'UTR. Graphs
show mean TNF mRNA in wild-type (C) or TTP™~ cells (D) normalised to GAPDH mRNA
expressed as a percentage of t=0 actinomycin D treatment + S.E.M. from three independent
experiments. Where not shown error bars are smaller than the symbols. Significance of the
effect of SB 202190 was measured by paired Student’s t-test *p<0.01.
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FIGURE 2. p38 MAPK inhibits TTP-directed decay of IL-10 mRNA
Wild-type (A) and TTP~~ (B) BMDM were treated with LPS for 4h and then actinomycin

D was added together with 1 uM SB 202190 or vehicle (0.1% DMSO). Cells were harvested
at the times shown and RNA was isolated. IL-10 and GAPDH mRNAs were measured by
quantitative real-time PCR using the AACt method of analysis. Graphs show IL-10 mMRNA
normalised to GAPDH mRNA expressed as a percentage of t=0 actinomycin D treatment
from one experiment. Qualitatively similar data were obtained by RPA in two additional

independent experiments.
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FIGURE 3. IL-10 mRNA and protein expression is increased in TTP~/- BMDM
A) Wild-type and TTP™/~ BMDM were left untreated or pretreated for 30 min with anti-TNF

neutralising antibody TN3-19.12 (10 pug ml~1) and then treated with 5 uM SB 202190 or
vehicle control (0.1% DMSO) for 1h, followed by LPS treatment for a further 4h. Cells were
then harvested, lysed and RNA was isolated. IL-10 and GAPDH mRNAs were analysed by
quantitative-real-time PCR. Graph shows amount of IL-10 mRNA normalised to GAPDH
calculated using the AACt method of analysis and expressed relative to that for untreated
wild-type cells. Similar results were obtained in two separate experiments. B) IL-10 protein
in culture medium from the cells (described in A) was measured by ELISA. Similar results
were found in two independent experiments.
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FIGURE 4. TTP binds an IL-10 mRNA 3’UTR probe in EMSA
RAW 264.7 cells either left untreated or treated with LPS for 2h. EMSA was performed

using 50 pg of cytoplasmic extract and 20 fmol of 32P labelled IL-10 3’'UTR RNA probe per
lane. Some samples were pre-incubated with either a rabbit antiserum against HSP27 (non-
immune, NI) or an antiserum against TTP. Samples were electrophoresed on a non-
denaturing acrylamide gel at 4°C and analysed by phosphorimaging. Similar results were
obtained in two separate experiments.
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FIGURE 5. Regulation of COX-2 mRNA stability by p38 MAPK requires TTP
Actinomycin D chases were performed in wild-type (A) or TTP~/~ (B) BMDM as in Figure

1. Cells were harvested at the times shown and RNA was extracted and northern blotted
with an antisense COX-2 riboprobe. Graphs show mean COX-2 mRNA in wild-type cells
(C) or TTP~/~ (D) cells normalised to GAPDH expressed as a percentage of t = 0
actinomycin D treatment for three independent experiments. Error bars show the S.E.M.
Error bars are not shown where smaller that the symbol. Significance of the inhibition
compared that for DMSO only was measured by paired Student’s t-test *p<0.01.
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FIGURE 6. Regulation of IL-1a and IL-6 mRNA stability by p38 MAPK requires TTP
Actinomycin D chases were performed in wild-type (A) or TTP~/~ (B) BMDM as in Figure

1. Cells were harvested at the times shown and RNA was extracted and subjected to
ribonuclease protection assay (RPA) with the RiboQuant multi-probe template set mCK-2b.
Protected RNA fragments were detected and quantified by phosphorimaging. Graphs show
mean IL-6 (C) and IL-1a mRNA (D) mRNA + S.E.M. from four experiments in wild-type
cells and mean IL-6 (E) and IL-1a mRNA (F) mRNA + S.E.M. from three experiments in
TTP/~ cells. Significance of the effect of SB 202190 on mRNA levels was measured by
paired Student’s t-test *p<0.01. Where smaller than the symbols error bars are not shown.
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FIGURE 7. Abundance of inflammatory mediator mRNAs in LPS-treated wild-type and TP
BMDM

A) BMDM derived from wild-type and TTP~/~ littermate mice were left untreated or
pretreated for 1h with 5 uM SB 202190. Some cells were treated with LPS for a further 4h.
Cells were harvested, lysed and RNA was extracted and analysed by northern blotting for
TNF and COX-2 mRNAs. B) Cells were left untreated or pretreated for 30 min with an anti-
TNF neutralising antibody and then treated with 5 uM SB 202190 or vehicle control (0.1%
DMSO) for 1h, followed by LPS treatment for a further 4h. Cells were harvested, lysed and
RNA was extracted and analysed by RPA as before. Similar results were obtained in two
independent experiments. C) Plot of mean cytokine mMRNA in TTP~/~ BMDM normalised to
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GAPDH mRNA expressed as fold change of that in wild-type cells treated with LPS for 4h
+ S.E.M. from three independent experiments.
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FIGURE 8. Effect of TTP deficiency on the expression of pro-inflammatory mediator proteins
A) Cells were treated as described in Fig. 7A and TNF protein secreted into the culture

medium was measured by ELISA. Similar results were obtained in two separate
experiments. The error shown is the standard deviation of ELISA measurements made in
triplicate. B) Western blot for COX-2 protein expressed in lysates from cells treated as
described above. C) Graph of IL-6 protein measured by ELISA as for (A). Results are
representative of three independent experiments.
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FIGURE 9. IL-10 neutralisation rescues IL-6 and IL-12p40 protein expression in TTP-/- BMDM
Wild-type and TTP~/~ BMDM were treated with anti-IL-10 antibody for 1h, or left

untreated. Some cultures were then treated with LPS for a further 4h. IL-6 (A) and 1L-12p40
protein (B) in culture medium was measured by ELISA.
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