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We have isolated a cDNA homologous to known dual-specificity phosphatases from a mouse macrophage
c¢DNA library and termed it MKP-M (for mitogen-activated protein kinase phosphatase isolated from mac-
rophages). Three other presumed splice variant isoforms have also been identified for MKP-M. The longest
and most abundant mRNA contains an open reading frame corresponding to 677 amino acids and produces
an 80-kDa protein. The deduced amino acid sequence of MKP-M is most similar to those of hVH-5 (or mouse
M3/6) and VHP1, a Caenorhabditis elegans tyrosine phosphatase. It includes an N-terminal rhodanase homology
domain, the extended active-site sequence motif (V/L)X(V/)HCXAG(I/V)SRSXT(I/V)XXAY(L/I)M (where X is
any amino acid), and a C-terminal PEST sequence. Northern blot analysis revealed a dominant MKP-M
mRNA species of approximately 5.5 kb detected ubiquitously among all tissues examined. MKP-M was
constitutively expressed in mouse macrophage cell lines, and its expression levels were rapidly increased by
lipopolysaccharide (LPS) stimulation but not by tumor necrosis factor alpha (TNF-a), gamma interferon,
interleukin-2 (IL-2), or IL-15 stimulation. Imnmunocytochemical analysis showed MKP-M to be present within
cytosol. When expressed in COS7 cells, MKP-M blocks activation of mitogen-activated protein kinases with the
selectivity c-Jun N-terminal kinase (JNK) > p38 = extracellular signal-regulated kinase. Furthermore, expression
of a catalytically inactive form of MKP-M in a mouse macrophage cell line increased the intensity and duration
of JNK activation and TNF-«a secretion after LPS stimulation, suggesting that MKP-M is at least partially

responsible for the desensitization of LPS-mediated JNK activation and cytokine secretion in macrophages.

Mitogen-activated protein kinases (MAPKSs) are activated
by phosphorylation of threonine and tyrosine residues within a
signature sequence of T-X-Y by dual-specificity MAPK kinases
(MKKs). MKKs are in turn phosphorylated and activated by a
family of serine/threonine MKK kinases (47). Extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK)
(also called stress-activated protein kinase), and p38 (also
called RK or CSBP) are distinct classes of MAPKs playing
important roles in various cellular events. JNKs are activated
by diverse stimuli, including DNA damage, heat shock, bacte-
rial components, inflammatory cytokines, and Fas (31). Acti-
vated JNKs play an essential role in the activation of transcrip-
tional factors, such as c-Jun (21), ATF-2 (16), Elk-1 (57), and
ets-2 (50). In macrophages, activated JNKs mediate the ex-
pression of inducible nitric oxide synthase (6), cyclooxygen-
ase-2 (56), chemokines such as RANTES (23), and cytokines
such as tumor necrosis factor alpha (TNF-a), interleukin-1
(IL-1), and IL-6 (39), all of which not only potently activate
host defense mechanisms but also often lead to excessive in-
flammatory responses in microbial infection.
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MAPK activation is a reversible process, and an emerging
family of dual-specificity protein phosphatases (DSPs) have
been shown to inactivate MAPKSs through dephosphorylation
of both threonine and tyrosine residues that are essential for
the enzymatic activity (4). DSPs share two common features: a
catalytic domain with significant amino acid sequence homol-
ogy to a vaccinia virus DSP, VH-1, and an N-terminal region
homologous to the catalytic domain of the cdc25 phosphatase
(rhodanase homology domain). Among DSP family members,
some show highly selective substrate specificity while others
efficiently inactivate all three classes of MAPKs. Interestingly,
gene expression of many DSPs is significantly induced follow-
ing stimulation with growth factors, cytokines, or cell stresses,
and this induction of MAPK phosphatases (MKPs) may func-
tion as a negative feedback mechanism of MAPK activity.

In this study, in order to elucidate the regulatory mecha-
nisms of MAPK pathways in macrophages, we screened a
cDNA library from a mouse macrophage cell line with a cDNA
probe of MKP-1, a known MKP. We isolated a partial cDNA
containing the extended active-site sequence motif, (V/L)
X(V/IHHCXAG(I/V)SRSXT(I/V)XXAY(L/)M (where X is
any amino acid), conserved in all DSPs (27, 35, 41). By re-
screening the library and extending the cDNA by the method
of 5’ rapid amplification of cDNA ends (5'-RACE), we have
isolated a full-length cDNA, which we named MKP-M (for
MKP isolated from macrophages). It includes an N-terminal
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rhodanase homology domain, the extended active-site se-
quence motif mentioned above, and a C-terminal PEST se-
quence. MKP-M was constitutively expressed in mouse mac-
rophage cell lines, and its mRNA expression levels were
rapidly induced by stimulation with lipopolysaccharide (LPS),
a cell wall component of gram-negative bacteria, but not by
TNF-a, gamma interferon (IFN-vy), IL-2, or IL-15 stimulation.
When expressed in COS7 cells, MKP-M inactivated JNK more
significantly than p38 or ERK. Expression of a dominant-neg-
ative form of MKP-M in a mouse macrophage cell line in-
creased the levels and duration of JNK activation and TNF-a
secretion after LPS stimulation. These results indicated that
MKP-M is at least partially responsible for the downregulation
of LPS-mediated JNK activation and TNF-«a secretion in mac-
rophages, possibly preventing excessive inflammatory re-
sponses.

MATERIALS AND METHODS

Antibodies. A polyclonal antibody against MKP-M was prepared by immuniz-
ing rabbits with a glutathione S-transferase (GST)-MKP-M fusion protein en-
compassing amino acids 297 to 373 of MKP-M. This region of MKP-M is not
homologous to any other known phosphatases as determined by a database
search. Affinity purification was achieved by passing the crude serum through a
column containing the immunogen immobilized on glutathione-Sepharose beads
(Amersham Pharmacia Biotech, Inc.). An antiphosphotyrosine monoclonal an-
tibody, 4G10, was purchased from Upstate Biotechnology Inc. (Lake Placid,
N.Y.). An antihemagglutinin (anti-HA) monoclonal antibody, 12CAS, and a
polyclonal anti-p38 antibody were obtained from Santa Cruz Biotech (Santa
Cruz, Calif.). The anti-FLAG M2 monoclonal antibody was purchased from
Sigma Chemical Co. (St. Louis, Mo.). A polyclonal anti-JNK1 antibody was
purchased from Santa Cruz Biotechnology. A phospho-specific anti-p38 poly-
clonal antibody and a polyclonal anti-ERK antibody were purchased from New
England Biolabs (Beverly, Mass.).

Reagents. Recombinant mouse IL-2, IL-18, TNF-a, and IFN-y and human
IL-15 were purchased from Peprotech Corporation (Seattle, Wash.). PD98059, a
specific inhibitor of ERK kinase (MEK), and SB208530, a specific inhibitor of
p38 MAPK, were purchased from Calbiochem (San Diego, Calif.). LPS from
Escherichia coli serotype B6:026, anisomycin, phorbol myristate acetate (PMA),
dicoumarol, and p-nitrophenyl phosphate (pNPP) were obtained from Sigma
Chemical Co. RPMI 1640 medium and Dulbecco’s modified Eagle medium were
from Gibco BRL (Rockville, Md.). Synthetic E. coli-type lipid A (compound 506)
was a generous gift from T. Ogawa and has been previously described (37, 46).

Cells. All cell lines were grown in tissue culture flasks at 37°C in 5% CO,-95%
air and passaged every 2 or 3 days to maintain logarithmic growth. A mouse
macrophage cell line, RAW264.7, and a monkey kidney cell line, COS7, were
obtained from the RIKEN cell bank (Tsukuba, Japan) and maintained in Dul-
becco’s modified Eagle medium with 10% fetal calf serum (Sigma Chemical Co.).

Isolation of the full-length cDNA clone encoding mouse MKP-M. In an effort
to clone the cDNA for a DSP expressed in macrophages, a reverse transcription-
PCR (RT-PCR)-prepared cDNA encoding the N-terminal domain of the mouse
MKP-1 was 3?P labeled by random priming and used for screening a J774.1
cDNA library constructed in the Uni-Zap cloning vector (Stratagene, La Jolla,
Calif.), kindly provided by H. Yagita (Juntendo University, Tokyo, Japan). After
the transfer of the phage plaques, the nitrocellulose membranes were UV cross-
linked and soaked in prehybridization solution (6X SSC [1X SSC is 0.15 M NaCl
plus 0.015 M sodium citrate], 5X Denhardt’s reagent, 0.5% sodium dodecyl
sulfate [SDS], 100 mg of denatured salmon sperm DNA per ml, and 50%
formamide) for 3 h at 42°C, followed by incubation with 3*P-labeled probe in
hybridization solution (6X SSC, 0.5% SDS, 100 mg of denatured salmon sperm
DNA per ml, and 50% formamide) for 14 h at 42°C. The membranes were
washed in 2X SSC-0.1% SDS for 10 min twice at room temperature and in 1X
SSC-0.1% SDS for 10 min twice at room temperature and were exposed to
RX-U films (Fuji Film, Tokyo, Japan). The inserts of the positive phage clones
were excised using the Rapid Excision Kit (Stratagene) according to the manu-
facturer’s instructions to generate subclones in the pBK-CMV plasmid (Strat-
agene). DNA sequence analysis was performed on these plasmid clones using a
DNA sequencer (model 373A) and a Thermo Sequence cycle sequencing kit (PE
Biosystems, Foster City, Calif.). The 4.2-kb insert of one positive clone seemed
to encode a protein containing the extended active-site sequence motif but not
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identical with any known phosphatase sequences. This cDNA insert was recloned
into the pBluescript II vector, yielding pBS-MKP-M-1. A set of oligonucleotides
was prepared based on the nucleotide sequence of pBS-MKP-M-1 and used for
5" extension with J774.1 total cDNA as a template and a 5'-RACE kit from
Gibco BRL. The 5'-RACE DNA fragment was cloned into pBS-MKP-M-1 to
generate a plasmid containing the full-length MKP-M cDNA, which was named
pBS-MKP-M full.

Mammalian expression plasmids. The coding region of the mouse MKP-M
c¢DNA was amplified by PCR using a pair of primers (CGACGCGTATGGCC
CATGAGATGATTGGAA and CGACGCGTCTATTTTTTGTGAACAGGA
AAC) from pBS-MKP-M full and inserted into the Mlul site of the expression
plasmid pEFBOS-FLAG or pEFBOS-Myc (36), which encode an N-terminal
FLAG or Myc epitope, respectively, to yield pPEFBOS-FLAG/MKP-M or pEF-
BOS-Myc/MKP-M, respectively.

The C244S mutation in the phosphatase catalytic domain was constructed by
recombinant PCR (24) using four primers: CGACGCGTATGGCCCATGAGA
TGATTGGAA, CGACGCGTCTATTTTTTGTGAACAGGAAAC, GTGCTT
ATCCACAGCTTA, and GATCCCAGCTAAGCTGTG. The PCR product car-
rying the nucleotide substitution was cloned into the Miul site of pEFBOS-
FLAG or pEFBOS-Myc to yield pPEFBOS-FLAG/MKP-M-CS or pEFBOS-Myc/
MKP-M-CS, respectively. The one-nucleotide substitution (from TGC to AGC)
was confirmed by nucleotide sequencing.

The cDNA for the C-terminally truncated MKP-M (encoding amino acids 1 to
435 of MKP-M Al and excluding the C-terminal PEST sequence) was con-
structed by PCR with the primer pair CGACGCGTATGGCCCATGAGATGA
TTGGAA and CGACGCGTCTAGTTGGTCCCATCCAGTGTG, using pBS-
MKP-M full or pPEFBOSFLAG-MKP-M-CS as a template. The 1.3-kb PCR
product was digested with Miul and cloned into pEFBOS-FLAG or pEFBOS-
Myc to yield expression plasmids pEFBOS-FLAG-MKP-M-trunc, pEFBOS-
FLAG-MKP-M-CS-trunc, pEFBOS-Myc-MKP-M-trunc, and pEFBOS-Myc-
MKP-M-CS-trunc. The Nhel-Nhel insert (including FLAG tag cDNA) of
pEFBOS-FLAG-MKP-M-trunc or pEFBOS-FLAG-MKP-M-CS-trunc was in-
troduced into the Nhel site of pcDNA3.1(+). The plasmid encoding MKP-M
in the right direction was termed pcDNA3.1(+)-FLAG-MKP-M-trunc or
pcDNA3.1(+)-FLAG-MKP-M-CS-trunc, respectively.

For the expression plasmid of the mouse MKP-1, the coding region of the
mouse MKP-1 cDNA was amplified by RT-PCR using the primer pair CGAC
GCGTATGGTGATGGAGGTGGGCATCC and CGACGCGTTAAATAAAT
AAGGACCAGCTCC from total RNA isolated from J774.1 cells and inserted
into the Miul site of the expression plasmid pEFBOS-FLAG to yield pEFBOS-
FLAG/MKP-1.

The C258S mutation in the phosphatase catalytic domain was constructed by
recombinant PCR using four primers: CGACGCGTATGGTGATGGAGGTG
GGCATCC, GGAGATGCCGGCCTGGCTATGAAC, CGACGCGTTAAAT
AAATAAGGACCAGCTCC, and AGAGTGTTTGTTCATAGCCAGGCC.
The PCR product carrying the nucleotide substitution was cloned into the Miul
site of pEFBOS-Myc to yield pEFBOS-Myc/MKP-1-CS. The one-nucleotide
substitution (from TGC to AGC) was confirmed by nucleotide sequencing.

The Myc-tagged expression plasmids for M3/6, pcDNA3-M3/6, and its CS
mutant, cDNA3-M3/6-CS, have been previously described (25).

For the expression plasmids of MAPKs, the coding regions of mouse ERK2,
JNK2, and p38a were amplified by RT-PCR from total RNA isolated from
J774.1 and inserted with the N-terminal HA tag into a mammalian expression
vector, pcDNA3 (Invitrogen, Carlsbad, Calif.), to yield pcDNA3-HA/ERK2,
pcDNA3-HA/JNK2, and pcDNA3-HA/p38a, respectively.

The structures of all plasmid constructs were verified by restriction enzyme
mapping and nucleotide sequencing.

MKP-M expression in E. coli. For bacterial expression of MKP-M, open
reading frames (ORFs) of MKP-M were subcloned into pGEX5X2 (Amersham
Pharmacia Biotech, Inc.) as follows. For the generation of pGEX5X2-MKP-M
full WT and pGEX5X2-MKP-M full CS, full-length MKP-M c¢cDNA was ampli-
fied by PCR using the primer pair CGGGATCCCCATGGCCCATGAGAT
GATTGG and GCGTCGACTATTTTTTGTGAACAGGAAACA with pBS-
MKP-M full or pPEFBOSFLAG-MKP-M-CS as a template, respectively. The
PCR products were inserted into the BamHI and Sall sites of pGEX5X2. For the
generation of pGEX5X2-MKP-M trunc WT and pGEX5X2-MKP-M trunc CS,
PCR was performed using the primer pair CGGGATCCCCATGGCCCATGA
GATGATTGG and GCGTCGACTAGTTGGTCCCATCCAGTGTGG with
pBS-MKP-M full or pPEFBOSFLAG-MKP-M-CS as a template. The PCR prod-
ucts were inserted into the BarmHI and Sall sites of pGEX5X2. The four plas-
mids generated, pGEX5X2-MKP-M full WT, pGEX5X2-MKP-M full CS,
pGEX5X2-MKP-M trunc WT, and pGEX5X2-MKP-M trunc CS, were used to
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transform E. coli strain BL21 (Stratagene). Preparation of the GST fusion pro-
teins was performed as previously described (38).

Phosphatase activity. Each GST-MKP-M fusion protein was assayed for in-
trinsic phosphatase activity as previously described (28) with minor modifica-
tions. Briefly, various amounts of GST-MKP-M fusion proteins were incubated
for 1 h at 30°C in a reaction volume of 200 pl containing 20 mM pNPP and 50
mM imidazole (pH 7.5) (both from Sigma Chemical Co.). The reaction was
stopped by the addition of 800 pl of 0.25N NaOH, and pNPP hydrolysis was
measured by absorbance at 410 nm.

Transient transfection. Cells were plated onto 60-mm-diameter plates at 10°
cells/plate on the day before transfection. Combinations of expression plasmid
DNAs (6 pg total per plate) were transfected using Lipofectamine (Gibco BRL)
according to the manufacturer’s instructions. Cells were harvested 48 h later with
phosphate-buffered saline and used for further analyses.

Northern blot analysis. Total cellular RNA was extracted using Trizol reagent
(Gibco BRL) according to the manufacturer’s instructions. Aliquots (20 pg) of
the total RNA were fractionated on a 1% agarose gel containing 20 mM mor-
pholinepropanesulfonic acid (MOPS), 5 mM sodium acetate, ] mM EDTA (pH
7.0), and 6% (vol/vol) formaldehyde and transferred to a nylon membrane. After
UV cross-linking, membranes were soaked in prehybridization solution (6X SSC,
5X Denhardt’s reagent, 0.5% SDS, 100 mg of denatured salmon sperm DNA per
ml, and 50% formamide) for 3 h at 42°C, followed by incubation with a 3?P-
labeled probe in hybridization solution (6X SSC, 0.5% SDS, 100 mg of dena-
tured salmon sperm DNA per ml, and 50% formamide) for 14 h at 42°C. The
membranes were washed in 2X SSC-0.1% SDS for 10 min twice at room
temperature and in 0.1X SSC-0.1% SDS for 10 min twice at 50°C and were
exposed to RX-U films (Fuji Film). For MKP-M gene expression, a 220-bp
MKP-M cDNA fragment encoding amino acids 297 to 373, which is not homol-
ogous with any reported protein, was prepared by PCR from pBS-MKP-M full
and used as a probe. For MKP-1 gene expression, a 679-bp mouse MKP-1 cDNA
fragment encoding amino acids 272 to 367 and including 392 bp of the 3’
untranslated region was prepared by RT-PCR from J774.1 mRNA and used as
a probe. For PAC-1 gene expression, a 564-bp mouse PAC-1 cDNA fragment
encoding amino acids 290 to 318 and including 495 bp of the 3" untranslated
region was prepared by RT-PCR from J774.1 mRNA and used as a probe. For
M3/6 gene expression, the 2.0-kb insert of pcDNA3-M3/6 containing the whole
OREF was cut out with KpnI and BamHI and used as a probe. For B-actin mRNA
detection, mouse B-actin cDNA containing the whole ORF was prepared by
RT-PCR and used as a probe.

Immunoblotting. Cells were lysed in PLC buffer (50 mM HEPES [pH 7.0], 150
mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl,, 1 mM EGTA, 100
mM NaF, 10 mM NaPP;, 1 mM Na;VO,, 1 mM phenylmethylsulfonyl fluoride,
10 pg of aprotinin per ml, 10 pg of leupeptin per ml) at 10°® cells/ml. The lysates
were separated on SDS-polyacrylamide gels and electrotransferred to Immo-
bilon polyvinylidene difluoride membranes (Millipore Corporation, Bedford,
Mass.). The membranes were blocked for 2 h in 2% bovine serum albumin—
TBST (TBST is 20 mM Tris-HCI [pH 7.6], 0.15 M sodium chloride, and 0.1%
Tween 20), incubated for 1 h with primary antibodies in TBST, washed three
times with TBST, and incubated for 1 h with horseradish peroxidase-conjugated
anti-mouse or -rabbit immunoglobulin (Amersham Pharmacia Biotech) diluted
1:10,000 in TBST. After three washes in TBST, the blot was developed with the
enhanced chemiluminescence system (Amersham Pharmacia Biotech) according
to the manufacturer’s instructions.

Immunoprecipitation. The cell lysates were incubated with the indicated an-
tibody for 2 h at 4°C, followed by incubation with protein A-Sepharose beads
(Amersham Pharmacia Biotech) for an additional 1 h. The beads were washed
three times in PLC lysis buffer and then suspended in SDS sample buffer heated
at 95°C for 5 min. The eluted proteins were applied to SDS-polyacrylamide gels,
and proteins were detected by Western blotting.

Immune complex kinase assay. Cell lysates (107 cells/sample) were incubated
with 0.4 ug of antibody for 2 h at 4°C, followed by incubation with protein
A-Sepharose beads for additional 1 h. The beads were washed three times in
PLC lysis buffer and then once in kinase buffer (20 mM Tris-HCI [pH 7.4], 20
mM MgCl,, 2 mM EGTA, 0.5 mM sodium vanadate, 10 mM B-glycerophos-
phate, and 1 mM dithiothreitol). The kinase reaction was initiated by the addi-
tion of 40 pl of kinase buffer with 20 uM ATP, 5 p.Ci of [y->?P]ATP, and 0.5 pg
of myelin basic protein (Sigma Chemical Co.) for ERK, GST-c-Jun(5-89) (37)
for INK, or GST-ATF2(1-109) (37) for p38 MAPK and was allowed to proceed
for 20 min at 30°C. The reaction was terminated by the addition of 2X SDS
sample buffer. Samples were boiled and resolved by SDS-polyacrylamide gel
electrophoresis, and the fixed gel was exposed to an X-ray film.

Immunocytochemical analysis. COS7 cells were transfected with pEFBOS-
FLAG/MKP-M or pEFBOS-FLAG-MKP-M-trunc using Lipofectamine as de-
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scribed above. After the cells were fixed with formaldehyde, immunohistochem-
istry was performed using monoclonal anti-FLAG M2 antibody followed by
fluorescein isothiocyanate-conjugated rat anti-mouse immunoglobulin secondary
antibody as previously described (37). For RAW264.7 cells, analysis was per-
formed using affinity-purified anti-MKP-M antibody followed by fluorescein iso-
thiocyanate-conjugated goat anti-rabbit immunoglobulin secondary antibody.
Confocal microscopic analyses were performed using MRC-1024 (Bio-Rad Lab-
oratories, Hercules, Calif.).

ELISA. RAW264.7 cells (5 X 10° cells/ml) were incubated for 8 h with or
without 1 ng of LPS per ml. Cell culture supernatants were collected, and levels
of murine TNF-a were quantitated using a commercial enzyme-linked immu-
nosorbent assay (ELISA) kit (TECHNE Corporation, Minneapolis, Minn.) ac-
cording to the manufacturer’s instructions.

Nucleotide sequence accession numbers. The GenBank/EMBL accession
numbers for the sequences determined in this study are as follow: MKP-M Al,
AF345951; MKP-M A2, AF345952; MKP-M BI1, AF345953; MKP-M B2,
AF345954.

RESULTS

Identification of the cDNA encoding a novel DSP. In an
attempt to identify a new MKP in mouse macrophages, we
screened a cDNA library prepared from a mouse macrophage
cell line, J774.1, using the mouse MKP-1 cDNA encoding the
N-terminal domain as the probe by washing under nonstrin-
gent conditions (see Materials and Methods). Preliminary se-
quence analyses of isolated clones indicated that one partial
cDNA clone contained the consensus sequence for the DSPs.
Full-length cDNA clones were subsequently obtained by 5'-
RACE. We refer to the protein encoded by this cDNA as
MKP-M, for MKP isolated from macrophages.

In the full-length cDNA clones obtained, an in-frame termi-
nation codon was identified in the predicted 5" untranslated
sequence, and a termination codon was found prior to the
predicted 3" untranslated region. The ORF encodes a 677-
amino-acid protein. Computer-assisted sequence analysis of
the MKP-M protein demonstrated the presence of an N-ter-
minal rhodanase homology domain, the extended active-site
sequence motif (V/L)X(V/I)HCXAG(I/V)SRSXT(I/V)XXAY
(L/T)M (where X is any amino acid) that is conserved in DSPs,
and a C-terminal PEST sequence (Fig. 1A). Comparison of
this sequence with the GenBank/EMBL data bank revealed
significant homology with other members of the DSP family.
Direct comparison between MKP-M and its closest homo-
logue, M3/6, showed 53% identity.

During the course of cloning, we additionally identified
three presumed splice variant isoforms of MKP-M (Fig. 1B)
and subsequently named the originally isolated isoform
MKP-M Al. A variant mRNA isoform termed A2 has a 165-
base deletion in the N-terminal region and is presumed to
encode a 622-amino-acid protein. Another variant, termed B1,
has a 966-base deletion and encodes a 355-amino-acid protein.
The B2 isoform includes both deletions and encodes a 300-
amino-acid protein (Fig. 1B). All three of these mRNA vari-
ants encode the extended active-site sequence motif. When the
cDNAs encompassing these mRNA isoforms were cloned in
frame into a FLAG-tagged expression vector, only the Al and
B1 isoforms expressed detectable amounts of proteins in tran-
sient-expression assays (Fig. 1C).

To establish that MKP-M possesses endogenous catalytic
activity, we expressed the full-length MKP-M Al isoform as a
GST fusion protein in E. coli and tested its phosphatase activity
using pNPP as a substrate (Fig. 1D). Increasing the concen-
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FIG. 1. Molecular cloning of MKP-M. (A) Deduced amino acid
sequence of MKP-M (Al mRNA isoform). The extended active site
conserved among DSPs is underlined. The rhodanase homology do-
main is marked by a dotted line. The putative PEST sequence is double
underlined. (B) Schematic presentation of the MKP-M mRNA iso-
forms. The ORFs are indicated by open squares. The 5" and 3’ un-
translated regions are indicated by black lines. RHOD, rhodanase
homology domain; aa, amino acids. (C) Protein expression of MKP-M
mRNA isoforms. The coding regions of four MKP-M mRNA isoforms
were cloned into the pEFBOS-FLAG vector and transiently expressed
in COS7 cells. Western blotting was performed by using anti-FLAG
monoclonal antibody. Protein bands A and C represent full-length
products of the Al and Bl mRNA isoforms, respectively. Band B is a
possible degradation product of Al. Numbers on the left are molecular
masses in kilodaltons. (D) In vitro measurement of MKP-M phospha-
tase activity. Full-length or C-terminally truncated wild-type or cata-
lytically inactive mutant MKP-M was subcloned into pGEX5X2. GST
fusion proteins were expressed in E. coli, and purified proteins were
analyzed for their phosphatase activities as described in Materials and
Methods. OD, optical density.

tration of GST-MKP-M resulted in a linear rise in pNPP
hydrolysis, indicating that MKP-M has endogenous phospha-
tase activity.

Tissue distribution of MKP-M gene expression. Northern
blot analysis was performed on total RNAs isolated from var-
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FIG. 2. Tissue distribution of MKP-M. Total RNAs (20 g each)
from various mouse tissues were hybridized with an MKP-M cDNA
probe as described in Materials and Methods. The membrane was
stripped and reprobed with a mouse p-actin cDNA.

ious mouse tissues using an MKP-M probe (Fig. 2). A domi-
nant transcript of ~5.5 kb was detected in every tissue exam-
ined, with higher expression observed in kidney, heart, and
testis. Using various parts of the MKP-M cDNA as probes, we
confirmed that the dominant transcript represents the Al
mRNA isoform (data not shown).

Regulation of MKP-M gene expression in a mouse macro-
phage cell line, RAW264.7. RAW264.7 is a well-established
mouse macrophage cell line known to respond to various stim-
uli (37). To determine the effects of LPS and various cytokines
on the MKP-M mRNA expression, RAW264.7 cells were
treated for 2 h with LPS, IL-15, IL-2, IL-1B, IFN-y, TNF-«, or
synthetic lipid A and total RNAs were isolated. Using a probe
from the cDNA sequence coding the C-terminal domain of
MKP-M, which is not homologous to any other MKP family
proteins, we detected an MKP-M mRNA increase after LPS or
synthetic lipid A stimulation but not after IL-2, IL-1B, IL-15,
IFN-v, or TNF-« stimulation (Fig. 3). The same RNA samples
were also analyzed for the expression of the genes for other
MKP-M members, i.e., MKP-1, PAC-1, and M3/6. The MKP-1
mRNA level was increased in response to IL-18, TNF-a,
IFN-y, IL-15, IL-2, LPS, and synthetic lipid A. PAC-1 gene
expression was induced by IL-18, IFN-y, LPS, and lipid A.
Gene expression of M3/6, which is most homologous to
MKP-M among the DSP members, was barely detectable in
RAW?264.7 cells, consistent with a previous report that M3/6
mRNA expression is rather specific to neuronal cells (54).
M3/6 mRNA, however, was increased only with LPS and lipid
A, similar to the case for MKP-M gene expression. We used
synthetic lipid A to rule out possible contamination in the
commercial grade of LPS, as has been previously reported
(22). These data indicated that unlike the case for some other
MKPs, gene expression of MKP-M, along with that of its ho-
mologue M3/6, is specifically induced by LPS in the RAW264.7
cell line. We observed very similar patterns of MKP-M gene
expression in another mouse macrophage cell line, J774.1, and
in mouse peritoneal macrophages (data not shown). In LPS-
stimulated RAW264.7 cells, the MKP-M mRNA increase was
first detected at 1 h and rapidly reached the maximal level by
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FIG. 3. LPS induces MKP-M gene expression in a mouse macro-
phage cell line. RAW264.7 cells were left untreated (unstim) or treated
for 2 h with LPS (1 pg/ml), IL-15 (10 ng/ml), IL-2 (10 ng/ml), IL-1B (10
ng/ml), IFN-y (10 ng/ml), TNF-a (10 ng/ml), or synthetic lipid A (1
pg/ml). Total RNA was extracted for Northern blot analysis using a
32P-labeled MKP-M cDNA probe. The same blot was stripped and
rehybridized with a mouse MKP-1, PAC-1, or M3/6 cDNA probe. A
picture of the ethidium bromide (Et-Br)-stained gel is also shown.

2 h (data not shown). MKP-M expression stayed highly ele-
vated for up to 24 h.

Activation of p38 MAPK, but not ERK, is necessary for
LPS-mediated MKP-M mRNA induction. LPS stimulation of
macrophages is known to activate MAPK pathways, including
those of ERK, JNK, and p38 MAPK (17-19, 32, 45, 51). To
investigate the mechanisms of MKP-M mRNA upregulation,
RAW264.7 cells were pretreated with a specific inhibitor of the
ERK (PD98059) or p38 MAPK (SB208530) pathway, followed
by stimulation with LPS. We confirmed that pretreatment with
PD98059 and SB208530 effectively suppressed the LPS-medi-
ated activation of ERK and p38 MAPK, respectively, in a
dose-dependent manner (Fig. 4A). Pretreatment with SB208530
inhibited the MKP-M mRNA increase in a dose-dependent
manner (Fig. 4A), suggesting that p38 activation is involved in
MKP-M mRNA upregulation by LPS. Unexpectedly, PD98059
treatment enhanced the increase in MKP-M mRNA mediated
by LPS (Fig. 4A). On the other hand, pretreatment with di-
coumarol, a known JNK inhibitor (10, 34), did not inhibit the
LPS-mediated MKP-M mRNA increase (Fig. 4B), indicating
that JNK activation may not be involved in the MKP-M
mRNA upregulation by LPS. However, as dicoumarol could
not completely inhibit the JNK activation (Fig. 4B), we could
not rule out the possibility that a low-level activation of JNK is
involved in the MKP-M mRNA increase mediated by LPS.

To further elucidate the role of MAPK pathways in MKP-M
gene expression in macrophages, we treated RAW264.7 cells
with anisomycin, a potent activator of JNK and p38 MAPK
(20), or with PMA, which activates ERKs but not JNK or p38
MAPK in RAW264.7 cells (1, 11). As shown in Fig. 4C, the
MKP-M mRNA level was significantly increased in response to
anisomycin stimulation, whereas the MKP-M mRNA increase
induced by PMA was marginal. In contrast, PMA potently
increased the gene expression of both MKP-1 and PAC-1 (Fig.
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FIG. 4. The p38 MAPK pathway, but not the ERK pathway, is
important for LPS-mediated MKP-M mRNA upregulation in
RAW264.7 cells. (A) RAW264.7 cells were pretreated with a series of
concentrations of either PD98059 or SB208530 for 30 min, followed by
2 h of stimulation with 1 pg of LPS per ml. Total RNAs (20 ug each)
were extracted for Northern blot analysis using a **P-labeled MKP-M
cDNA probe. A picture of the ethidium bromide (EtBr)-stained gel is
also shown. For in vitro kinase assays for ERK and p38, RAW264.7
cells were pretreated with a series of concentrations of either PD98059
or SB208530 for 30 min, followed by 30 min of stimulation with 1 pg
of LPS per ml. ERK or p38 was immunoprecipitated with specific
antibodies and assayed for kinase activity as described in Materials and
Methods. (B) RAW264.7 cells were pretreated with a series of con-
centrations of dicoumarol for 30 min, followed by 2 h of stimulation
with 1 pg of LPS per ml. Total RNAs (20 g each) were extracted for
Northern blot analysis using a **P-labeled MKP-M ¢DNA probe. A
picture of the ethidium bromide-stained gel is also shown. For the in
vitro kinase assay for JNK1, RAW264.7 cells were pretreated with a
series of concentrations of dicoumarol for 30 min, followed by 30 min
of stimulation with 1 pg of LPS per ml. INK1 was immunoprecipitated
with its specific antibody and assayed for kinase activity as described in
Materials and Methods. (C) RAW264.7 cells were untreated (unstim)
or treated with LPS (1 pg/ml), anisomycin (Aniso) (1 pg/ml), or PMA
(100 nM) for 2 h. Extracted total RNAs were analyzed as described for
panel A.

i1

4C). These results indicate that p38 MAPKSs, but not ERKs,
play important roles in the gene induction of MKP-M in mac-
rophages.

Analysis of MKP-M protein expression levels in RAW264.7
cells. A polyclonal antibody against MKP-M was prepared by
immunizing rabbits with a GST-MKP-M fusion protein en-
compassing amino acids 297 to 373 of MKP-M. This region of
MKP-M is not homologous to any other known phosphatases
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FIG. 5. Analysis of MKP-M protein expression levels in RAW264.7
cells after LPS treatment. RAW264.7 cells were stimulated with LPS (1
wg/ml) for the indicated times. Whole-cell lysates (50 pg each) were
prepared and analyzed for MKP-M protein expression by using the
affinity-purified anti-MKP-M polyclonal antibody. As a control, the
same set of cell lysates were examined for JNK1 expression levels using
the anti-JNK1 polyclonal antibody.

as determined by a database search. The antiserum was affinity
purified through an antigen-conjugated column and used for
Western blot analyses. RAW264.7 cells constitutively ex-
pressed an 80-kDa MKP-M protein (Fig. 5). After LPS stim-
ulation, the MKP-M protein level started to increase at 2 h and
became significantly elevated by 24 h. This result was consis-
tent with the mRNA data and demonstrated that LPS could
increase MKP-M expression at both the mRNA and protein
levels in RAW264.7 cells.

MKP-M selectively inactivates JNK. As most DSPs specifi-
cally dephosphorylate MAPKs, we presumed that MKP-M
functions as an MKP. In order to examine whether MKP-M
could inactivate MAPKSs in intact cells, we cotransfected the
expression plasmid for each HA-tagged MAPK (p42ERK2,
p54-JINK2, or p38a) together with pEFBOS-FLAG-MKP-M in
COS7 cells. To obtain a clear impression of the relative effec-
tiveness of MKP-M in inactivation of each MAPK, cells were
transfected with a range of plasmid concentrations (0.01 to 1.0
pg/plate) of pEFBOS-FLAG-MKP-M. These concentrations
were chosen to give a reproducible dose-dependent increase in
the levels of immunodetectable MKP-M protein, while the
expression of each MAPK was unchanged (Fig. 6A). Epider-
mal growth factor (EGF) stimulation was used for ERK2 and
p38a. As EGF did not effectively activate JNK2 in COS7 cells,
UV irradiation was used for the JNK2 assay. Using this ap-
proach, EGF-stimulated ERK2 and p38a activation was inhib-
ited by ~50% when cells were transfected with 1 ug of MKP-M
plasmid (Fig. 6A). On the other hand, the same amount of
MKP-M plasmid reduced UV-stimulated JNK2 activation by
~90%, and 50% inactivation of JNK2 could be achieved with
less than 0.1 pg of MKP-M plasmid.

As a control, we also examined the substrate specificity of
M3/6, the closest homologue of MKP-M, in the same cell
system (Fig. 6B). Consistent with previous reports (25, 44),
M3/6 effectively inactivated both p38a and JNK2 (slightly
more effectively for p38a), whereas it did not effectively inac-
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FIG. 6. MKP-M selectively inactivates JNK. (A) COS7 cells were
transiently transfected with 1 ug of pcDNA3-HA-ERK2, -JNK2, or
-p38a, along with increasing amounts of pPEFBOS-FLAG-MKPM. An
empty vector, pEFBOS-FLAG, was also added so that the total
amount of plasmids was 2 pg for each transfection. At 48 h after
transfection, the cells were treated with either 100 ng of EGF per ml
or 400 J of UV per m? for 30 min. Total cell lysates were prepared, and
MAPK was immunoprecipitated with anti-HA antibody. MAPK enzy-
matic activity was assessed by phosphorylation of 0.5 g of myelin basic
protein (ERK2), GST—c-Jun(5-89), or GST-ATF(21-109). The auto-
radiogram shows phosphorylated substrate proteins following separa-
tion by SDS-polyacrylamide gel electrophoresis and is representative
of three identical experiments. The amounts of expressed proteins
were assessed by Western blotting with either anti-FLAG or anti-HA
antibody. Following drying of the gel, substrate bands were excised for
counting with a scintillation counter. The relative MAPK activity with
increasing amounts of MKP-M expression plasmid is shown as a graph.
The stimulated kinase activity without MKP-M expression is defined as
100. (B) The same experiment as for panel A was performed for M3/6
using increasing amounts of pcDNA3-M3/6 and the empty vector,
pcDNA3. The amount of exogenously expressed M3/6 was detected
using anti-Myc antibody.

tivate ERK2. Together, these data suggested that MKP-M
displayed significant selectivity toward JNK2 compared with
ERK?2 or p38a.

MKP-M subcellular localization. In order to study the sub-
cellular localization of exogenously expressed MKP-M, FLAG-
tagged MKP-M was transiently expressed in COS7 cells and
immunostaining was performed with anti-FLAG antibody. As
shown in Fig. 7A, FLAG-tagged MKP-M was detected only in
the cell cytoplasm. No staining was obtained with the same
antibody when the cells were transfected with the vector alone,
confirming the specificity of the immunostaining. Also, no cell
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FIG. 7. MKP-M localizes to the cell cytoplasm. (A) The localiza-
tion of the exogenously expressed FLAG-tagged MKP-M or C-termi-
nally truncated version of MKP-M (MKP-M term) in COS7 cells was
visualized by immunofluorescence with anti-FLAG or control anti-
body. (B) The localization of endogenous MKP-M in RAW264.7 cells
was visualized by immunofluorescence with anti-MKP-M or preim-
mune antibody. Ig, immunoglobulin.

compartment was stained with the control antibody. When the
C-terminally truncated mutant was expressed in COS7 cells, it
was also detected in the cell cytoplasm, suggesting that the
C-terminal domain was not important for the cytoplasmic lo-
calization of MKP-M (Fig. 7A). We further studied the local-
ization of the endogenous MKP-M by using the affinity-puri-
fied anti-MKP-M polyclonal antibody. As shown in Fig. 7B,
this antibody specifically detected the endogenous MKP-M in
the cytoplasm of RAW264.7 cells. The cytoplasmic distribution
of MKP-M did not change after LPS treatment of the cells
(data not shown).

MKP-M is involved in the regulation of LPS-stimulated
JNK activity. It has been reported that the cysteine in the
extended active-site sequence is absolutely necessary for the
enzymatic activity of DSPs (43). Thus, in order to make a
catalytically inactive mutant of MKP-M, we replaced cysteine
244 in the extended active-site sequence of MKP-M with serine
and overexpressed this mutant along with HA-tagged JNK2 in
RAW264.7 cells. The full-length MKP-M containing this CS
substitution did not contain endogenous phosphatase activity
(Fig. 1D). Although the overexpression of this mutant did not
significantly change the basal JNK activity, LPS-mediated JNK
activity was moderately increased at 30 min and remained
significantly elevated at 6 h in the presence of the mutant
MKP-M, indicating that this C244S mutant of MKP-M func-
tioned in a dominant-negative fashion (Fig. 8A). We also over-
expressed CS mutants of M3/6 and MKP-1 in RAW264.7 cells.
These mutants were also confirmed to be catalytically inactive
by in vitro phosphatase assays (data not shown). In contrast to
the MKP-M CS mutant, these mutant phosphatases did not
significantly affect the LPS-induced JNK2 activation, although
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their expression levels were comparable to that of the MKP-M
CS mutant (Fig. 8A).

We further tried to establish a RAW264.7 cell line stably
expressing the wild-type MKP-M and its dominant-negative
mutant. We found it difficult to obtain a cell line stably ex-
pressing the full-length MKP-M protein, probably due to the
instability of the protein caused by the presence of the C-
terminal PEST sequence. Thus, we made an expression plas-
mid of the C-terminally truncated versions of both the wild
type and the C244S mutant of MKP-M. We confirmed that the
C-terminally truncated wild-type MKP-M contained endoge-
nous phosphatase activity in vitro, while its CS mutant did not
(Fig. 1D). Using these expression plasmids, we obtained
RAW264.7 cells stably expressing the C-terminally truncated
MKP-Ms. We analyzed three independent clones for each
transfectant, and the result for a typical clone is shown in Fig.
8B. The wild-type MKP-M transfectants showed significantly
lower JNK activity both before and after LPS stimulation. On
the other hand, the catalytically inactive MKP-M transfectants
showed basal JNK activity similar to that of the empty vector
transfectants. However, at 30 min after LPS stimulation, JNK
activity in these transfectants was approximately 2 times higher
than that in the empty vector-transfected cell lines.

Furthermore, we examined the effects of the MKP-M CS
mutant on the kinetics of JNK activation in LPS-stimulated
macrophages (Fig. 8C). In the empty vector-transfected
RAW264.7 cells, JNK activity started to decrease by 4 h and
was down to the basal level by 6 h after the LPS stimulation. In
contrast, when the cells stably expressing the C244S MKP-M
mutant were treated with LPS, the JNK activity remained
highly elevated at least until 6 h after the LPS stimulation.
Together, these data revealed that MKP-M may not be in-
volved in maintaining the basal JNK activity but is involved in
downregulating the extent and, more significantly, the duration
of JNK activity after LPS stimulation.

Expression of a catalytically inactive MKP-M mutant en-
hances LPS-mediated TNF-a secretion from RAW264.7 cells.
It has been reported that JNK activation plays an important
role in the production of cytokines such as TNF-a, IL-1, and
IL-6 (39), all of which are potent activators of inflammation
caused by LPS. To examine the roles of MKP-M in LPS-
mediated cytokine production, TNF-a production from
RAW264.7 cell lines stably transfected with vector alone, C-
terminally truncated wild-type MKP-M, or the C244S mutant
was measured by ELISA after 12 h of LPS stimulation. Three
independent clones were examined for each group. As shown
in Fig. 8D, a significant increase of TNF-a production was
detected in the culture supernatants of the MKP-M CS cell
lines compared with that of the empty vector transfectants. In
contrast, TNF-a production from wild-type MKP-M transfec-
tants was significantly lower than that from the empty vector
transfectants. These results indicate that MKP-M negatively
regulates TNF-a production in macrophages by inactivating
JNK after LPS stimulation.

DISCUSSION

In this paper, we have reported the molecular cloning and
characterization of a novel DSP termed MKP-M from a mouse
macrophage cDNA library. MKP-M is localized in the cyto-
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FIG. 8. Expression of a catalytically inactive MKP-M enhances the magnitude and the duration of LPS-mediated JNK activation in RAW264.7
cells. (A) COS7 cells were transiently transfected with 1 pg of pPEFBOS-FLAG/MKP-M CS, 1 pg of pcDNA3-M3/6, 0.2 pg of pEFBOS-Myc/
MKP-1 CS (to adjust the amount of protein expression) plus 0.8 pg of pEFBOS-Myc, or 1 pg of the empty vector (EV) (pEFBOS-Myc), along
with 1 ug of pcDNA3-HA/INK2. At 48 h after the transfection, protein expression of MKPs and HA-JNK2 was examined with anti-Myc or anti-HA
antibody, respectively. At 48 h after the transfection, the cells were left untreated or stimulated with 1 pg of LPS per ml for 30 min or 6 h. Cell
lysates were then prepared, and HA-JNK2 was immunoprecipitated with anti-HA antibody. JNK enzymatic activity was measured by using
GST—c-Jun(5-89) as the substrate. The experiment was done with three independent clones for each group, and a typical result is shown. (B)
RAW264.7 cells stably transfected with pcDNA3.1(+)-MKP-M CS trunc, pcDNA3.1(+)-MKP-M WT trunc, or pcDNA3.1(+) were untreated or
stimulated with 1 pg of LPS per ml for 30 min. Endogenous JNK1 was immunoprecipitated with anti-JNK1 antibody, and the JNK activity was
measured as described for panel A. Protein expression of the exogenous MKP-M was measured with anti-FLAG antibody. As a control, tyrosine
phosphorylation of p38 was measured with the phospho-specific anti-p38 antibody. (C) RAW264.7 cells stably transfected with pcDNA3.1(+)-
MKP-M CS trunc or pcDNA3.1 were untreated or stimulated with 1 pg of LPS per ml for the indicated times. Endogenous JNKI was
immunoprecipitated with anti-JNK1 antibody, and the JNK1 kinase activity was measured as described for panel A. (D) RAW264.7 cells stably
transfected with pcDNA3.1(+)-MKP-M CS term, pcDNA3.1(+)-MKP-M wild type trunc, or pcDNA3.1 were untreated or stimulated with 1 ng
of LPS per ml for 12 h. The TNF-a concentrations in the culture supernatants were measured by ELISA. Three independent clones were examined
for each group. The assay of each clone was done in triplicate, and the averages and standard deviations are shown.

plasm and preferentially deactivates JNK among the three
subsets of MAPKSs. In macrophages, LPS stimulation induced
MKP-M mRNA expression at least partly through p38 MAPK
activation. The expression of a dominant-negative mutant of
MKP-M in macrophages enhanced LPS-stimulated JNK acti-
vation in both transient and stable expression systems, suggest-
ing that MKP-M is involved in the downregulation of JNK
activity in macrophages after LPS stimulation.

DSPs form a family of proteins characterized by a highly
homologous catalytic domain and selectively dephosphorylate
MAPKSs (27). They play important roles in the maintenance of
cellular functions, because dysregulation of MAPKs can be

detrimental to cells. Comparison of the primary sequence of
MKP-M with those of related DSPs revealed an extended
active-site sequence motif, (V/L)X(V/[)HCXAG(I/V)SRSXT
(UV)XXAY(L/T)M (where X is any amino acid) that appeared
to be a hallmark of this family of proteins. Additional areas of
homology included a rhodanase homology domain in the N-
terminal region, which may play a role in defining substrate
specificity or serve as a recruiting site for other proteins (29).
In addition, the presence of a proline-rich carboxyl extension
in MKP-M is interesting. Although it is not conserved among
most DSP family proteins, this extension is homologous with
those of a mammalian DSP, hVH-5 (or M3/6 for its mouse
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version) (35, 54), and a Caenorhabditis elegans tyrosine phos-
phatase, VHP-1. Although the biological significance of this
extension in MKP-M remains obscure, it contains a putative
PEST sequence, KLCQFSPVQEVSEQSPETSPD (Fig. 1A).
An abundance of proline (P), glutamate (E), serine (S), and
threonine (T) residues is commonly found in the most rapidly
degraded eukaryotic proteins, and the half-lives of proteins
containing PEST sequences are frequently less than 1 h (48).
Thus, the putative PEST sequence may be utilized as signals
for rapid degradation of MKP-M. As the MKP-M mRNA level
in macrophages is rapidly increased by LPS stimulation but
remains elevated for at least 24 h (data not shown), the tem-
poral abundance of MKP-M may be regulated at both the
mRNA and protein levels. Consistently, a C-terminally trun-
cated version of MKP-M without the PEST sequence was
easily expressed at much higher levels than the full-length
version in stable transfection of macrophages. Interestingly,
hVH-5 also contains PEST sequences in the homologous pro-
line-rich extension (35).

Other than the predominantly expressed mRNA isoform
(A1), we identified three additional mRNA variants (A2, B1,
and B2), which are probably produced by alternative splicing.
The mRNA levels for these variants were significantly lower
than that for the major mRNA isoform (A1), as Northern blot
analysis revealed a dominant mRNA band that was confirmed
to be the Al isoform. In transient-transfection assays, only one
of the three variants (B1) produced a stable protein of 45 kDa.
As this putative short form of MKP-M protein does not con-
tain the portion of the protein used to make the polyclonal
antibody, we could not confirm the endogenous expression
level of this 45-kDa protein. Although the MKP-M B1 protein
lacks the C-terminal portion of the phosphatase domain and
may not encode an active phosphatase, it contains an extended
active-site sequence motif. The significance of these alternative
spliced forms of MKP-M remains unknown.

The major form of MKP-M mRNA (A1) encodes an active
MKP of 80 kDa. In cells, MKP-M displayed substrate selectiv-
ity for JINK2 compared with ERK2 and p38a. This substrate
selectivity of MKP-M (JNK >> ERK = p38) is unique and is
different from those of MKP-1 (also called hVH1 or CL100)
(p38 > JNK > ERK) (13), MKP-3 (also called PYST1) (14,
41) and MKP-4 (ERK > JNK = p38) (42), MKP-2 (also called
hVH-2 or TYP-1) (ERK = JNK > p38) (9), MKP-5 (p38 =
JNK > ERK) (52, 53), or PAC-1 (ERK = p38 > JNK) (9).
Interestingly, it is somewhat similar to that of hVH-5 and M3/6
(p38 = JNK > ERK) (25), to which MKP-M is most homol-
ogous. It has recently been reported that the RILPHLYL se-
quence in the N-terminal domains of hVH-5 and M3/6, which
shares significant homology with the JNK-binding site of c-Jun
protein (called the delta domain), is important for the ability of
these phosphatases to dephosphorylate JNK (25). Although
the ILP and L(Y/F)LG elements of this motif occur in all
known mammalian DSPs, the presence of the N-terminal ar-
ginine, which is unique to hVH-5 and M3/6, makes this se-
quence conform to the delta domain consensus known to be
critical for binding to JNK. Like hVH5 and M3/6, MKP-M
contains arginine in the N-terminal position of this motif. As
substrate binding to some DSPs is accompanied by catalytic
activation through the stabilization of the active phosphatase
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conformation (5, 12), this delta domain-like motif may con-
tribute to the selective JNK dephosphorylation by MKP-M.

It seems unreasonable that both hVH-5 (or M3/6) and
MKP-M are localized mainly in the cell cytoplasm, considering
that JNK efficiently phosphorylates several transcription fac-
tors and was reported to translocate to the nucleus in response
to UV or hypoxia (26, 40). However, others have found that
JNK constitutively exists in both cytoplasm and nuclei and can
be activated without evident nuclear translocation at least by
gamma irradiation (8). More recently it has been reported that
activated JNK translocates to mitochondria and interacts with
an antiapoptotic protein, Bel-x; (30). Therefore, it seems rea-
sonable to speculate that controlling JNK activity in the cyto-
plasm is essential for some of the physiological functions of
JNK.

An interesting feature of many DSPs is their tight and rapid
transcriptional induction by growth factors and/or cellular
stresses. Indeed, MKP-1 was first identified as an immediate-
early gene rapidly induced by mitogens, heat shock, or oxida-
tive stress (7, 28). Other DSP genes also undergo transcrip-
tional upregulation in response to various stimuli (4). In many
instances, induction of each DSP gene seems to be specific to
given stimuli (4). In mouse macrophage cell lines, a small
amount of MKP-M mRNA was constitutively expressed. The
amount of MKP-M mRNA significantly increased in response
to LPS stimulation but not in response to IL-1B, TNF-a,
IFN-y, IL-15, or IL-2 stimulation. In contrast, MKP-1 mRNA
responded to all of these cytokines, and PAC-1 mRNA re-
sponded to IL-1B and IFN-y stimulation in addition to LPS
stimulation. Interestingly, the mRNA level of M3/6, the closest
homologue of MKP-M, also increased in response to LPS and
lipid A stimulation but not in response to cytokine stimulation,
indicating that M3/6 and MKP-M may share similar transcrip-
tional control elements. The mRNA expression level of M3/6,
however, seemed rather low in macrophages.

LPS-stimulated MKP-M mRNA induction seemed to be
independent of ERK activation and to be mediated at least
partly by the activation of the p38 MAPK pathway, as treat-
ment with SB208530, a specific inhibitor of p38 activation,
successfully inhibited the MKP-M mRNA increase after LPS
stimulation, suggesting that ERK activation may have an in-
hibitory effect on MKP-M gene expression. In RAW264.7 cells,
p38 MAPK is strongly activated by LPS treatment but only
weakly activated by IL-1B, TNF-«, IFN-vy, IL-2, or IL-15 treat-
ment (data not shown). Thus, we speculate that this LPS-
specific response of MKP-M transcription may be due to its
dependence on p38 MAPK activation. We presume that sig-
nificant involvement of JNK in MKP-M transcriptional induc-
tion is unlikely, as dicoumarol, which partially inhibited LPS-
mediated JNK activation, did not significantly affect MKP-M
mRNA induction (Fig. 4B). However, as dicoumarol could not
inhibit the JNK activation completely and no other powerful
and specific JNK inhibitor was available, we could not rule out
the possibility that a low-level activation of JNK is involved in
the MKP-M mRNA increase mediated by LPS. On the other
hand, the expression of the MKP-1 gene is dependent on the
activation of ERK in CCL39 cells (3) or of JNK in NIH 3T3
cells (2). PAC-1 gene expression was reported to be dependent
on ERK activation in T cells (15). These reports are consistent
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with our finding that both MKP-1 and PAC-1 are responsive to
different sets of stimuli than is MKP-M.

LPS, a cell wall component of gram-negative bacteria, is a
complex glycolipid composed of a hydrophilic polysaccharide
region and a hydrophobic domain known as lipid A that is
responsible for most of the biological functions of LPS (49).
LPS stimulates host cells to produce endogenous mediators,
including bioactive lipids (e.g., platelet-activating factor and
thromboxane A2), reduced oxygen species (e.g., NO), and, in
particular, cytokines such as IL-1, IL-6, IFN-vy, and TNF-a
(49). It activates a transcriptional factor, NF-kB (33, 55), and
MAPKs, including ERKs (17, 32), JNKs (18, 51), and p38
MAPKs (19, 45). On the other hand, these responses have to
be carefully regulated, as excessive and long-lasting inflamma-
tion often causes tissue damages. Thus, it is important to un-
derstand the mechanisms by which the JNK activity is regu-
lated in macrophages in response to bacterial components such
as LPS.

Proximally, JNKSs are activated by the dual-specificity MKKs
4 and 7, which in turn are activated by the MEK kinases. MEK
kinase 1 has recently been reported to be essential for JINK
activation in embryonic stem cells (58). In spite of these up-
stream kinases, JNK activation in macrophages after stimula-
tion with LPS is a temporary process even in the continued
presence of activating stimuli, indicating that the duration of
JNK activity also provides important control mechanisms for
LPS-induced inflammatory responses. However, the exact
mechanisms of JNK deactivation after LPS stimulation have
remained unknown.

Our results showed that the expression of a dominant-neg-
ative form of MKP-M increased both the magnitude and du-
ration of JNK activity induced by LPS stimulation in a mouse
macrophage cell line. It also decreased TNF-a secretion in-
duced by LPS (Fig. 8D). These findings indicate that MKP-M,
the transcription of which is induced by LPS, plays an impor-
tant role in the JNK deactivation process in LPS-treated mac-
rophages. It was rather surprising, as other MAPKs (at least
MKP-1 and PAC-1) are also induced by LPS in these types of
cells. However, in contrast to MKP-M, most of the other MKP
members dephosphorylate ERKSs or p38 MAPKs more prefer-
entially, and M3/6, which is structurally related to MKP-M and
preferentially dephosphorylates JNKs, is specifically expressed
in brain, lung, and heart in adult mice (54). In fact, the expres-
sion of the catalytically inactive mutants of MKP-1 or M3/6 in
RAW264.7 cells did not have significant effects on LPS-medi-
ated JNK activation (Fig. 8A).

In summary, these observations provide evidence that
MKP-M, a newly identified MKP protein, specifically dephos-
phorylates JNK and plays an important role in regulating the
LPS-mediated JNK activity and cytokine production in mac-
rophages. MKP-M may become a new therapeutic target for
the control of inflammatory responses caused by bacterial in-
fection.
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