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The stress-activated protein kinase p38 stabilizes a number of mRNAs encoding inflammatory mediators,
such as cyclooxygenase 2 (Cox-2). In HeLa cells the anti-inflammatory glucocorticoid dexamethasone desta-
bilizes Cox-2 mRNA by inhibiting p38 function. Here we demonstrate that this effect is phosphatase dependent.
Furthermore, in HeLa cells dexamethasone induced the sustained expression of mitogen-activated protein
kinase phosphatase 1 (MKP-1), a potent inhibitor of p38 function. The inhibition of p38 and the induction of
MKP-1 by dexamethasone occurred with similar dose dependence and kinetics. No other known p38 phos-
phatases were induced by dexamethasone, and other cell types which failed to express MKP-1 also failed to
inhibit p38 in response to dexamethasone. The proinflammatory cytokine interleukin 1 (IL-1) induced MKP-1
expression in a p38-dependent manner and acted synergistically with dexamethasone to induce MKP-1
expression. In HeLa cells treated with IL-1 or IL-1 and dexamethasone, the dynamics of p38 activation
mirrored the expression of MKP-1. These observations suggest that MKP-1 participates in a negative-feedback
loop which regulates p38 function and that dexamethasone may inhibit proinflammatory gene expression in

part by inducing MKP-1 expression.

Members of the three mitogen-activated protein kinase
(MAPK) families mediate transcriptional and posttranscrip-
tional changes in gene expression in response to proinflamma-
tory stimuli (reviewed in references 15, 25, and 33). In addition
to its effects on transcription (69), the MAPK p38 pathway
positively regulates the stability of several proinflammatory
mRNAs, including tumor necrosis factor alpha, vascular endo-
thelial growth factor, interleukin 6 (IL-6), IL-8, and cyclooxy-
genase 2 (Cox-2) (8, 19, 41, 46, 49, 54, 74, 76). Glucocorticoids
are widely used in the treatment of inflammation because of
their ability to inhibit proinflammatory gene expression. This
inhibitory effect involves direct interactions of the glucocorti-
coid receptor with transcription factors such as NF-kB and
AP-1, resulting in the inhibition of their function (reviewed in
references 1 and 47). However, glucocorticoids also posttran-
scriptionally repress a number of proinflammatory genes, sev-
eral of which are known targets of the p38 pathway (3, 26, 48,
60, 67). As glucocorticoids have been shown to inhibit other
members of the MAPK family (10, 27, 30, 31, 35, 73), we
hypothesized that posttranscriptional effects of dexamethasone
involve the inhibition of p38 function. The synthetic glucocor-
ticoid dexamethasone was demonstrated to inhibit p38 activity
in a manner requiring ongoing, glucocorticoid receptor-medi-
ated gene expression (40). Here the link between dexametha-
sone, p38 activity, and proinflammatory gene expression is
investigated in further detail.
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Activation of MAPKs requires phosphorylation of both thre-
onine and tyrosine residues within a Thr-Xxx-Tyr activation
motif, where the central residue is glutamic acid in the case of
the extracellular-signal-regulated kinase (ERK) family, proline
in the case of the JNK family, and glycine in the case of the p38
family (15, 25, 33). Cellular function is profoundly affected by
both strength and duration of MAPK activation, which must
therefore be strictly controlled (45, 68). In part this control is
mediated by a family of about 12 dual-specificity phosphatases
(DUSPs) or MAPK phosphatases (MKPs), which inactivate
MAPKSs by dephosphorylation of both threonine and tyrosine
residues within the activation motif (reviewed in references 11
and 36). These phosphatases differ in their target specificities,
subcellular localizations, and patterns of expression. In many
cases their expression or function is regulated by MAPKs, and
they may also tightly associate with their substrates in vivo. The
participation of MKPs in feedback regulation of MAPK activ-
ity has been described in Saccharomyces cerevisiae, Drosophila
melanogaster, and mammals and is thought to be critical to the
dynamic regulation of MAPK responses. MKP-1 (otherwise
known as CL-100, hVH1, Erp, or DUSP1) is the archetypal
member of the MAPK phosphatase family and is expressed as
an immediate-early gene in response to serum, growth factors,
or cellular stresses (16, 37, 59, 78). Although MKP-1 is able to
dephosphorylate ERKSs (2, 59), it appears to act preferentially
against the stress-activated protein kinases (21, 22, 44) and
forms a stable association with p38 in vivo or in vitro (32).

The actions of glucocorticoids are mediated by a 777-amino-
acid receptor (glucocorticoid receptor [GR]), which migrates
from the cytoplasm to the nucleus upon binding of ligand and
in the nucleus exerts both positive and negative effects upon
transcription (reviewed in reference 47). Classically, positive
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regulation is mediated by the binding of GR dimers to palin-
dromic glucocorticoid response elements (GREs). The nega-
tive regulatory interaction of GR with NF-kB and AP-1, known
as transrepression, is independent of GR dimerization (28, 29).
Although the absence of GR is lethal (18), mice expressing
only a dimerization-deficient version of GR are viable (51) and
show normal glucocorticoid-mediated down-regulation of
proinflammatory genes in a phorbol myristate acetate-induced
skin inflammation model (34, 51, 52). A degree of functional
uncoupling can also be achieved using “dissociated” glucocor-
ticoid analogues, which are selectively impaired in transacti-
vating or transrepressing activity. Anti-inflammatory effects are
displayed by glucocorticoid analogues which are relatively poor
at transactivation of GRE-dependent reporters (5, 28, 71, 72).
These observations suggest that critical anti-inflammatory ac-
tions of glucocorticoids are independent of gene induction.
However, some glucocorticoid-induced genes do not possess
GRE:s (13, 14, 20), and their activation may or may not require
GR dimerization. It remains possible that induction of gene
expression by glucocorticoids plays a significant role in the
inhibition of inflammatory responses (4, 50, 77).

Here we report that the inhibition of p38 function by dexa-
methasone is phosphatase mediated. Circumstantial evidence
implicates MKP-1 in the suppression of p38 function and
Cox-2 gene expression by dexamethasone. Expression of
MKP-1 is induced by proinflammatory stimuli in a p38-depen-
dent manner, suggesting that MKP-1 participates in feedback
regulation of p38 function. The rapid, sustained, and p38-
independent induction of MKP-1 gene expression by dexa-
methasone may provide a novel mechanism for the posttran-
scriptional suppression of proinflammatory gene expression.

MATERIALS AND METHODS

Materials. Dexamethasone and RU486 were from Sigma-Aldrich. SB203580,
GF109203X, and protein kinase A inhibitor 14-22 amide were from Calbiochem-
Novabiochem. U-0126 was from Promega. The rabbit antiserum to the C-termi-
nal peptide of p38a MAPK used for both immunoprecipitation and Western
blotting has been described previously (55). The rabbit anti-human antibodies
against the phosphorylated form of p38 MAPK (catalog no. 9211L), the phos-
phorylated form of ERK (catalog no. 9101S), and total ERK (catalog no. 9122)
were from New England Biolabs. Rabbit antiserum to DUSP-1 (M-18; catalog
no. sc-1102) was from Santa Cruz Biotech. Monoclonal antibody HA.11 was from
BADCO. Rabbit antiserum to hsp27 was previously described (24). IL-1 was
purified from lysates of overexpressing bacteria (75) by serial ion-exchange
chromatography and dialyzed against phosphate-buffered saline. Epidermal
growth factor was from BD Bioscience.

Plasmids. The p38 Asp-316-Asn mutant construct (HA-p38P3!N) and wild-
type p38 construct HA-p38W™ (32) were kindly supplied by Yusen Liu (Balti-
more, Md.). Expressed sequence tag (EST) clones (42) encoding DUSPs were
identified and obtained from the United Kingdom Human Genome Mapping
Project Resource Centre as follows: MKP-1, IMAGE4819422; DUSP2, IM-
AGE4385332; DUSP3, IMAGE3831894; DUSP4, IMAGE3920222; DUSPS,
IMAGE1723172; DUSP6, IMAGE2960126; DUSP7, IMAGE4398897; DUSPS,
IMAGE2675291; DUSP9, IMAGE2356893; MKP-10, IMAGE2310556; MKP-
11, IMAGE3914630; MKP-12, IMAGE3958403; and MKP7, IMAGE2358910.
The coding sequence of MKP-1 was amplified from the IMAGE4819422 clone
using primers D51 (5'-GCGAATTCGGTCATGGAAGTGGGCACCCTG-3')
and D31 (5'-GCGAATTCTCAGCAGCTGGGAGAGGTCG-3'). The PCR
product was cut with EcoRI and inserted in frame at the EcoRI site of
pFlagCMV2 (Sigma-Aldrich). To generate the catalytically inactive Cys-258-Ser
MKP-1 mutant, coding fragments were amplified from the IMAGE4819422
clone using primers D51 and D32 (5'-GCCTGCCTGGGAGTGCACAAACAC
CCTTCC-3") or primers D31 and D52 (5'-GGAAGGGTGTTTGTGCACTCC
CAGGCAGGC-3'). The amino-terminal and carboxy-terminal coding fragments
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were cut with EcoRI and Apal l, ligated together, and inserted at the EcoRI site
of pFlagCMV2. Both constructs were checked by sequencing.

Cell culture and transfection. HeLa-TO cells were maintained in Dulbecco’s
modified Eagle’s medium with 10% fetal calf serum. Cells were seeded in six-well
plates, and the following day the cells were transfected using Superfect (Qiagen).
After 24 h, cells were incubated with dexamethasone and then irradiated in a
Stratalinker (40 J/m?; UV-C) (Stratagene). After the period indicated in each
figure, the cells were harvested and processed for Western blotting. HeLa
(American Type Culture Collection), human skin fibroblast, and RAW264.7 cells
were maintained in Dulbecco’s modified Eagle’s medium with 10% fetal calf
serum. Human peripheral blood T cells were prepared from the buffy coat
fraction of a unit of blood from a single donor. T cells were isolated and
maintained in RPMI 1640 medium as described previously (40).

Immunoprecipitation and assay of p38 MAPK. HeLa cells were incubated in
the absence or presence of IL-1 and dexamethasone as described in the figure
legends. After the period indicated in each figure, the cells were lysed and the
p38 MAPK was immunoprecipitated as previously described (40). p38 kinase
assays were performed as described previously (40), using MAPKAPK-2 as the
substrate.

Immunoprecipitation of MKP-1. HeLa cells were incubated as described in
the figure legends and then harvested in lysis buffer (20 mM HEPES [pH 7.4], 50
mM sodium B-glycerophosphate, 2 mM EGTA, 1% Triton X-100, 10% glycerol,
150 mM NaCl, 10 mM NaF, 1 mM sodium orthovanadate, 2 mM dithiothreitol
[DTT], 1 mM phenylmethylsulfonyl fluoride, 3 pg of aprotinin per ml, 10 pM
Eo64). The lysates were clarified by centrifugation at 13,000 X g for 10 min at 4°C
and incubated for 1 h at 4°C with a rabbit antiserum to hsp27 previously linked
to protein A-Sepharose beads. The supernatants were then incubated for 2 h at
4°C with an anti-MKP-1 antibody linked to protein A-Sepharose beads. The
beads were washed, resuspended in sample buffer, and processed for Western
blotting.

Western blotting. HeLa cells were incubated as described in the figure legends
and then harvested in lysis buffer as described above, separated by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, and electrophoreti-
cally transferred to nitrocellulose membranes (Sartorius). The membranes were
probed with primary antibodies as indicated and then with a peroxidase-coupled
second antibody (Dako). Proteins were detected using the enhanced chemilu-
minescence system (Amersham).

Northern blotting. Total RNA was isolated using the RNeasy Kit from Qiagen,
and 10-pg RNA samples were electrophoresed on denaturing formaldehyde-
agarose gels. Gels were stained with SYBR green IT RNA gel stain (Molecular
Probes) and visualized using a phosphorimager (Fuji FLA-2000). RNA was then
transferred to a Hybond N membrane by capillary transfer and fixed by UV
cross-linking. cDNA probes for the different DUSPs were prepared by appro-
priate restriction digestion of EST clones as described above and labeled with 50
wCi of [a-3?P]dCTP using the Ready-to-go kit (Amersham). Prehybridization (2
h) and hybridization (overnight) were performed at 42°C in Ultrahyb solution
(Ambion). Blots were washed three times for 30 min each time at 42°C with the
following three solutions: (i) 2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) and 0.1% SDS, (ii) 1X SSC and 0.1% SDS, and (iii) 0.1X SSC
and 0.1% SDS. Signals were quantified by a phosphorimager (Fuji FLA2000).

Microarray analysis. HeLa-TO cells were incubated in the absence or pres-
ence of dexamethasone for 2 h, and total RNA was isolated using the RNeasy kit
(Qiagen). Subsequent steps were performed according to protocols provided by
Affymetrix. First-strand cDNA synthesis was done at 42°C in 20-pl reaction
mixture volumes containing 5 uM T7(T),, primer (Helena Biosciences), 500 pM
(each) deoxynucleoside triphosphates, and 400 U of Superscript II reverse tran-
scriptase (Life Technologies). Second-strand cDNA synthesis was performed at
16°C in 150-pl reaction mixture volumes containing 200 uM (each) deoxynucleo-
side triphosphates, 10 U of DNA ligase, 40 U of DNA polymerase I, and 2 U of
RNase H (Life Technologies). Double-stranded cDNA was purified by phenol
extraction and ethanol precipitation. cRNA was synthesized using the Enzo
RNA transcript labeling kit (Affymetrix) according to the manufacturer’s instruc-
tions and purified using the RNeasy mini kit (Qiagen). Application of cRNA to
the U95Av2 chip, amplification of signal, and collection of data were performed
using an Affymetrix fluidics station and chip reader according to the manufac-
turer’s instructions.

RESULTS

Inhibition of stress-activated protein kinases by dexameth-
asone is phosphatase mediated. Dexamethasone suppressed
the activity and decreased the phosphorylation of p38 in UV-
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stimulated HeLa cells but did not affect the phosphorylation of
the p38 activator MKKG6 (40). To investigate whether the in-
hibition of p38 could be mediated by a phosphatase, we tested
the effects of sodium orthovanadate, an efficient inhibitor of
tyrosine phosphatases and DUSPs (37, 64, 65). Sodium or-
thovanadate did not increase basal p38 phosphorylation in
unstimulated cells (Fig. 1A). In UV-stimulated cells sodium
orthovanadate very slightly increased p38 phosphorylation,
probably due to the inhibition of UV-induced phosphatase
activity (see below). The phosphatase inhibitor significantly
blocked the dexamethasone-dependent inhibition of p38 acti-
vation. Sodium orthovanadate was not toxic within the range of
concentrations used (data not shown). Okadaic acid, a serine/
threonine phosphatase inhibitor, was unable to block the effect
of dexamethasone upon p38 activation (data not shown).

As an alternative approach, an epitope-tagged sevenmaker
mutant of p38 was expressed in HeLa cells. The sevenmaker
mutation, first described in a Drosophila MAPK homologue
(9), is a single amino acid substitution within an acidic patch
that is conserved between members of the MAPK superfamily
and is involved in the interaction between DUSPs and MAPKs
(63). This mutation inhibits the kinase-phosphatase interaction
and renders the kinase resistant to dephosphorylation. Analo-
gous mutations in mammalian ERKSs or p38 result in a similar
gain of function, demonstrated by reduced DUSP-mediated
dephosphorylation in vitro or in vivo, and extended or en-
hanced activation in vivo (6, 12, 17, 32, 57). Wild-type and
sevenmaker epitope-tagged p38 were expressed at similar lev-
els and were both phosphorylated in response to UV light (Fig.
1B). The activation of endogenous p38, with a mobility slightly
different from those of the epitope-tagged versions, could be
detected in longer exposures of the Western blot shown in Fig.
1B. The phosphorylation or activation of wild-type p38 was
inhibited by dexamethasone in a dose-dependent manner, as
previously shown (40); however, the sevenmaker mutant was
resistant to the effects of dexamethasone.

Catalytically inactive mutants of MAPK phosphatases inter-
act strongly with their substrates and protect them from de-
phosphorylation by endogenous phosphatases, a process
known as substrate trapping (11, 32, 36, 57, 59). A catalytically
inactive MKP-1 mutant was constructed and coexpressed with
hemagglutinin (HA)-tagged p38 (Fig. 1C). UV treatment in-
duced phosphorylation of p38 (lanes 1 and 2), which was in-
hibited by 100 nM dexamethasone (lane 7) or by coexpression
of wild-type MKP-1 (lanes 3 to 6). Complete inhibition of p38
phosphorylation was observed with as little as 20 ng of the
vector pCMV-Flag-MKP-1 (lane 3); however, the epitope-
tagged phosphatase was detectable only with the highest quan-
tities of the expression vector (data not shown). The inactive
mutant MKP-1 reversed the inhibition of p38 phosphorylation
in dexamethasone-treated cells in a dose-dependent manner
(lanes 8 to 11). In the absence of any stimulus, expression of
the mutant MKP-1 did not cause accumulation of phosphory-
lated p38 (lanes 12 to 15) or phosphorylated ERK (not shown).
Hence, the inactive phosphatase does not activate p38 but
prevents its inactivation in response to dexamethasone.

Dexamethasone treatment of HeLa cells inhibits the func-
tion of both JNK and p38 (40). The function of ERK was
investigated in HeLa cells pretreated with 100 nM dexameth-
asone for 2 h and then stimulated with epidermal growth factor
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FIG. 1. Dexamethasone-dependent inhibition of p38 is mediated
by a stress-activated protein kinase (SAPK)-specific phosphatase(s).
(A) HeLa-TO cells were incubated (+) for 2 h with 100 nM dexameth-
asone (Dex), and the cells were treated (+) with UV C and sodium
orthovanadate was added to the medium at the indicated concentra-
tions. After 30 min, total cell lysates were prepared and analyzed by
Western blotting with anti-phospho-p38 antibody or total p38 anti-
serum. (B) HeLa-TO cells were transiently transfected with 500 ng of
either pSR-HA-p38 or pSR-HA-p38™31¢. After 24 h, cells were incu-
bated for 2 h with dexamethasone at the indicated concentrations and
then treated with UV C (+) or left untreated (—). After 30 min, total
cell lysates were prepared and analyzed by Western blotting with
anti-phospho-p38 antibody or HA antibody as a control for transfec-
tion. (C) HeLa cells were transiently transfected with 500 ng of pSR-
HA-p38 and cotransfected with 20 ng (lane 3), 50 ng (lane 4), 75 ng
(lane 5), or 150 ng (lane 6) of pFlagCMV-MKP-1 or 20 ng (lanes 8 and
12), 50 ng (lanes 9 and 13), 75 ng (lanes 10 and 14), or 150 ng (lanes
11 and 15) of pFlagCMV-MKP-1%**S, The empty expression vector
pFlagCMV was added as appropriate to bring the total quantity of
DNA up to 1 pg. After 24 h, cells were treated as indicated with vehicle
(methanol) or 100 nM dexamethasone. After a further 2 h, cells were
left untreated or stimulated with UV C, and lysates were prepared 30
min later and subjected to Western blotting using anti-phospho-p38 or
anti-HA epitope antibodies. (D) HeLa cells were incubated for 2 h
with 100 nM dexamethasone and then stimulated with 10 ng of epi-
dermal growth factor (EGF) per ml for 10 min. Cells were harvested,
and total cell lysates were analyzed by Western blotting with anti-
phospho-ERK or total ERK antibodies.

(Fig. 1D). Phosphorylation or activation of ERK was strongly
induced but was not sensitive to dexamethasone under these
conditions. These observations suggest that the inhibition of
p38 function by dexamethasone is mediated by a tyrosine-
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TABLE 1. Regulation of various genes by dexamethasone

Expression level of gene
(arbitrary units)*

Gene Synonym(s)
Control 100 nM Dex 1 pM Dex

GAPDH 18,911 20,491 19,537
B-Actin 18,544 19,673 18,732
MT-1A 3,883 6,710 8,508
IkBa 1,726 3,206 3,109
IL-8 527 ND ND

DUSP1  MKP-1, CL-100, Erp 3,387 6,436 5,951
DUSP2 PAC-1 343 903 879
DUSP4 MKP-2, hVH2 230 389 339
DUSP5 hVH3 324 ND ND

DUSP10 MKP-5 288 305 356
DUSP11 PIR1 1,960 1,576 1,508
Wipl 685 573 506

“ HeLa-TO cells were treated for 2 h with vehicle (methanol) (control) or with
100 nM or 1 pM dexamethasone (Dex). Total RNA was prepared and analyzed
using Affymetrix U95Av2 arrays as described in Materials and Methods. Raw
data sets from the chip reader were normalized against one another using the
mean expression level of all detected transcripts under each condition. Correc-
tion factors applied to the 100 nM and 1,000 nM dexamethasone data sets were
1.156 and 0.99, respectively. Normalization using the GAPDH or B-actin signals
gave almost identical results. Normalization using internal control poly(A) mR-
NAs (added at the cRNA synthesis step) suggested slightly stronger up-regula-
tion of MKP-1 gene expression by 100 and 1,000 nM dexamethasone (2.4- and
2.6-fold rather than 1.7-and 1.5-fold as shown above). An arbitrary cutoff of 200
expression units was employed, and genes expressed below this level were con-
sidered not detected (ND).

specific or dual-specificity phosphatase (or phosphatases) se-
lective for the stress-activated protein kinases.

Expression of MKP-1 is induced by dexamethasone. The
inactivation of p38 may be mediated by tyrosine-specific phos-
phatases such as HePTP (56) or by serine/threonine-specific
phosphatases of the protein phosphatase 2 (PP2) class, PP2Ca
and Wipl (61, 62). The former are restricted in expression,
whereas the latter probably do not play a role in the inhibition
of p38 by dexamethasone, since this effect is sensitive to so-
dium orthovanadate but not okadaic acid. The principal can-
didates are therefore members of the large family of DUSPs
(11, 36). Several of these have been shown to inactivate p38 in
vivo or in vitro, notably DUSP1/MKP-1 (22), DUSP2/PACI1
(17), DUSP10/MKP-5 (64, 66), and the recently described
MKP-7 (65).

The inhibition of p38 enzyme activity by dexamethasone was
prevented by RU486 or actinomycin D, and therefore depends
upon GR-mediated transcription (40). Treatment of HelLa
cells with dexamethasone for 2 h was sufficient for the inhibi-
tion of p38 function and the destabilization of p38 sensitive
reporter mRNAs (40). To search for candidate dexametha-
sone-induced genes which might be involved in the negative
regulation of p38, an oligonucleotide microarray experiment
was performed. RNA was isolated from HeLa cells which had
been treated for 2 h with vehicle (methanol), 100 nM or 1 pM
dexamethasone, and analyzed using Affymetrix U95Av2 chips.
A gene was considered to be induced by dexamethasone if its
expression level was at least 200 U and was increased at least
50% by both 100 nM and 1 nM dexamethasone treatments. A
total of 172 genes fitted these criteria, including known glu-
cocorticoid-induced genes metallothionein 1A (MT1A) (53)
and the inhibitor of nuclear factor NF-«kB (IkBa) (4) (Table 1).
Basal expression of the glucocorticoid-repressed IL-8 gene
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FIG. 2. Dexamethasone induces the expression of MAPK phospha-
tase 1. (A) HeLa cells were treated for 2 h with vehicle (methanol) (—)
or 100 nM dexamethasone (Dex) (+). Total RNA was prepared and
subjected to Northern blotting using probes against MKP-1 (DUSP1),
MKP-5 (DUSP10), and MKP-7 and PIR (DUSP11). Exposures of the
different Northern blots are not identical, and relative expression levels
cannot be inferred. (B) HeLa cells, RAW264.7 (RAW) cells, human
skin fibroblasts (HSF), and human peripheral blood T cells were
treated for 2 h with vehicle (methanol) or 100 nM dexamethasone.
Total RNA was prepared and subjected to Northern blotting using a
probe against MKP-1.

(67) was completely eliminated (Table 1). Basal expression of
Cox-2 was close to the detection limit but was also eliminated
by dexamethasone (data not shown). Levels of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) and B-actin mRNAs
were not affected by dexamethasone. HePTP and PP2Ca
mRNAs were not detected, while Wipl mRNA was constitu-
tively expressed at a low level and not induced by dexametha-
sone. Most members of the DUSP family were not expressed at
the mRNA level or were not significantly induced by dexa-
methasone. Exceptions were DUSP2 (PAC-1), which was
weakly expressed but apparently up-regulated by dexametha-
sone, and DUSP1 (MKP-1), which was expressed moderately
strongly and induced almost twofold by 100 nM or 1 pM
dexamethasone. The pattern of expression of MKP-1 was sim-
ilar to that of MT1A in this experiment. No other dexameth-
asone-induced potential inhibitors of the p38 pathway were
identified in this screen.

To confirm these observations and to study the expression of
MKP-7 (which was not represented on the Affymetrix U95Av2
chip), mRNA from dexamethasone-treated or control HeLa
cells was subjected to Northern blotting using probes against
all of the known DUSPs. Some representative results are illus-
trated in Fig. 2A. The up-regulation of DUSP1 (MKP-1)
mRNA was similar to that observed in the gene expression
array experiment. In more than eight independent experiments
MKP-1 mRNA was induced two- to fivefold by dexametha-
sone, while in two experiments basal expression was lower and
apparent gene induction was greater than 20-fold (data not
shown). PAC1, VHR, MKP-2, and hVH3 mRNAs were not
detected by Northern blotting (data not shown). MKP-5 and
MKP-7 mRNAs were expressed at relatively low levels and did
not respond to dexamethasone.

We reported previously that dexamethasone inhibits p38
function in HeLa cells, mouse macrophage-like RAW264.7
cells, and human skin fibroblasts, although not in primary hu-
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FIG. 3. Dexamethasone induces MKP-1 mRNA and protein in a time- and dose-dependent manner. (A) HeLa-TO cells were incubated with
100 nM dexamethasone for the times shown, and then MKP-1 mRNA was analyzed by Northern blotting. The 28S rRNA is shown as a loading
control. Mean MKP-1/28S rRNA ratios from four experiments are shown. (B) HeLa-TO cells were incubated as described above for panel A, and
then MKP-1 protein was immunoprecipitated and detected by Western blotting. (C) HeLa-TO cells were incubated with different doses of
dexamethasone (Dex) alone or dexamethasone plus RU486 (RU) (1 pM) for 6 h. MKP-1 mRNA was analyzed by Northern blotting. Mean
MKP-1/28S rRNA ratios from three independent experiments are shown. (D) HeLa-TO cells were incubated as described above for panel C, and
MKP-1 protein was immunoprecipitated and detected by Western blotting.

man T cells (40). The induction of MKP-1 mRNA by dexa-
methasone in the same cells was assessed by Northern blotting
(Fig. 2B). In HeLa, RAW264.7, and human skin fibroblast
cells, MKP-1 mRNA was induced by treatment with 100 nM
dexamethasone for 2 h. In contrast, MKP-1 mRNA was con-
stitutively expressed at a low level and not induced by dexa-
methasone in human peripheral blood T cells. Dexamethasone
also failed to inhibit p38 or to induce MKP-1 expression in
mouse embryonic fibroblasts (data not shown). Thus, the in-
duction of MKP-1 correlates with the ability of dexamethasone
to inhibit p38 activity within the cell types that we have studied.

The kinetics of MKP-1 mRNA and protein expression were
examined following stimulation of HeLa cells with 100 nM
dexamethasone (Fig. 3A and B). The expression of MKP-1
mRNA was induced rapidly, within half an hour, and was
sustained for at least 24 h. The protein was virtually undetect-
able in untreated cells, and its induction by dexamethasone
appeared much stronger than at the mRNA level. Expression
of protein reached a peak roughly 1 h after dexamethasone
treatment and was sustained for at least 24 h (Fig. 3B). The
dexamethasone dose dependence of MKP-1 mRNA and pro-
tein induction were also examined by Northern and Western
blotting (Fig. 3C and D). Both mRNA and protein were in-
duced by dexamethasone with an apparent 50% inhibitory
concentration (ICs,) between 1 and 10 nM, and this induction
was almost completely blocked by the glucocorticoid antago-

nist RU486. These observations are consistent with a role of
MKP-1 in the down-regulation of p38 function by dexameth-
asone. MAPK p38 enzyme activity was inhibited by dexameth-
asone with an ICs, between 1 and 10 nM, in an RU486-
sensitive manner. Inhibition was dependent on time and
appeared to reach a maximum half an hour to an hour after the
addition of dexamethasone (40).

Proinflammatory stimuli cooperate with dexamethasone to
induce MKP-1 gene expression. The effects of dexamethasone
upon the p38 pathway following proinflammatory stimuli were
measured (40); however, in the experiments described above,
MKP-1 gene expression was investigated in the presence of
dexamethasone only. Therefore, MKP-1 expression was exam-
ined following treatment of HeLa cells with a proinflammatory
stimulus (IL-1 or UV), with dexamethasone alone, or with
dexamethasone and proinflammatory stimulus (Fig. 4). As be-
fore, dexamethasone induced MKP-1 mRNA three- to four-
fold and in a sustained manner. Induction by UV or IL-1 was
stronger but more transient, rising to sixfold (UV) or 13-fold
(IL-1) within 1 h but then returning close to basal levels by the
2-h time point. The presence of both dexamethasone and
proinflammatory stimulus resulted in a cooperative stimulation
of MKP-1 expression at the mRNA level (Fig. 4A and C). The
effects of dexamethasone and UV were approximately addi-
tive, while those of dexamethasone and IL-1 were synergistic.
Cooperativity between dexamethasone and UV or IL-1 also
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FIG. 4. Proinflammatory stimuli and dexamethasone cooperatively increase MKP-1 mRNA and protein expression. (A) HeLa-TO cells were
stimulated with UV C and simultaneously incubated with dexamethasone (Dex) (100 nM) or vehicle (methanol). After the indicated time period,
cells were harvested and MKP-1 mRNA was analyzed by Northern blotting. The 28S rRNA is shown as a loading control. (B) HeLa-TO cells were
incubated as described above for panel A, and then MKP-1 protein was immunoprecipitated and detected by Western blotting. (C) HeLa cells were
incubated in the absence or presence of IL-1 (20 ng/ml) with or without dexamethasone (100 nM). After the indicated time period, cells were
collected, and MKP-1 mRNA was then analyzed by Northern blotting. (D) HeLa cells were incubated as described above for panel C, and MKP-1

protein was immunoprecipitated and detected by Western blotting.

occurred at the protein level, as confirmed by the results of
Western blotting (Fig. 4B and D).

MAPK p38 is required for IL-1-induced expression of
MKP-1. In different cellular contexts, the expression of MKP-1
may be regulated by several signal transduction pathways, in-
cluding ERK, p38, protein kinase C (PKC), PKA, and cal-
cineurin (38, 43, 44, 58, 70). To investigate the roles of different
signaling pathways in the control of MKP-1 gene expression in
HeLa cells, MKP-1 mRNA induction was stimulated with
dexamethasone or IL-1 in the absence or presence of various
inhibitors. Gene induction by dexamethasone was not sensitive
to any of the inhibitors tested (Fig. 5), including the calcineurin
inhibitor cyclosporine A (not shown). Induction by IL-1 (Fig.
5) or UV (data not shown) was strongly inhibited by 1 pM
SB203580 and therefore requires p38 activity. ERK, PKC,
PKA, and calcineurin are dispensable for induction of MKP-1
gene expression in response to UV or IL-1.

The activity of p38 mirrors the expression of MKP-1. The
relationship between MKP-1 expression and p38 activity was
investigated further. HeLa cells were treated with IL-1 alone
or with IL-1 and dexamethasone. Over the next 24 h, expres-
sion of MKP-1 was assessed by immunoprecipitation and
Western blotting, total p38 was quantified by Western blotting,
and its activity was measured by in vitro kinase assay. IL-1

induced transient expression of MKP-1, with no protein de-
tected beyond 2 h after the stimulus (Fig. 6A). Under these
conditions, the activation of p38 was biphasic (Fig. 6C and D).
A rapid, transient peak of strong activity was followed by a
return to basal levels at the 2-h time point and then by a second
phase of increasing activity. Maximum p38 activity during this
second phase was approximately 10% of that in the initial peak
(Fig. 6D). No significant variations in the expression of p38

Dex IL-1

Inhibitor - - 8B U GFPKI - SB U GFPKI

MKP-1 | — e e ————

FIG. 5. MKP-1 mRNA induction by proinflammatory stimuli is
dependent upon p38. HeLa cells were incubated for 10 min with
different inhibitors as follows: no inhibitor (control) (=), 1 pM
S$B203580 (SB), 10 M U0126 (U), 1 .M GF109203X (GF), and 0.5
M protein kinase A inhibitor (PKI). Some cells were then incubated
for 1 h in the presence of 100 nM dexamethasone (Dex lanes). Some
cells were then stimulated with 20 ng of IL-1 per ml for 1 h (IL-1
lanes). MKP-1 mRNA was analyzed by Northern blotting. The 28S
rRNA is shown as a loading control.
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FIG. 6. Time courses of p38 activation and MKP-1 expression in
the absence or presence of dexamethasone. HeLa cells were left un-
treated or treated with IL-1 (20 ng/ml) alone or with IL-1 (20 ng/ml)
and dexamethasone (Dex) (1 wM), and lysates were prepared after the
times indicated (15 min [15']). (A) MKP-1 was immunoprecipitated
from lysate (1.5 mg) and subjected to Western blotting. The band
below MKP-1 is the light chain of the immunoprecipitating antibody.
(B) Lysate (50 pg) was subjected to Western blotting using an antibody
against p38a. (C) MAPK p38 was immunoprecipitated from lysate
(500 g) and used in immune complex kinase assays with recombinant
MAPKAPK2 (MK2) as the substrate. (D) Quantitation of the data
represented in panel C. The results shown are representative of at least
two independent experiments.

were observed (Fig. 6B), confirming the equal loading of pro-
tein for measurement of MKP-1 expression and p38 activity. In
the presence of IL-1 and dexamethasone, the expression of
MKP-1 showed a transient peak but did not return to zero,
instead remaining at a sustained, moderate level for the dura-
tion of the time course. Under these conditions, the initial
peak of p38 activity was inhibited by approximately 40%; how-
ever, the second phase of activity was almost completely inhib-
ited.

Sustained p38 activity is required for the expression of
Cox-2 in response to IL-1. Under identical conditions, dexa-
methasone completely blocked the induction of Cox-2 gene
expression by IL-1 (Fig. 7 and data not shown). Because dexa-
methasone modestly affected the first phase of p38 activity but
profoundly inhibited the second phase, we hypothesized that
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FIG. 7. Sustained MAPK p38 activity is necessary for the expres-
sion of Cox-2 in response to IL-1. HeLa cells were either not treated
(—) or treated by stimulation with 20 ng of IL-1 per ml at time zero.
Lysates were prepared 24 h later, and Western blotting was performed
to assess the expression of Cox-2 or p38. Dexamethasone (Dex) (1
uM) or SB203580 (SB) (1 wM) was added to the cells 1 h before the
IL-1 stimulus (—1), at the same time as the IL-1 stimulus (0), or 2 h
after the IL-1 stimulus (+2).

the second phase was critical for the expression of Cox-2. To
test this hypothesis, HeLa cells were treated with IL-1, and the
expression of Cox-2 protein was examined 24 h later (Fig. 7).
Dexamethasone or SB203580 was added 1 h before the stim-
ulus, at the same time as the stimulus, or 2 h later (after the
transient peak of p38 activation). Both dexamethasone and
SB203580 efficiently blocked the IL-1-induced expression of
Cox-2 regardless of time of addition. Hence, the initial tran-
sient phase of p38 activity is not sufficient for Cox-2 expression,
but the sustained second phase is necessary.

DISCUSSION

In several cell types, dexamethasone inhibited the function
but not the expression of p38 (40). This effect was dependent
upon GR-mediated transcription and was accompanied by a
decrease in p38 phosphorylation, but no effect on signaling
events upstream of p38 could be shown. These observations
are consistent with phosphatase-mediated reversal of p38 ac-
tivation or with prevention of phosphorylation of p38 by active
MKKGS, for example due to the sequestration of one or both of
these proteins. Here we provide three lines of evidence that
the inhibition of p38 function by dexamethasone is phospha-
tase mediated. (i) Inhibition of p38 is blocked by sodium or-
thovanadate, an efficient inhibitor of tyrosine-specific and du-
al-specificity phosphatases (11, 32, 36). (ii) A sevenmaker
mutation of p38, a single amino acid substitution previously
shown to confer resistance to phosphatases (32), also con-
ferred resistance to the inhibitory effects of dexamethasone.
(iii) Inhibition of p38 was blocked by a catalytically inactive
mutant of the DUSP MKP-1, which was previously shown to
bind strongly to p38, and protect it from dephosphorylation
(32).

A gene expression array approach was used to search for
phosphatases which could be involved in the negative regula-
tion of p38 by dexamethasone. Of the candidate phosphatase
genes, only MKP-1 was expressed at significant levels and in-
duced by dexamethasone treatment of HeLa cells. This finding
was confirmed by Northern blotting using probes against all of
the known DUSPs. For example, the expression array data
suggested that both DUSP2 (PACI) and DUSP4 (MKP-2)
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mRNAs were expressed at low levels and responded to dexa-
methasone, but neither transcript could be detected by North-
ern blotting. The stress-activated protein kinase phosphatase
MKP7 (65), not represented on the Affymetrix U95Av2 chip,
was additionally shown by Northern blotting not to be regu-
lated by dexamethasone.

In HeLa cells, the induction of MKP-1 mRNA was consis-
tently in the three- to fivefold range, but the protein was vir-
tually undetectable in untreated cells and appeared to be in-
duced much more strongly than the mRNA. The time course
and dose dependence of MKP-1 gene induction by dexameth-
asone were consistent with a role for this phosphatase in the
inactivation of p38. In human peripheral blood lymphocytes, as
well as in mouse embryonic fibroblasts, dexamethasone failed
to inhibit p38 function and failed to induce the expression of
MKP-1. The induction of MKP-1 in HeLa cells was accompa-
nied by inhibition of both p38 and JNK but not ERK, consis-
tent with evidence that MKP-1 preferentially targets the stress-
activated protein kinases (21, 22). However, the possibility that
p38 inhibition by dexamethasone involves a phosphatase or
phosphatases other than MKP-1 remains. We have attempted
to address this possibility by using two different antisense oli-
gonucleotides and four different short interfering RNA du-
plexes to inhibit MKP-1 gene expression but were unable to
block the induction of MKP-1 gene expression by dexametha-
sone. Therefore, the role of MKP-1 in the inhibition of stress-
activated protein kinases by glucocorticoids will be investigated
using an MKP-1 knockout mouse strain. The absence of func-
tional MKP-1 in this strain does not result in dysregulation of
ERK or abnormalities of cell division, but the stress-activated
protein kinase pathways were not investigated (21).

Inhibition of MAPK function by glucocorticoids has been
described elsewhere (10, 27, 30, 31, 40, 73). In a mast cell line,
dexamethasone induced the expression of MKP-1 within 5 h,
but inhibition of ERK function was observed only at much
later time points (35). The acquisition of ERK-inactivating
function required a relatively slow change in the sensitivity of
MKP-1 to proteasome-mediated degradation (7, 35). Hence,
there appear to be two distinct mechanisms for the modulation
of MKP-1 function by glucocorticoids, and their relative con-
tributions may differ according to cell type. In HeLa cells, the
expression of MKP-1 and the inhibition of p38 function both
occurred rapidly after dexamethasone treatment; therefore,
the modulation of MKP-1 protein stability may not play a
significant role. We have not determined whether prolonged
treatment of HeLa cells with dexamethasone results in the
inhibition of ERK function.

Dexamethasone and IL-1 cooperate to induce MKP-1 gene
expression, a highly unusual synergy between pro- and anti-
inflammatory stimuli, which merits further investigation. The
expression of MKP-1 in response to dexamethasone is sus-
tained, in contrast to the transient induction by growth factors
and cellular stresses demonstrated elsewhere (16, 37, 39, 59,
70, 78), or the induction by IL-1 shown here. IL-1-induced
MKP-1 expression is dependent on p38, MKP-1 may be cata-
Iytically activated by p38 (32), and MKP-1 efficiently inacti-
vates p38 (22, 23, 32, 44, 57). These observations suggest the
participation of MKP-1 in a complex feedback loop which
modulates p38 function. This is consistent with the dynamics of
p38 activation and MKP-1 expression in HeLa cells (although
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a causal relationship between these phenomena remains to be
established). The activation of p38 by IL-1 is biphasic, with a
strong transient peak followed by a sustained phase of increas-
ing activity. The down-regulation of the initial peak coincides
with the up-regulation of MKP-1 expression, and the second
phase of p38 activation occurs in the absence of detectable
MKP-1 expression. In the presence of both IL-1 and dexameth-
asone, the initial peak of MKP-1 expression is augmented, and
sustained expression is also observed. This is accompanied by
a significant blunting of the initial peak of p38 activity and a
complete ablation of the second, sustained phase of p38 activ-
ity.

Addition of SB203580 during this second phase causes a
rapid destabilization of Cox-2 mRNA (54). The addition of
SB203580 or dexamethasone 2 h after IL-1 stimulation of
HeLa cells completely blocks IL-1-induced Cox-2 expression;
therefore, the prolonged late phase of p38 activity appears to
play a critical role in Cox-2 gene expression by maintaining the
stability of the transcript. A similar inhibition of IL-1-induced
Cox-2 gene expression by late addition of dexamethasone has
been described in a pulmonary epithelial cell line (48). This
underscores a potential difference between transrepressive and
posttranscriptional mechanisms of inhibition of gene expres-
sion by glucocorticoids. The former can function only if the
glucocorticoids are present during the phase of active tran-
scription, which may be relatively brief in the case of proin-
flammatory genes. In contrast, the inhibition of p38 and the
destabilization of mRNA by glucocorticoids may result in the
rapid shutoff of gene expression even when the glucocorticoids
are present long after the initial proinflammatory stimulus.
This may be relevant to the role of endogenous corticosteroids
in negative-feedback control and the resolution of inflamma-
tory responses. Future experiments using the MKP-1 knockout
mouse strain will address the physiological relevance of this
phosphatase in the control of inflammation.
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