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Abstract
Treatment of macrophages with pyridinyl imidazole inhibitors of p38 protein kinases can inhibit
lipopolysaccharide-stimulated tumor necrosis factor α secretion. However, bone marrow-derived
macrophages from tristetraprolin (TTP)-deficient mice were less sensitive than normal macrophages
to this effect of p38 inhibitors, despite evidence for normal p38 activation in response to
lipopolysaccharide. TTP is known to cause decreased stability of tumor necrosis factor α and
granulocyte-macrophage colony-stimulating factor mRNAs after binding to an AU-rich element in
their 3′ -untranslated regions. A recombinant TTP fusion protein could be phosphorylated by a
recombinant p38 kinase in cell-free assays and was phosphorylated to the same extent by
immunoprecipitated p38 derived from normal and TTP-deficient cells stimulated with
lipopolysaccharide; in both cases, the enzyme activity was inhibited by the p38 inhibitors. TTP
phosphorylation also was increased in intact macrophages after lipopolysaccharide stimulation, an
effect that was blocked by the p38 inhibitors. Finally, TTP in mammalian cell extracts bound less
well to an AU-rich element RNA probe than did the same amount of TTP following
dephosphorylation. These results suggest that TTP may be a component of the signaling cascade,
initiated by inflammatory stimuli and mediated in part by activation of p38, that ultimately leads to
enhanced secretion of tumor necrosis factor α.

Lipolysaccharide (LPS)1-induced production of tumor necrosis factor α (TNFα) by monocyte/
macrophages is regulated at both transcriptional and post-transcriptional levels. Post-
transcriptional regulation of TNFα synthesis occurs in part by modulation of its mRNA
stability. This in turn is dependent upon a so-called class II AU-rich element (ARE) found in
the 3′-untranslated region of TNFα transcripts (1). This ARE has been implicated in the
regulation of both TNFα mRNA stability and its translation (2,3). Targeted deletion of the
TNFα mRNA ARE in mice (△ARE mice) results in the overproduction of TNFα and the
development of a systemic inflammatory syndrome (4). A role for the protein serine/threonine
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kinase p38 has been suggested in ARE-mediated TNFα mRNA processing by numerous studies
(5-7), and it was found recently that macrophages from the △ARE mice were relatively
insensitive to the p38 inhibitor, SB203580 (4). Conflicting studies suggest that these p38
inhibitors can regulate TNFα synthesis at either the mRNA stability or protein translation level
(8-10). Mice lacking the p38 substrate MAPKAPK-2 have been reported to have defective
TNFα synthesis following an LPS challenge (11). In this case, the regulation appears not to be
due to a decrease in either TNFα mRNA levels or stability but rather to inhibition of translation,
suggesting that the effects of the p38 pathway on mRNA stability and translation may be
independent and uncoupled.

These and other studies have indicated a role for the p38 signaling pathway in the post-
transcriptional regulation of TNFα synthesis through a mechanism involving the ARE. p38
belongs to the growing family of mitogen-activated protein kinases (MAPK). Stress signals,
such as LPS, heat shock, and ultraviolet light can initiate a signaling cascade resulting in the
activation, by dual tyrosine/threonine phosphorylation, of p38. The activation of p38 results
in the phosphorylation of intracellular substrates, among them MAPKAPK-2 and the activating
transcription factor 2 (12,13). There are five known isoforms of p38 (α, β, β2, γ, and δ) in
mammals, which differ in expression patterns, activators, inhibitors, and substrate specificity
(14).

We have shown previously that the RNA-binding protein tristetraprolin (TTP) promotes
TNFα mRNA instability in mouse macrophages through direct interactions with its ARE
(15). TTP deficiency in mice results in a severe inflammatory syndrome, characterized by
severe polyarticular arthritis, myeloid hyperplasia, autoimmunity, and cachexia (16). This
syndrome is largely the result of increased stability of the mRNAs for TNFα and granulocyte-
macrophage colony-stimulating factor (GM-CSF) and increased secretion of these cytokines
(15,17,18). We showed earlier that TTP can be phosphorylated on at least one serine by p42
MAPK (19), and that there are several other consensus phosphorylation sites for mitogen- or
stress-activated proline-directed protein kinases in TTP. These observations, together with the
characteristics of the inflammatory syndrome exhibited by the TTP-deficient (TTPKO) mice
and the fact that TTP expression is induced by several of the same stimuli that activate p38,
suggested the possibility that TTP could be part of the signaling cascade through which p38
kinase regulates the stability of certain cytokine mRNAs.

In this paper, we show that bone marrow-derived macrophages (BMMϕ) from TTP-deficient
mice are less sensitive than normal macrophages to the p38 kinase inhibitors SB203580 and
SB220025, which normally inhibit LPS-stimulated TNFα secretion from these cells. We also
show that TTP can be phosphorylated by p38 in a cell-free system and that LPS-stimulated
phosphorylation of TTP in macrophages can be inhibited by p38 inhibitors. The absence of
TTP did not affect the ability of LPS to activate p38, and p38 derived from TTP-deficient cells
was normally sensitive to the p38 inhibitors in a cell-free assay. Finally, we demonstrated that
phosphorylated TTP expressed in 293 cells bound less avidly to an ARE RNA probe than did
dephosphorylated TTP. These data indicate that TTP may play an important role in mediating
the downstream effects of p38 activation and thus may represent a novel therapeutic target for
anti-inflammatory drug development.

EXPERIMENTAL PROCEDURES
Mice deficient in TTP, their genotyping, and maintenance of the colony have been described
elsewhere (16). Bone marrow-derived macrophages were prepared as described (17) and used
after 2 weeks in culture. To measure TNFα secretion, BMMϕ were plated in 96-well plates at
a density of 1.2 × 106 cells/ml together with increasing concentrations of the p38 inhibitors
SB203580 (7) and SB220025 (20) and the TNFα-converting enzyme (TACE) inhibitor
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Marimastat (21) (all three compounds were synthesized at AstraZeneca). After a 30-min
incubation, LPS (Sigma) was added at 0.1 or 1 μg/ml. Cells were incubated with LPS for 24
h, and supernatants were harvested for the measurement of TNFα accumulation by
conventional ELISA techniques (R & D Systems, Minneapolis, MN), as specified by the
manufacturer. Duplicate samples were analyzed per data point; each data point represents the
average of results from three animals per genotype.

For Western blotting, confluent cultures of BMMϕ were stimulated with LPS (1 μg/ml) for the
indicated times and processed as described (22). l00 μg of protein was separated by 12% SDS-
polyacrylamide gel electrophoresis (PAGE), transferred to nitrocellulose, and sequentially
probed with antibodies against phosphorylated p38 (Cell Signaling, Beverly, MA) or against
total p38 (A-12) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Detection was performed
with the SuperSignal West Pico Chemiluminescent Substrate (Pierce).

For kinase assays, GST-p38 was purchased from Calbiochem and used in a cell-free kinase
assay using 5 μg of the maltose-binding protein-human TTP (MBP-hTTP) or maltose-binding
protein-mouse TTP (MBP-mTTP ) fusion proteins as substrates. These recombinant proteins
were produced in Escherichia coli as amino-terminal fusions of TTP with maltose-binding
protein and affinity-purified on amylose resin (New England Biolabs, Beverly, MA) as
described previously (23). We also expressed and purified the MBP protein as a control. The
details of fusion protein expression and purification will be described elsewhere. The
conditions for p38 phosphorylation of the purified fusion proteins were as recommended by
the manufacturer. Where indicated, SB203580 or SB220025 was used to inhibit p38 kinase
activity at 5 μM. Phosphorylated proteins were resolved by 10% SDS-PAGE, followed by
autoradiography. For kinase assays in which endogenous p38 was used, BMMϕ were
stimulated with LPS (1 μg/ml) for 15 min, and the cells were harvested as described (22), with
the following modifications: sodium deoxycholate and SDS were omitted from the wash buffer,
and the kinase reaction was performed at 37 °C for 30 min. MBP-mTTP (2.5 μg) was used as
the substrate. Phosphorylated proteins were resolved by 11% SDS-PAGE, followed by
autoradiography.

To evaluate TTP phosphorylation in intact cells, confluent 60-mm dishes of BMMϕ were
washed with phosphate-free Dulbecco's modified Eagle's medium and incubated for 4 h in the
presence of 200 μCi/ml [32P]orthophosphoric acid (PerkinElmer Life Sciences). The p38
inhibitors SB203580 and SB220025 (5 μM) were then added for 30 min followed by 1 μg/ml
LPS for another 30 min. Cells were harvested and lysed as described above, and equal amounts
of trichloroacetic acid-precipitable counts were immunoprecipitated using a specific anti-
serum against TTP (19). Phosphorylated proteins were resolved by 12% SDS-PAGE, followed
by autoradiography and quantification using a PhosphorImager Typhoon 8600 and
ImageQuant software (Molecular Dynamics, Sunnyvale, CA).

For the 293 cell transfection experiments, we used the TTP expression plasmid CMV.hTTP.tag
(24) and plasmid CMV.(his)6N.hTTP. By using the original human TTP cDNA as a template,
the latter plasmid was generated by adding oligonucleotides encoding the six histidines using
the polymerase chain reaction primer-overlapping mutagenesis technique (25) after the first
amino acid of hTTP. Correct sequence of the fusion cDNA was confirmed by dRhodamine
Terminator Cycle Sequencing (PerkinElmer Life Sciences). HEK 293 cells (referred to as 293
cells) were maintained, and transient transfection of 1.2 × 106 cells per 100-mm plate with
plasmid constructs in calcium-phosphate precipitates was performed, as described (26). Either
5 μg of vector BS+ DNA or 0.5 μg of TTP expression plasmid DNA plus 4.5 μg of vector BS
+ DNA was used in each plate. Cytosolic extracts were prepared 24 h after the removal of the
transfection mixture as described (26).
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To evaluate the effect of TTP dephosphorylation on its binding to RNA, we first performed
experiments involving transfected 293 cells and labeling with [32P]orthophosphate. Twenty
four h after the removal of the transfection mixture, the culture medium was replaced with 1%
(v/v) fetal calf serum in Dulbecco's modified Eagle's medium without phosphate for 2 h at 37
°C. [32P]Orthophosphate (0.2 mCi per ml) was added, and the cells were incubated for an
additional 2 h. To prepare cell extracts, the medium was removed, and the cell monolayers
were washed three times in ice-cold phosphate-buffered saline. The cells were then lysed in
0.6 ml per 60-mm culture dish of the lysis buffer described previously (24). The extracts were
then placed in plastic microcentrifuge tubes and sonicated in an ice water bath in a Heat Systems
Ultrasonics, Inc., w-380 Sonicator, setting 8, three times for 10 s each time. The samples were
then rotated for 15 min at 4 °C, centrifuged at 10,000 × g for 10 min, and the supernatants
removed and frozen at −70 °C until used. Cell extracts prepared from 32P-labeled 293 cells
transfected with CMV.(his)6N.hTTP (20 μg of protein) were diluted 1:10 in dephosphorylation
buffer (50 mM Tris-HCl (pH 8.5) and 0.1 mM EDTA) and were incubated at 30 °C for 1 h
with or without 570 units/ml calf intestinal alkaline phosphatase (CIAP, Stratagene, La Jolla,
CA). The CIAP activity was stopped by adding 1 μl of 0.1 M Na2HPO4 (pH 6.5). The reaction
mixtures were then rapidly frozen and stored at −20 °C for further analysis. Equal volumes of
sample were then loaded onto 12% (w/v) gels and subjected to SDS-PAGE, after which the
gels were dried and used for autoradiography.

Cell extracts were prepared in a similar fashion from unlabeled 293 cells transfected with
CMV.hTTP.tag or CMV.(his)6N.hTTP. The extracts contained 40 μg of cellular protein in 0.2
ml of 50 mM Tris-HCl (pH 8.5), 0.1 mM EDTA, and 285 units/ml CIAP. Each extract, from
six independent but similar transfections, was divided into two tubes and kept on ice. To one
tube, 1 M Na2HPO4 (pH 6.5) was added to a final concentration of 100 mM to inactivate the
CIAP. Both tubes were then incubated at 30 °C for 2 h, after which the same volume of 1 M
Na2HPO4 was added to the other tube. This method was used so that the two tubes from each
experiment would contain identical concentrations of all reactants at the conclusion of the
experiment. The only difference was that the phosphatase inhibitor was added before the 30 °
C incubation in one tube and after the 30 °C incubation in the other tube. At the conclusion of
the incubation, the extracts were rapidly frozen and stored at −20 °C for further analysis.

For Western blotting of these extracts, samples containing 5 μg of protein in 0.025 ml of the
reaction buffer described above containing CIAP and Na2HPO4 were mixed with 1/5 volume
of 5× SDS sample buffer, boiled for 5 min, and then loaded onto 12% SDS-PAGE gels. Western
blotting was performed by standard techniques. Membranes were incubated in Tris-buffered
saline, 0.3% Tween 20 (TBS/T) with a polyclonal antiserum directed at a recombinant human
TTP fusion protein with maltose-binding protein.2

For RNA gel mobility shift assays, the RNA probe was derived from plasmid pGM-CSF-ARE
(base pairs 3399–3453 of GenBank™ accession number X03020), containing the AU-rich
element in the mouse GM-CSF 3′-untranslated region, 5′-
AUUUAUUUAUAUAUUUAUAUUUUUUAAAUAUUUAUUUAUUUAUUUAUUUAU
UUUU-3′. This was constructed by inserting double-stranded synthetic oligonucleo tides into
the EcoRV-XbaI cloning sites of pSK–. Correct sequence of the plasmid insert was confirmed
by dRhodamine Terminator Cycle Sequencing (PerkinElmer Life Sciences). To label the RNA
transcript with [α-32P]UTP (800 Ci/mmol), plasmid pGM-CSF-ARE linearized with XbaI was
used as a template, and the Promega Riboprobe in vitro Transcription Systems protocol was
employed. The resulting radioactive products were separated from the free nucleotides through
G-50 columns.

2H. Cao and P.J. Blackshear, unpublished data.
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For the gel shift assays, cytosolic extracts prepared from 293 cells transfected with TTP
expression constructs were incubated with CIAP, and the phosphatase inhibitor was added
either before or after the 30 °C incubation as described above. Various amounts of protein (0.4–
1.2 μg) in 2–6 μl of the reaction mixture described above containing CIAP and Na2HPO4 were
added to 25 μl of the lysis buffer described above, without protease inhibitors, containing 2 ×
105 cpm of RNA probe, and used in mobility shift assays as described (24,26).

RESULTS
Effect of p38 Inhibitors on TNFα Production by WT and TTPKO Bone Marrow-derived
Macrophages—We first evaluated the effect of two p38 inhibitors, SB203580 and SB220025,
on the secretion of TNFα by BMMϕ derived from either WT or TTPKO mice. Both p38
inhibitors decreased LPS-stimulated TNFα synthesis in WT BMMϕ, albeit at higher
concentrations than required to inhibit TNFα synthesis by LPS-stimulated human monocyte/
macrophages. Differences in sensitivity to various p38 inhibitors among animal species have
been reported previously (27,28).3 As shown in Fig. 1A, SB203580 effectively inhibited the
LPS-stimulated secretion of TNFα by BMMϕ derived from WT mice (solid circles). The
IC50 for this compound was ∼5 μM, similar to the value obtained in previous studies with
mouse splenocytes3 and thioglycollate-elicited peritoneal macrophages (4). However, when
the same compound was used in parallel experiments in BMMϕ derived from animals deficient
in TTP (open circles), there was no inhibition of TNFα production at any concentration of
SB203580 used (Fig. 1A).

When SB220025 was used, the compound inhibited the production of TNFα by the WT
BMMϕ with an IC50 of ∼2 μM (Fig. 1B), similar to the concentrations required previously.3

However, in the TTPKO BMMϕ, the effective inhibitory concentration was shifted markedly
to the right, with an IC50 of ∼30 μM (Fig. 1B). Similar results were observed when the cells
were stimulated with a lower concentration of LPS, 0.1 μg/ml, and then exposed to the p38
inhibitors (data not shown).

The specificity of this resistance of TTPKO-derived BMMϕ to p38 inhibitors was tested by
using a completely unrelated inhibitor of TNFα secretion, the TACE inhibitor Marimastat
(21). As seen in Fig. 1C, both WT and TTPKO BMMϕ responded similarly to Marimastat,
with the IC50 for inhibition of TNFα secretion being 0.6 μM in the WT and 2 μM in the TTPKO
cells, respectively.

Activation of p38 in Bone Marrow-derived Macrophages—To determine whether LPS could
activate p38 to the same extent in the WT and TTPKO BMMϕ, the cells were stimulated with
LPS (1 μg/ml), followed by immunoblotting for phosphorylated (activated) and total p38. This
resulted in the rapid (within 5 min) phosphorylation of p38, which peaked at 15–30 min, and
was still apparent after 60 min (Fig. 2). The pattern of phosphorylation was very similar in WT
and TTPKO cells (Fig. 2), suggesting that activation of p38 occurred normally, even in the
absence of TTP.

Phosphorylation of a Recombinant MBP-TTP Fusion Protein by Recombinant p38—To
determine whether recombinant TTP could serve as a substrate for p38, we performed cell-
free kinase assays using commercially available p38, in the form of a GST-p38 fusion protein,
and recombinant mouse and human TTP (as fusion proteins with maltose-binding protein or
MBP) as substrates. As shown in Fig. 3, p38 was able to phosphorylate both MBP-mTTP (lane
2) and MBP-hTTP (lane 6) (Mr ∼75,000 for both fusion proteins) in this cell-free system. Both
SB203580 (5 μM, lanes 3 and 7) and SB220025 (5 μM, lanes 4 and 8) inhibited this

3D. Campbell, unpublished data.
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phosphorylation. No phosphorylation was observed when the substrate was the same amount
(5 μg) of recombinant MBP alone (lane 10) (predicted Mr 41,000). No phosphorylation of
either fusion protein or MBP was observed when the p38 kinase was omitted from the reaction
(lanes 5, 9, and 11), ruling out the possibility of contaminating kinases in the MBP-TTP
preparations. The GST-p38 kinase fusion protein itself appeared to be phosphorylated in these
reactions and could be seen as a radioactive band of Mr 68,000 (Fig. 3, lanes 1, 2, 6, and 10).
This phosphorylation was also abolished by the p38 inhibitors.

Phosphorylation of TTP in Intact Cells—To determine whether activation of the p38 kinase
pathway could lead to TTP phosphorylation in intact cells, we labeled BMMϕ derived from
both WT and TTPKO mice with [32P]orthophosphate, and we stimulated them with LPS (1
μg/ml for 30 min) in the presence or absence of the p38 inhibitors (5 μM). Under these conditions
(30 min stimulation with LPS), TTP protein levels were not altered.4 As shown in Fig. 4, a
specific antiserum against TTP immunoprecipitated a protein of approximately Mr 43,000,
whose phosphorylation was increased approximately 3-fold after LPS stimulation (compare
lane 2 with lane 1). Preincubation with either SB203580 (lane 3) or SB220025 (lane 4)
decreased the level of TTP phosphorylation by ∼50%. The immunoprecipitated, 32P-labeled
protein was completely absent in the TTPKO cells (lanes 5–8), confirming its identity as TTP.

p38 from TTPKO Bone Marrow-derived Macrophages Is Active and Sensitive to p38 Inhibitors
—BMMϕ derived from both WT and TTPKO mice were stimulated with LPS (1 μg/ml) for
15 min, and p38 was immunoprecipitated with a specific antibody for total p38. This
immunoprecipitate was then used in a cell-free protein kinase assay, using recombinant MBP-
mTTP as the substrate, in the presence or absence of 5 μM SB220025. As shown in Fig. 5, p38
immunoprecipitated from either LPS-stimulated WT or TTPKO cells could phosphorylate
MBPmTTP to approximately the same extent (lanes 2 and 5), and this phosphorylation could
be inhibited by SB220025 (lanes 3 and 6). No phosphorylated proteins were observed in the
absence of immunoprecipitated p38 (lane 9) or in the absence of MBP-mTTP (lanes 7 and 8),
ruling out the possibility that significant concentrations of nonspecific kinases or substrates
were present in the reactions. These results suggested that p38 kinase could be activated by
LPS in both the TTPKO and the WT macrophages and that in both cases the kinase was
sensitive to the action of p38 inhibitors in the cell-free kinase assay.

Effect of Dephosphorylation of Cell-expressed TTP on ARE Binding—We next evaluated the
effect of “global” TTP dephosphorylation on its binding to a GM-CSF ARE probe. We first
developed experimental conditions that would result in extensive dephosphorylation of TTP
expressed in transfected 293 cells labeled with 32P. That these conditions would be adequate
for dephosphorylating the phosphorylated protein are demon-strated in Fig. 6A. In this
experiment, 32P-labeled TTP was the most prominent phosphoprotein in a crude cell extract;
almost all of the 32P-labeling could be removed by the incubation at 30 °C with CIAP, and the
decrease in 32P label was also accompanied by a shift to a lower apparent molecular weight in
the SDS gel (Fig. 6A).

We next performed similar dephosphorylations on non-radioactive 293 cell extracts containing
similar amounts of expressed TTP from six independent but similar transfections. Because the
CIAP protein migrated close to the Mr of highly phosphorylated TTP in these SDS gels and
for other reasons, we took great pains to ensure that the extracts containing phosphorylated
and dephosphorylated TTP contained otherwise identical concentrations of reactants after the
incubation with CIAP. To do this, we added the phosphatase inhibitor Na2HPO4 (final
concentration in the extract, 0.1 mM) to both halves of otherwise identical reaction mixtures
containing the cellular extract and CIAP; in one case, the inhibitor was added before the 2-h

4W. S. Lai and P. J. Blackshear, unpublished data.
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incubation with CIAP and in the other case after the incubation. In this way, the two halves of
the extract contained identical concentrations of all reactants, the only difference being the
timing of the addition of the phosphatase inhibitor.

The results of a Western blot of these samples are shown in Fig. 6B, in which TTP was
recognized by an antiserum directed against a bacterially expressed human TTP fusion protein
with maltose-binding protein.2 In each case, treatment with active CIAP led to extensive
dephosphorylation of immunoreactive TTP, resulting in the collapse of the multiple bands or
smear representing the normally phosphorylated protein to a single immunoreactive band of
approximate Mr 34,000. For convenience, we will refer to these pairs of TTP-containing
extracts as phosphorylated and dephosphorylated, respectively.

These same pairs of samples from the six independent cell extracts were then used in RNA
mobility shift experiments, using as a probe the ARE from mouse GM-CSF. This was used in
preference to a TNFα probe because the single major complex formed in the absence of
expressed TTP is usually minor in intensity and does not migrate to the same location on the
non-denaturing gels as the TTP-probe complex, in contrast to TNFα ARE probes.4 These gel
shift assays were performed with gradually increasing concentrations of cellular protein, so
that subtle differences in RNA binding activity could be detected. Each pair of samples was
analyzed in parallel on the same gel, and a second identical gel was performed in each case.
An example of an autoradiograph from one such electro-phoretic mobility shift experiment is
shown in Fig. 6C. The GM-CSF ARE RNA probe migrates as two bands near the bottom of
the gel. When an extract (1 μg of protein) from 293 cells transfected with vector alone was
used in the gel shift assay, there was almost no detectable shift of the probe, along with the
appearance of a minor radioactive band, labeled complex I; this unidentified ARE-binding
protein is routinely observed in extracts from untransfected 293 cells4 when this ARE probe
is used. When extracts containing progressively increasing concentrations of protein containing
the paired phosphorylated and dephosphorylated TTP were evaluated, there was a clear
increase in the ability of the dephosphorylated protein to shift the radioactive ARE probe into
the gel. This is most obvious when comparing lanes 5 and 6 in Fig. 6C but was apparent at all
three protein concentrations used. When evaluated by probe disappearance, the same trend was
seen, i.e. more probe was shifted by the dephosphorylated protein in each pair. This is especially
apparent when comparing the probe radioactivity in lanes 5 and 6 and in lanes 7 and 8. Similar
results were seen in the other 11 gels consisting of the duplicate gel for the one pictured in Fig.
6C as well as the duplicate gels for the remaining five pairs of extracts.

The data from all of these experiments were quantitated by PhosphorImager analysis and
subjected to three types of statistical comparisons. First, we treated all 12 sets of
PhosphorImager raw data for the TTP-probe complex as independent data points, and we
compared the phosphorylated to the dephosphorylated samples by a paired t test. By using this
approach, when the data equivalent to lane 3 in Fig. 6C were compared with the data equivalent
to lane 4, the dephosphorylated protein bound 2.3-fold more probe than the phosphorylated
protein (p = 0.0018). A similar comparison between the samples corresponding to lanes 5 and
6 in Fig. 6C resulted in a 62% average increase in probe binding by the dephosphorylated
protein (p = 0.001). At the highest protein concentrations, corresponding to lanes 7 and 8, the
difference was not statistically significant (67% increase, p = 0.08).

In a second approach, we expressed each PhosphorImager value of the protein-probe complex
as a percentage of the maximum value, in all cases represented by the samples corresponding
to lane 8 in Fig. 6C. Results from each pair of gels representing a single sample were averaged,
and then the six sets were again averaged. These mean values ± S.E. are illustrated in Fig.
7A. Although these means could not be compared statistically because of the normalization
procedure, it is once again apparent that the dephosphorylated protein shifted more probe at
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each concentration of protein extract than the phosphorylated protein: 2.5-fold more at the 0.4
μg concentration, 2-fold more at the 0.8 μg concentration, and 45% more at the 1.2 μg
concentration.

A final analysis was performed on the ability of the protein extracts to retard probe migration
to its normal location at the bottom of the gel. In this case, the results of the PhosphorImager
values were normalized by expressing them as a percentage of the values obtained from the
probe alone lane, corresponding to lane 1 in Fig. 6C. In each case, the values normalized in
this way were averaged for each pair of duplicate gels, and then these individual averages were
compared by a paired t test. These results are shown in Fig. 7B. At the lowest protein amount
of 0.4 μg, the dephosphorylated protein shifted slightly more probe than the phosphorylated
protein (89% of probe remaining versus 97%, p = 0.026). At 0.8 μg of protein, the difference
was more obvious: 56% of probe remained unshifted by the dephosphorylated protein versus
76% by the phosphorylated protein (p = 0.0027). Finally, at 1.2 μg of protein, 32% of probe
remained unshifted by the dephosphorylated protein compared with 53% by the phosphorylated
protein (p = 0.0034).

DISCUSSION
One of the major findings in these studies was that macrophages derived from TTPKO mice
were less sensitive than normal cells to the effects of p38 inhibitors on LPS-stimulated
TNFα release. These data in turn suggest that TTP is part of the p38 signal transduction cascade,
initiated by LPS in macrophages, that leads ultimately to stimulated TNFα secretion.

In the TTPKO mouse model, macrophages produce excess amounts of TNFα secondary to
stabilization of TNFα mRNA (15,17). This occurs because of the absence of TTP, which
ordinarily binds directly to the ARE in the TNFα mRNA, destabilizing it by a still unknown
mechanism (15,24). p38 has been implicated previously in the regulated synthesis of several
inflammatory cytokines; in the case of TNFα, p38 is thought to exert its effects primarily on
the regulation of TNFα mRNA stability (5,6,29). These and other results have suggested a
possible link between p38 and TTP in the regulation of TNFα mRNA stability and thus
TNFα secretion. TNFα secretion by macrophages is a process highly sensitive to the use of
p38 inhibitors, such as members of the pyridinyl imidazole family; we therefore evaluated the
effect of members of this class of p38 inhibitors on the secretion of TNFα by BMMϕ derived
from WT and TTPKO mice. Whereas WT cells responded to the inhibitors with a profound
decrease in the secretion of TNFα, similar to previous data in a murine macrophage cell line
(5), TTPKO cells were markedly less sensitive to these inhibitors. The effect was very dramatic
with SB203580, which had no effect at any concentration tested on LPS-stimulated TNFα
secretion in the TTPKO cells. However, this p38 inhibitor has been reported to affect other
stress-activated kinases, such as the c-Jun aminoterminal kinase (30,31). At relatively high
concentrations of another inhibitor, SB220025, possibly a more specific inhibitor of p38 kinase
(20), there was clearly inhibited secretion of TNFα. However, the IC50 for this compound was
markedly shifted to the right in the KO cells, with a 15-fold increase over that seen with the
WT cells.

These results suggest that TTP may be a component of the cascade by which p38 regulates
TNFα production. To exclude the possibility that p38 activation could be impaired in the
absence of TTP, we showed that LPS stimulated the phosphorylation of p38 with a very similar
time course in both WT and TTPKO cells and that levels of immunoreactive p38 were very
similar in the two cell types. Cell-free kinase assays with commercial p38 and recombinant
human and mouse MBP-TTP fusion proteins showed that p38 could catalyze the
phosphorylation of TTP in a manner inhibited by both SB203580 and SB220025. In addition,
TTP phosphorylation in intact macrophages was stimulated when BMMϕ were exposed to
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LPS, and this stimulated phosphorylation was prevented by the use of the p38 inhibitors. These
results strongly suggest that TTP can be phosphorylated in macrophages after activation of
p38, even though they do not prove that TTP is directly phosphorylated by p38 in intact cells.
Finally, we showed that the activated p38 present in the TTPKO cells after exposure to LPS
was able to phosphorylate the MBP-mTTP fusion protein normally in a cell-free kinase assay,
a reaction that was again sensitive to the p38 inhibitor SB220025. This is additional evidence
against the possibility of abnormal activation or expression of p38 in the absence of TTP.

One important difference between the WT and TTPKO cells is that the TTPKO cells produced
about five times more TNFα after LPS stimulation than their WT counterparts, as we have
shown previously (17). However, both cell types were similarly responsive to Marimastat,
which inhibits TNFα production by inhibiting TACE (21) through a mechanism that is not
thought to involve p38 kinases (32). This difference should be kept in mind when evaluating
the comparative effects of the inhibitors in these cells.

Another concern is the differential expression of p38 isotypes in macrophages. Human
macrophages have been shown to express the p38α and p38δ isotypes (33). These two isotypes
differ in their substrate specificity, reactivity with p38 antibodies, mechanisms of activation,
and sensitivity to p38 inhibitors (33,34). The inhibitors used in the present study are thought
to be specific for p38α and p38β but to have no effect on p38δ (20,34). In addition, the
antibodies used for both immunoblotting and immunoprecipitation in the present study are
thought to recognize only p38α and p38β. We demonstrated that expression of p38, presumably
α, was essentially identical in the WT and TTPKO cells used in the present study; however, it
was at least theoretically possible that p38δ could be overexpressed in the TTPKO cells, thus
providing a mechanism for their resistance to p38 inhibition. However, the expression of
p38δ mRNA was at very low levels and was equivalent in the WT and TTPKO cells,5

suggesting that the relevant isotype in our system is p38α.

p38 plays an important role in the regulation of the inflammatory response. It has been shown
that p38 activation can increase the stability of mRNAs encoding several pro-inflammatory
cytokines (29,35). p38 activation can also induce the transcription of genes encoding pro-
inflammatory factors, and the translation of their mRNAs (36,37). The use of p38 inhibitors
in the treatment of inflammatory diseases has been proposed, and several inhibitors of this type
have been used successfully in experimental models of inflammatory diseases (7,20,28).
However, little is known to date about the downstream components of the signaling pathways
that actually regulate this response. The results reported here suggest the possible involvement
of TTP downstream from p38. TTP is a phospho-protein that contains several consensus
phosphorylation sites for proline-directed, stress-activated kinases (19), and it can be
phosphorylated in vivo and in vitro by some of these kinases. Moreover, we found that cell-
expressed TTP “globally” dephosphorylated with alkaline phosphatase bound an ARE probe
with greater apparent avidity than did the native, phosphorylated protein. TTP appears to be
mostly cytosolic in macrophages (15) but can shuttle between the nucleus and cytosol in
fibroblasts (38); this is similar to the behavior of p38 itself, which is thought to be transported
from the nucleus to the cytoplasm by its phosphorylated substrate MAPKAPK2 (39).

A possible model for a p38-TTP linkage is shown in Fig. 8. According to this proposed model,
once TTP was phosphorylated by p38 or another kinase downstream from p38, TTP could
change its subcellular localization and/or exhibit decreased binding to the TNFα mRNA ARE,
thus increasing the stability of TNFα mRNA and increasing the synthesis and secretion of this
cytokine (Fig. 8A1). In contrast, decreased TTP phosphorylation resulting from the use of the
p38 inhibitors could promote TTP binding to the TNFα ARE, resulting in the rapid

5E. Carballo and P. J. Blackshear, unpublished data.
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destabilization and degradation of the TNFα mRNA, and consequently, reduction in the levels
of secreted protein (Fig. 8A2). The situation in the complete absence of TTP would more closely
resemble that seen in Fig. 8A1, i.e. the lack of TTP would promote TNFα mRNA stability and
increased TNFα secretion in both the presence and absence of p38 inhibitors (Fig. 8B, 3 and
4). This hypothetical mechanism could explain why the TTPKO cells were relatively or
completely resistant to the p38 inhibitors. More studies are necessary to confirm the putative
cellular interactions between TTP and p38 (or other downstream kinases), and the cellular
compartment(s) in which these interactions take place. However, this apparent placement of
TTP in the p38 pathway increases our understanding of the regulation of the inflammatory
response by p38 and may provide a new target for the development of anti-inflammatory
therapies.

While this paper was under revision, three papers were published that are relevant to our results.
In the first (40), the authors demonstrated that TTP could be phosphorylated by p38 kinase,
both in a cell-free system and in the Raw 264.7 murine macrophage line. In contrast, Ming et
al. (41) evaluated the regulation of IL-3 mRNA stability, which they previously showed could
be affected by TTP in a complementation assay (42) and we have shown could be affected by
TTP in a cotransfection assay (26). The new study evaluated the roles of the
phosphatidylinositol 3-kinase and p38 kinase on the regulation of IL-3 mRNA stability by
phorbol esters in transiently transfected NIH-3T3 cells. These authors concluded that TTP was
not likely to be a direct substrate of either kinase, because the activation of either pathway
failed to overcome the destabilizing effect of TTP on IL-3 mRNA. No experiments on the
phosphorylation status of TTP were performed. Finally, Kontoyiannis and colleagues (43)
showed that primary macrophages derived from TTP-deficient mice were apparently normally
sensitive to the p38 inhibitor SB203580. Although their experimental design differed from
ours in several respects, including our use of longer exposure of the cells to the inhibitors, a
different source for the inhibitors, and a wider range of inhibitor concentrations, we cannot
provide a satisfactory explanation for this difference in results. Considerably more work will
be needed to account for some of these disparate data.
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Fig. 1.
Resistance of TTP-deficient BMMϕ to p38 inhibitors. A,SB203580; B, SB220025; C,
Marimastat. BMMϕ derived from WT (solid circles) or TTPKO (open circles) mice were
incubated in the presence of increasing concentrations of p38 inhibitors or Marimastat for 30
min, followed by 24 h of incubation with 1 μg/ml LPS. Supernatants were then harvested and
TNFα levels were determined by ELISA. Each data point represents the average ± S.E. of
duplicate ELISA determinations from two samples per animal from three animals. The values
are expressed as the % of LPS-stimulated TNFα levels in the absence of inhibitors. These
values for A were 2.5 ± 1.2 ng/ml for the WT and 6.3 ± 1.6 ng/ml for the TTPKO cells; for
B, 2.2 ± 1.2 ng/ml for the WT and 8 ± 2 ng/ml for the TTPKO cells; and for C, 1.8 ± 0.9 ng/
ml or the WT and 8.8 ± 1.6 ng/ml for the TTPKO cells (mean ± S.E.).
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Fig. 2.
p38 phosphorylation in TTP-deficient and control BMMϕ. BMMϕ were stimulated with
LPS (1 μg/ml) for the indicated times. The cells were then washed, harvested, homogenized,
and centrifuged as described under “Experimental Procedures,” and then 100 μg of protein
from each plate was subjected to 12% SDS-PAGE, and immunoblotted with either an antibody
to phosphorylated p38 (p-p38) or to total p38 (p38). Phosphorylated p38 was readily detected
within 5 min of LPS stimulation, peaked at 15–30 min, and was still detectable after 60 min.
Results from cells derived from two different pairs of age-matched animals are shown in the
upper and lower panels. Similar results were obtained with four independent pairs of age-
matched animals.
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Fig. 3.
GST-p38 phosphorylation of mouse and human TTP in a cell-free assay. 1 μg of
commercial recombinant GST-p38 (p38) was used in cell-free phosphorylation assays using
recombinant MBP-mTTP or MBP-hTTP (5 μg) as substrates. GST-p38 could phosphorylate
both mouse (lane 2) and human (lane 6) recombinant MBP-TTP; note that the Mr of both fusion
proteins is ∼75,000. Background GST-p38 phosphorylation can be seen in lanes 1, 2, 6, and
10 as a radioactive band of Mr ∼68,000 (p-p38). The addition of the p38 inhibitors SB203580
(5 μM) (lanes 3 and 7) or SB220025 (5 μM) (lanes 4 and 9) prevented the phosphorylation of
both MBP-TTP fusion proteins and the phosphorylation of p38. No phosphorylation of the
MBP-TTP fusion proteins was detected in the absence of p38 (lanes 5 and 9) or when only
MBP was present in the reaction (lane 11). The numbers on the left indicate Mr × 10−3. The
experiment shown is representative of two independent experiments.
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Fig. 4.
Effect of p38 inhibitors on LPS-stimulated phosphorylation of TTP in BMMϕ. BMMϕ
labeled with [32P]orthophosphoric acid were treated as described under “Experimental
Procedures,” and cell extracts were immunoprecipitated with a specific anti-TTP antiserum;
an autoradiograph of a 12% SDS-PAGE gel containing the immunoprecipitated
phosphoprotein is shown. LPS stimulation (1 μg/ml for 30 min) stimulated the phosphorylation
of a protein of apparent average Mr 43,000 in the WT cells (lanes 1–4), accompanied by an
apparent increase in its average Mr as shown previously (19). Radioactive TTP was absent in
the TTPKO cells (lanes 5– 8). The extent of phosphorylation was markedly inhibited by the
use of the p38 inhibitors (5 μM), as indicated.
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Fig. 5.
Phosphorylation of recombinant TTP by endogenous BMMϕ p38. BMMϕ were stimulated
with LPS (1 μg/ml) for 15 min, and then p38 was immunoprecipitated as described under
“Experimental Procedures.” Immune complexes were then used in cell-free kinase assays using
MBP-mTTP (2.5 μg) as a substrate. p38 immunoprecipitated from both WT and TTPKO cells
was capable of phosphorylating recombinant TTP in an LPS-activated manner (lanes 1, 2, 4,
and 5); this LPS-stimulated phosphorylation was sensitive to the p38 inhibitor SB220025 added
to the kinase reaction (5 μM) (lanes 3 and 6). Lanes 7 and 8 represent controls in which the
substrate (MBP-mTTP) was omitted from the kinase reaction to rule out the presence of a p38
substrate in the immunoprecipitates. Lane 9 represents a control in which immunoprecipitates
were omitted (no p38) to control for the presence of contaminating kinases in the MBP-mTTP
preparation. The numbers on the right indicate Mr × 10−3.
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Fig. 6.
Effect of TTP dephosphorylation on its binding to an ARE probe. A, the indicated amounts
of protein from 32P-labeled cellular extracts from 293 cells transfected with CMV.
(his)6N.hTTP were incubated with (+) or without (−) active CIAP as indicated for 30 min at
30 °C. An autoradiograph of a gel of these samples is shown here. Both phosphorylated and
dephosphorylated TTP are indicated by the labeled bracket on the right; the positions of
molecular weight standards are indicated on the left. B shows a Western blot of a similar
dephosphorylation experiment involving protein extracts from six independent transfection
experiments (labeled A–F at the top of the gel) with the same TTP vector. These extracts were
all incubated with active (+) or inactive (−) CIAP for 2 h at 30 °C. A final concentration of the
phosphatase inhibitor Na2HPO4 of 0.1 M was present either at the beginning of the incubation
(− active CIAP) or added at the end of the incubation (+ active CIAP). The samples were then
subjected to SDS-PAGE and Western blotting with a polyclonal antibody directed at human
TTP. The bands representing immunoreactive TTP are shown; the positions of molecular
weight standards are shown on the left of the gel. C shows an autoradiograph from a gel shift
experiment with one of the pairs of extracts shown in B, specifically, the pair of extracts
represented by lanes 1 and 2 in B. Different amounts of extract protein were added to each pair
of lanes, as indicated, and the legend for active CIAP is the same as for B. P′ indicates the lane
(lane 1) containing probe alone, and the positions of the two free probe bands are indicated at
the bottom left of the gel. BS+ represents 1 μg of extract protein from 293 cells transfected with
the vector BS+ alone; the faint band indicated by I is an endogenous 293 cell protein that shifts
this ARE probe. The multiple bands representing TTP-probe complexes are indicated by the
bracket labeled TTP/probe to the right of the gel. See the text for further details.
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Fig. 7.
Quantitation of the effect of TTP dephosphorylation on ARE binding. Six pairs of control
and dephosphorylated TTP-containing protein extracts were used at the indicated protein
concentrations to quantitate the effect of dephosphorylation on the amount of probe
radioactivity shifted into the gel (A; % means the percent of the maximum value of shifted
radioactivity, represented in each case by the samples labeled TTP in lane 8, as illustrated in
Fig. 6C) and the amount of radioactive probe remaining in its usual position at the bottom of
the gel (B; % means the percent of probe remaining in the probe alone position, exemplified
in lane 1 of Fig. 6C). Each pair of bars in the histogram represents the mean values ± S.E. from
the control (− active CIAP) and dephosphoryated (+ active CIAP) samples from the six different
protein extracts illustrated in Fig. 6B. The results of statistical comparisons of the mean values
are listed in the text.
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Fig. 8.
Model of p38 inhibition on the regulation of LPS-stimulated TNF secretion in WT and
TTPKO macrophages. This model depicts the hypothetical actions of p38 to stimulate the
phosphorylation of TTP by p38, either directly or indirectly, and a subsequent effect of this
phosphorylation to decrease TTP binding to the TNFα mRNA ARE and increase the stability
of the mRNA, leading to increased TNFα secretion (A1). In the presence of p38 inhibitors in
the normal cells (A2), dephosphorylated TTP binds more avidly to the TNFα mRNA ARE,
promoting destruction of the mRNA and decreased TNFα secretion. In the KO cells, TNFα
mRNA is constitutively stabilized in the absence of TTP, and thus activation of p38 has
relatively little effect on the mRNA stability (Fig. 8B); TNFα secretion is thus elevated both
in the absence (B3) and the presence (B4) of the inhibitors. Both inhibitors are abbreviated
SB. + denotes activation of a pathway; – denotes inhibition of a pathway. ↑ and ↓ represent
increase and decrease, respectively.
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