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Inducible nitric-oxide (NO) synthase (iNOS) plays a critical
role in the eradication of intracellular pathogens. However, the
excessive production of NO by iNOS has also been implicated in
the pathogenesis of septic shock syndrome. Previously, we have
demonstrated that mice deficient in mitogen-activated protein
kinase phosphatase-1 (MKP-1) exhibit exaggerated inflamma-
tory responses and rapidly succumb to lipopolysaccharide
(LPS). In response to LPS, MKP-1~"~ mice produce greater
amounts of inflammatory cytokines and NO than do wild-type
mice, and the MKP-1~"" mice exhibit severe hypotension. To
understand the molecular basis for the increase in NO produc-
tion, we studied the role of MKP-1 in the regulation of iNOS
expression. We found that LPS challenge elicited a stronger
iNOS induction in MKP-1 knock-out mice than in wild-type
mice. Likewise, LPS treatment also resulted in greater iNOS
expression in macrophages from MKP-1~"~ mice than in mac-
rophages from wild-type mice. Both accelerated gene transcrip-
tion and enhanced mRNA stability contribute to the increases in
iNOS expression in LPS-stimulated MKP-1~"" macrophages.
We found that STAT-1, a transcription factor known to mediate
iNOS induction by interferon-vy, was more potently activated by
LPS in MKP-1""~ macrophages than in wild-type cells.
MicroRNA array analysis indicated that microRNA (miR)-155
expression was increased in MKP-I-deficient macrophages
compared with wild-type macrophages. Transfection of miR-
155 attenuated the expression of Suppressor of Cytokine Signal
(SOCS)-1 and enhanced the expression of iNOS. Our results
suggest that MKP-1 may negatively regulate iNOS expression by
controlling the expression of miR-155 and consequently the
STAT pathway via SOCS-1.

Nitric oxide (NO) plays an important role in the immune
defense against microbial pathogens (1). In response to bacte-
rial infection, tissue resident macrophages are activated via
pathways mediated by Toll-like receptors and serve as the first
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line of host defense by engulfment of bacterial pathogens
through phagocytosis (2). Once the microbial pathogens are
ingested, macrophages can produce a variety of toxic products,
including NO, that kill the engulfed microorganisms. NO is
produced by the high-output inducible NO synthase (iNOS)?
during microbial infection (1, 2). Certain microbial pathogens
have developed strategies to circumvent this killing by macro-
phages (3). Because these pathogens can actually propagate in
the phagosomes of macrophages, they are shielded from the
effects of antibodies and complement. The adaptive immune
cells, particularly T},-1 lymphocytes, can boost the antimicro-
bial activity of macrophages by interacting with the infected
macrophages and producing cytokines such as interferon-y
(IFN-1). Such interaction robustly enhances the production of
NO and reactive oxygen species as well as proinflammatory
cytokines in macrophages (4). It has been shown that priming
primary resident macrophages with IFN-y synergistically
enhances the induction of iNOS by LPS, leading to a dramatic
increase in NO production (2, 4, 5). IFN-y acts on macrophages
by activating the signal transduction cascade mediated by Janus
tyrosine kinase and the signal transducer and activator of tran-
scription (STAT) family of transcription factors. Previous stud-
ies have demonstrated that STAT-1 is critical for the induction
of iNOS by IFN-v in macrophages (6, 7). In addition to the
microbicidal function, NO also acts as a potent vasodilator,
facilitating the mobilization of antibodies and effector leuko-
cytes into the site of infection (1). Although NO production is
crucial for host defense, overzealous release of NO can disrupt
the circulatory system and cause shock and ischemic injury to
vital organs, leading to multi-organ failure (8). In the United
States septic shock accounts for ~250,000 deaths annually
(9, 10).

Previously, we have identified mitogen-activated protein
(MAP) kinase phosphatase-1 (MKP-1) as a crucial negative reg-
ulator of the inflammatory response during bacterial infection

3The abbreviations used are: iNOS, inducible nitric-oxide synthase; LPS,
lipopolysaccharide; STAT, signal transducers and activators of transcrip-
tion; TNF, tumor necrosis factor; IL, interleukin; IFN, interferon; UTR,
untranslated region; MAP, mitogen-activated protein; MKP, MAP kinase
phosphatase; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-ter-
minal kinase; SOCS, suppressor of cytokine signaling; miR, microRNA;
siRNA, small interfering RNA; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; DTT, dithiothreitol.
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(11-15). We have shown that MKP-1 acts as a negative feed-
back control regulator for p38 and JNK MAP kinases. By
dephosphorylating these MAP kinases, the inducible MKP-1
protein terminates the p38 and JNK pathways in a delayed man-
ner and switches off the inflammatory cascade. MKP-1-defi-
cient mice exhibit substantially enhanced inflammatory
responses (14-16). They produce dramatically greater
amounts of inflammatory cytokines than do wild-type mice
when challenged with endotoxin and promptly succumb to
severe hypotension and shock. The severe hypotension and
vasodilatory shock in MKP-1-deficient mice were consistent
with the observation that they had substantially elevated NO
levels in their blood after endotoxin challenge (14). We have
since studied the effects of MKP-1 on iNOS induction during
the innate immune response to endotoxin. We found that iNOS
expression was dramatically enhanced in MKP-I-deficient
mice (16). In this report we describe studies on the mechanisms
responsible for the dramatic increases in iNOS expression in
MKP-1-deficient mice. Our studies suggest that MKP-1 regu-
lates iNOS expression through post-transcriptional mRNA sta-
bilization and transcriptional induction mediated by the STAT
signaling pathway.

EXPERIMENTAL PROCEDURES

Animals—MKP-1""" and MKP-1~"" mice were described
previously (13, 14, 17). All animal experiments were carried out
in accordance with the guidelines of the National Institutes of
Health. The experimental protocols were approved by the Insti-
tutional Animal Care and Use Committee of the Research Insti-
tute at Nationwide Children’s Hospital.

Isolation and Treatment of Murine Peritoneal Macrophages—
Resident and thioglycollate-elicited peritoneal macrophages
were isolated from mice by peritoneal lavage as previously
described (14). The macrophages were cultured overnight in
complete medium before being stimulated with 100 ng/ml LPS
(Escherichia coli O55:B55; Calbiochem).

Western Blotting and Immunoprecipitation—Western blot
analyses were carried out as previously described (11). To
extract protein from tissues, murine lung and liver tissues were
weighed and homogenized in ice-cold tissue homogenizing
buffer as previously described (15). The homogenates were
placed on ice for 15 min and then centrifuged at 15,000 rpm for
20 min at 4 °C. Supernatant was collected, and protein concen-
trations were determined before separation by electrophoresis.
iNOS protein levels in cells or tissues were determined by
Western blot analysis using a rabbit polyclonal antibody pur-
chased from BD Transduction Laboratories. Phosphorylated
p38, INK, ERK, and STAT-1 (Tyr701) were detected using rab-
bit polyclonal phosphor-specific antibodies from Cell Signaling
Technology (Beverly, MA). Rabbit polyclonal antibody against
phospho-STAT-3 (Tyr-705) and mouse monoclonal antibody
against total STAT-1 were purchased from BD Transduction
Laboratories. The rabbit polyclonal antibody against total
STAT-3 was purchased from Cell Signaling Technology. Total
p38 or B-actin levels were determined using a mouse mono-
clonal antibody against total p38 (Santa Cruz Biotechnology,
Santa Cruz, CA) or against B-actin (Sigma), respectively. Total
ERK2 and JNK1 were detected using a mouse monoclonal anti-
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body against total ERK2 (BD Transduction Laboratories) or a
rabbit polyclonal antibody against JNK1 (Santa Cruz Biotech-
nology), respectively.

Immunoprecipitation was carried out essentially as de-
scribed previously (18). Briefly, soluble proteins were
extracted from RAW264.7 cells stably transfected with an
empty vector, a vector expressing MKP-1 cDNA, or MKP-1
siRNA described previously (11, 12). To precipitate Suppressor
of Cytokine Signaling (SOCS)-1 protein, 5 ug of anti-SOCS-1
antibody (MBL International Co., Woburn, MA) was incubated
with 2 mg of soluble cell lysate protein for 2 h at 4 °C. The
mixtures were then incubated with 20 ul of protein G-Sepha-
rose beads at 4 °C overnight on a rotator. The-Sepharose beads
were recovered by centrifugation at 2500 X g for 10 s, and the
supernatant was removed. The beads were washed 5 times with
ice-cold lysis buffer. The proteins precipitated by the antibody
were then resolved by SDS-polyacrylamide gel electrophoresis
using 12% NuPAGE gels (Invitrogen). The amount of SOCS-1
in the immunoprecipitates was assessed by Western blot anal-
ysis using a biotin-labeled anti-SOCS-1 antibody purchased
from MBL International Co.

Northern Blot and MicroRNA Microarray—Total RNA was
isolated with TRIzol (Invitrogen). Northern blot analysis was
carried out using a mouse iNOS cDNA as a probe as previously
described (11, 12). The membrane was stripped and reprobed
with 18 S rRNA or GAPDH cDNA to normalize for RNA load-
ing. Quantitative analysis of mRNA expression was performed
with a Storm 860 system and ImageQuant TL software (Amer-
sham Biosciences).

Micro-RNA expression profiling on arrays were performed
as described in detail elsewhere (19). To examine the effect of
MKP-1 on miR-155 expression by Northern blot analysis, total
RNA was either isolated from stably transfected RAW264.7
cells that harbor an empty vector, a vector expressing MKP-1
siRNA, or a vector expressing MKP-1 ¢cDNA (11, 12). Alterna-
tively, total RNA was isolated from wild-type or MKP-1~"~
primary peritoneal macrophages. Total RNA (20 ug) was sepa-
rated by electrophoresis on a 12% denaturing urea polyacrylam-
ide gel. RNA was transferred onto Hybond N+ membranes
(Amersham Biosciences) using a Trans-blot cell (Bio-Rad).
RNA was cross-linked to the membrane using UV irradiation.
The antisense miR-155 and U6 probes were labeled with
[a->*P]dATP using StarFire Nucleic Acid Labeling System
(IDT, Coralville, IA). The membrane was hybridized overnight
at 37 °Cinasolution containing 7% SDS and 200 mm Na,HPO,,
pH 7.2. After washing 3 times at 37 °C in a solution containing
2X saline/sodium phosphate/EDTA and 0.1% SDS, the mem-
brane was exposed to a phosphorimaging screen at room tem-
perature for 1 h. The same membrane was stripped and rehy-
bridized with a probe for the small nuclear RNA U6 for
normalization.

Quantitative Real-time PCR—Lungs and livers isolated from
MKP-1*"" or MKP-1""" mice after challenge with LPS (E. coli
0127:B8) at a dose of 1.5 mg/kg body weight were homogenized
in TRIzol to isolate total RNA. Total RNA was then digested
with RNase-free DNase I (Promega, Madison, W1I) for 30 min at
37°C. RNA was further purified with RNeasy MinElute
Cleanup Kit from Qiagen (Valencia, CA). First-strand cDNA
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was synthesized with 2 ug of total RNA using Moloney murine
leukemia virus reverse transcriptase (Promega). Quantitative
real-time PCR assays were performed in triplicate using SYBR
Green master mix (Superarray, Frederick, MD) on an Applied
Biosystems Model 7700 instrument (Foster City, CA). All
assays were performed with the comparative threshold cycle
(AC;) method, and all data were normalized to an internal
standard, GAPDH. iNOS expression levels were assayed using
primers and parameters described previously (20). The primers
used for assessing GAPDH expression were 5'-CCAGGTTGT-
CTCCTGCGACT-3" and 5'-ATACCAGGAAATGAGC-
TTGACAAAGT-3'.

iNOS mRNA Stability Assay—Thioglycollate-elicited perito-
neal macrophages from MKP-1*"" and MKP-1""" mice were
stimulated with LPS (100 ng/ml) for a given time followed by
treatment with the transcription blocker actinomycin D (5
pg/ml) for different periods of time. Total RNA was isolated
from the cells for Northern blot analysis. To examine the effect
of p38 on iNOS mRNA stability, thioglycollate-elicited perito-
neal macrophages from MKP-1~"" mice were stimulated with
LPS (100 ng/ml) for 23 h followed by treatment with 10 um
S$B203580 for 1 h. iNOS mRNA decay was then analyzed.

Electrophoretic Mobility Shift Assay— Thioglycollate-elicited
peritoneal macrophages were treated with LPS (100 ng/ml) for
different periods of time. Cells were harvested and lysed in a
sucrose buffer containing 0.32 M sucrose, 10 mm Tris-HCI, pH
8.0, 3 mm CaCl,, 2 mm MgOAc, 0.1 mm EDTA, 0.5% Nonidet
P-40, 1 mMm DTT, and 0.5 mm phenylmethylsulfonyl fluoride.
The nuclei were recovered by centrifugation for 5 min at 500 X
g at 4°C, washed once with sucrose buffer, and then resus-
pended in a hypotonic buffer (20 mm HEPES, pH 7.9, 1.5 mm
MgCl,, 20 mm KCl, 0.2 mm EDTA, 25% glycerol (v/v), 0.5 mm
DTT, and 0.5 mm phenylmethylsulfonyl fluoride). A hypertonic
buffer (20 mm HEPES, pH 7.9, 1.5 mm MgCl,, 800 mm KCl, 0.2
mMm EDTA, 25% glycerol (v/v), 1% Nonidet P-40, 0.5 mm DTT,
0.5 mm phenylmethylsulfonyl fluoride, and 4.0 pg/ml leupep-
tin, aprotinin, and pepstatin) was added slowly to extract
nuclear proteins. Protein concentrations of the nuclear extracts
were determined using the Bio-Rad protein assay kit. DNA
binding assays were performed in a binding buffer containing
50 mm Tris-HCI, pH 8.0, 750 mm KCI, 2.5 mm EDTA, 0.5%Tri-
ton X-100, 62.5% glycerol (v/v), 1 mm DTT, 2 mg poly(dI-dC), 2
ng of *’P-labeled double-stranded oligonucleotide, and
nuclear extract that contained 5 ug of protein. Binding reac-
tion mixtures were prepared on ice, incubated in room tem-
perature for 30 min, and then resolved on 4% polyacrylamide
gels in 0.5X Tris borate-EDTA. Oligonucleotides for ele-
ctrophoretic mobility shift assay were as follows: NF-«B
(wild-type), 5'-AGTTGAGGGGACTTTCCCAGGC-3'; NF-kB
(mutant)m 5'-AGTTGAGGCGACTTTCCCAGGC-3'".

Nuclear Run-on Assay—Thioglycollate-elicited peritoneal
macrophages were stimulated with LPS (100 ng/ml) for differ-
ent periods of time and harvested in phosphate-buffered saline.
Cells were lysed in lysis buffer (10 mm Tris-HCI, pH 7.4, 10 mm
NaCl, 3 mm MgCl,, 0.5% Nonidet P-40) and centrifuged at
500 X g for 5 min to recover the nuclei. Nuclei were resus-
pended in nuclei storage buffer (50 mm Tris-HCI, pH 8.5, 40%
glycerol (v/v), 5 mm MgCl,, 0.1 mm EDTA) and stored at
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—80 °C. Transcription reactions were resumed by incubating
the nuclei (purified from 5 X 10° cells) with 50 uCi of
[a-*?P]JUTP in a buffer (25 mm HEPES, pH 7.5, 2.5 mm MgCl,,
2.5 mm DTT, 75 mm KCl, 5% glycerol, 2.8 mm ATP, 2.8 mm
GTP, and 2.8 mm CTP) at room temperature for 20 min. The
reaction was stopped by adding 2 units of DNase [ and incubat-
ing at 37 °C for 10 min followed by a 2-h incubation at 45 °C in
a digestion mixture containing 4.3 mm Tris-HCI, pH 8.0, 0.86%
SDS, 3 M urea, 0.15 M NaCl, 0.43 mm EDTA, 300 ug of protein-
ase I, and 100 ug of tRNA (Roche Applied Science). RNA was
extracted using phenol:chloroform:isoamyl alcohol (25:24:1)
and precipitated with 100% ethanol. Murine iNOS, TNF-q,
IL-6, IL-18, and B-actin cDNA fragments were excised from
IMAGE clones purchased from Invitrogen and dot-blotted
onto nitrocellulose filters. Radiolabeled RNA was hybridized
with 5 ug of filter-bond cDNA at 42 °C for at least 72 h in
hybridization buffer (50% formamide, 6X SSC (1X SSC =
0.15 M NaCl and 0.015 M sodium citrate), 10X Denhardt’s solu-
tion, and 0.2% SDS) using standard molecular biology tech-
niques (21). The hybridized signals were quantitated using a
Storm system and ImageQuant TL software. The signal of a
given gene was normalized to that of B-actin, and the ratio was
used as a surrogate for gene transcription rate.

Luciferase Reporter Assays—Two oligonucleotides (5'-CTA-
GAGAAATAATAAGGCGCCCCCACTTAATGCTGCGGC-
ACAGCGGCAGCCGG-3' and 5'-CTAGAGAAATAATAA-
GGCGCCCCCACTTAATGCTGGGCACAGCGGCAGC-
CGG-3') corresponding a region containing a putative miR-155
target site at the 3'-untranslated region (UTR) of murine
SOCS-1 mRNA were synthesized. They were annealed and
cloned into the Xbal site of the luciferase reporter pGL3-con-
trol vector (Promega). The Xbal site is located downstream of
the luciferase open reading frame. The orientation of the inser-
tion was confirmed by sequencing. When expressed, this
reporter construct will produce a luciferase reporter mRNA
harboring a SOCS-1-derived putative miR-155 targeting
sequence at the 3'-UTR. This reporter (0.2 ug) was co-trans-
fected with different concentrations of miR-155 together with a
Renilla luciferase reporter (10 ng) into HEK293 cells using
FuGENE 6 transfection reagent (Roche Applied Science).
Assays were performed 24 h after transfection using the dual
luciferase reporter assay system (Promega), as previously
described (22). Firefly luciferase activity was normalized to
Renilla luciferase activity. The experiments were performed
three times in six replicates each. Statistical differences were
determined using Student’s ¢ test.

RESULTS

Upon LPS Challenge, MKP-1 Knock-out Mice Exhibit Pro-
foundly Greater MAP Kinase Activities and iNOS Expression
Than Do Wild-type Mice—NO is an important mediator in host
defense during microbial infection, serving as both a potent
microbicide and a powerful vasodilator. iNOS is the primary
producer of NO during sepsis. We have previously shown that
plasma nitrate levels in MKP-1 knock-out mice were signifi-
cantly higher than those in the wild-type mice when challenged
with LPS (14). To examine the effect of MKP-1 on iNOS induc-
tion in mice after LPS challenge, wild-type and MKP-1 knock-
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FIGURE 1. LPS challenge results in enhanced iNOS induction and greater
MARP kinase activity in MKP-1~/~ mice than in wild-type mice. MKP-17/*
and MKP-1~/~ mice were injected intraperitoneal with LPS (1.5 mg/kg body
weight) and sacrificed 3 or 24 h later. Lung and liver tissues were collected,
and tissue homogenates were analyzed for the levels of iNOS and phospho-
MAP kinases by Western blotting. The membranes were stripped and reblot-
ted with an antibody for B-actin or total MAP kinase as loading controls.
A,iNOS protein levels in the lungs and livers of MKP-1"/* and MKP-1~"" mice
at 24 h post-LPS challenge. B, MAP kinase activities in lung and liver homoge-
nates from MKP-1""" and MKP-1~/~ mice 3 h post-LPS challenge.

out mice were challenged intraperitoneal with either vehicle
(phosphate-buffered saline) or LPS (1.5 mg/kg body weight).
Organs were excised 3 or 24 h post-LPS administration. Protein
levels of iNOS in lung and liver homogenates were examined via
Western blot analysis. iNOS protein was not detectable in
either lung or liver homogenates from vehicle-treated wild-
type or knock-out mice (data not shown). Even 3 h post-LPS
administration, iNOS protein levels were still below the limit of
detection in both lung and liver tissues (data not shown). At
24 h post-LPS challenge, markedly elevated levels of iNOS pro-
tein were observed in the lungs from both wild-type and MKP-1
knock-out mice (Fig. 1A4). Importantly, the lung iNOS protein
levels were substantially higher in the MKP-1 knock-out mice
than in the wild-type mice. Overall, the iNOS protein levels in
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FIGURE 2. MKP-1 knock-out mice exhibit greater iNOS mRNA expression
in both lung and liver in response to LPS challenge than do wild-type
mice. MKP-1"/* and MKP-1~/~ mice were challenged intraperitoneal with
phosphate-buffered saline (0 h) or with LPS (1.5 mg/kg body weight) and
sacrificed 3 or 24 h post-challenge. Total RNA was isolated from the lung and
liver of these animals. Quantitative real-time PCR was carried out to deter-
mine the INOS mRNA levels in tissues. GAPDH mRNA was used as an internal
control for normalization between samples. Values are expressed as -fold
increase relative to the INOS mRNA levels in the lung or liver tissues isolated
from vehicle-treated wild-type mice. Data are presented as the mean = S.E.
(n = 3).*% MKP-1~/~ different from MKP-1"/" at same time point, p < 0.05; #,
different from vehicle-treated mice of the same genotype, p < 0.05. Left, iINOS
mRNA levels in the lungs from MKP-1""" and MKP-1~/" mice. Right, iNOS
mMRNA levels in livers from MKP-1*/* and MKP-1"/" mice.
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the liver tissues were substantially lower than those in the lung
tissues. Nevertheless, significant amounts of iNOS protein were
detected in the livers of MKP-1 knock-out mice 24 h after LPS
challenge, whereas iNOS protein was only barely detectable in
the livers of similarly treated wild-type mice.

The activities of MAP kinases in the mouse tissue homoge-
nates were examined by Western blot analysis using phospho-
specific MAP kinase antibodies. MAP kinase activity was
similar in both the lungs and livers of wild-type and MKP-1
knock-out mice injected with vehicle (data not shown). The
lungs from MKP-1 knock-out mice 3 h post-LPS challenge
exhibited markedly higher p38, JNK, and ERK activities than
did the lungs from similarly treated wild-type mice (Fig. 1B).
The activity of p38 in the livers of MKP-1""" mice 3 h post-LPS
challenge was also higher than that in similarly treated wild-
type mice, whereas no difference in either liver ERK or JNK
activity was detected between wild-type and MKP-1""~ mice
(data not shown). By 24 h post-LPS challenge, the two groups of
mice had similar MAP kinase activities in both lung and liver tis-
sues (data not shown). These results indicate that loss of MKP-1
results in enhanced iNOS induction associated with more robust
and sustained MAP kinase activation after LPS challenge.

To examine the effect of MKP-1 deficiency on iNOS gene
expression, total RNA was isolated from the lungs and livers.
The expression of the iNOS gene was measured by quantitative
real-time PCR. In the lungs iNOS mRNA levels were signifi-
cantly increased after LPS treatment in both wild-type and
MKP-1 knock-out mice (Fig. 2). Although iNOS protein levels
were not detectable at 3 h post-LPS challenge, iNOS mRNA
levels were already increased by 3 h. Importantly, INOS mRNA
levels were higher in the livers and lungs of MKP-1 knock-out
mice than those in the wild-type mice. Moreover, compared
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with wild-type animals, basal iINOS mRNA expression in the
lungs of MKP-1 knock-out mice was significantly higher (p =
0.02). In livers, LPS treatment elicited a substantial increase in
iNOS expression. Compared with wild-type animals, livers
from MKP-1 knock-out mice had a greater expression of iNOS
at both 3 and 24 h. Taken together, these results indicate that
MKP-1 negatively regulates iNOS expression at both the
mRNA and the protein level during the response to LPS.

LPS Elicits a Stronger iNOS Induction in MKP-1-deficient
Macrophages—To understand the mechanism involved in the
regulation of iNOS by MKP-1, we studied iNOS induction
using primary peritoneal macrophages from wild-type and
MKP-1 knock-out mice. Thioglycollate-elicited macrophages
were treated with 100 ng/ml LPS for different periods of time.
The time-course of iNOS mRNA expression was assessed by
Northern blot analysis (Fig. 34). As expected, the levels of INOS
mRNA in unstimulated macrophages were essentially unde-
tectable. Upon LPS stimulation, iNOS mRNA was increased in
both wild-type and MKP-1""" cells; iNOS mRNA became
detectable within 4 h, and the levels were substantially elevated
by 6 h in both wild-type and MKP-1-deficient cells. Further-
more, 6 h post-LPS the iNOS mRNA levels in MKP-1""" cells
were substantially higher than those in the wild-type cells (Fig.
3A). Consistent with the increases in iNOS mRNA levels in the
LPS-stimulated MKP-1~"" macrophages, iNOS protein levels
were also markedly higher in MKP-1-deficient cells than in
wild-type cells (Fig. 3B).

Unlike inflammatory macrophages such as those elicited by
thioglycollate, resident peritoneal macrophages mount a
weaker inflammatory response after stimulation with LPS (4).
To examine how MKP-1 knock-out affects iNOS induction in
resident macrophages, we compared the iNOS induction
between wild-type and MKP-1~"" resident macrophages after
LPS stimulation. The stimulation of wild-type resident macro-
phages with LPS resulted in a weak iNOS expression, as indi-
cated by Western blot analysis (Fig. 3C). iNOS protein was not
detectable at 8 h post-LPS stimulation in wild-type resident
peritoneal macrophages. Although a low level of iNOS can be
seen in these cells 24 h after LPS stimulation, iNOS proteins
became undetectable by 32 h in wild-type resident peritoneal
macrophages. In contrast, LPS stimulation of resident perito-
neal macrophages isolated from MKP-1""" mice resulted in a
robust iNOS expression (Fig. 3C). The expression of iNOS was
detectable at as early as 8 h post-LPS stimulation and reached
substantially higher levels at 24 h that lasted at least to 32 h.

It has been shown that IFN-vy enhances the anti-microbial
activity of macrophages (23) and enhances the induction of
iNOS by LPS in resident macrophages (5). Previously, we have
demonstrated that IFN-+y inhibits MKP-1 expression (14). To
determine the role of MKP-1 in the enhancing effect of IFN-y
on iNOS induction by LPS, we examined the effect of MKP-1
deficiency on iNOS induction (Fig. 3D). As expected, LPS alone
caused a weak and transient induction of iNOS in wild-type
macrophages. Knock-out of the MKP-1 gene significantly
enhanced iNOS induction by LPS in wild-type macrophages.
IFN-v not only substantially enhanced iNOS induction by LPS
in both wild-type and MKP-1~"~ macrophages but also pro-
longed LPS-induced iNOS expression. Taken together these
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FIGURE 3. LPS stimulation results in greater iNOS induction in MKP-1-
deficient peritoneal macrophages than in wild-type cells. A, augmented
iNOS mRNA induction by LPS in thioglycollate-elicited MKP-1-deficient peri-
toneal macrophages. Thioglycollate-elicited peritoneal macrophages were
isolated from MKP-1*/* and MKP-1~/~ mice. Cells were treated with 100
ng/ml LPS for the indicated periods. Northern blot analysis was carried out to
access the expression of iNOS mRNA. post- ribosomal RNA was used as a
loading control. B, more robust iNOS protein increases in MKP-1-deficient
macrophages upon LPS stimulation. Thioglycollate-elicited peritoneal mac-
rophages were treated as in A, and Western blotting was carried out to deter-
mine levels of INOS protein. C, the effect of MKP-1 knock-out on iNOS protein
induction in resident peritoneal macrophages stimulated with LPS. Resident
peritoneal macrophages were stimulated with 100 ng/ml LPS. D, the effect of
IFN-y on iNOS expression in LPS-stimulated wild-type and MKP-1-deficient
resident peritoneal macrophages. Cells were treated with 100 ng/ml LPS and
50 IU/ml IFN-y. iNOS and B-actin levels were assessed by Western blotting.
Results from representative experiments are shown.

results indicate that knock-out of the MKP-1 gene sensitizes
resident macrophages to LPS stimulation. The results suggest
that the signal provided by IFN-vy to enhance LPS-stimulated
iNOS expression is partially activated by the knock-out of the
MKP-1 gene. It is clear that iNOS induction by LPS plus
IFN-vy in wild-type macrophages was stronger than in MKP-
177" macrophages stimulated by LPS alone (Fig. 3D). This
result indicates that IFN-vy enhances LPS-induced iNOS
expression through mechanisms beyond simply inhibiting
MKP-1 expression.

Messenger RNA of iNOS Is More Stable in MKP-1-deficient
Macrophages Than in Wild-type Cells When Stimulated with
LPS—It has been shown that iNOS mRNA stability can be reg-
ulated post-transcriptionally through a INK-mediated pathway
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FIGURE 4. Knock-out of MKP-1 enhances the stability of iNOS mRNA, and inhibition of p38 decreases
iNOS mRNA stability. Thioglycollate-elicited peritoneal macrophages were treated with LPS (100 ng/ml) for
6h(A),24h (B), or 23 h (C), and actinomycin D (5 ng/ml) was added in the medium to inhibit transcription. Total
RNA was isolated at the indicated time points after the addition of actinomycin D (Act D). Northern blot analysis
was used to determine iNOS mRNA levels. Levels of iNOS mRNA were normalized to 18 S, and the quantified
data are presented graphically. A, iNOS mRNA decay assay following 6 h of LPS stimulation. B, INOS mRNA
decay assay after 24 h of LPS stimulation. C, effects of p38 inhibitor on iNOS mRNA stability. MKP-1-deficient
peritoneal macrophages were first stimulated with LPS for 23 h, then treated with SB203580 (5B, 10 um) for 1 h.
Actinomycin D was added thereafter and iNOS mRNA decay was examined. The experiments were performed
at least three times with similar results. Data presented in the panels are from representative experiments.

(24, 25). We and others have recently demonstrated that
MKP-1 deficiency leads to prolonged JNK and p38 activation
(13, 14, 26 -28). Thus, we examined whether the stabilities of
iNOS mRNA were different between macrophages isolated
from wild-type mice and those isolated from MKP-1 knock-out
mice. Peritoneal macrophages were treated with LPS for 6 h and
then exposed to actinomycin D to stop gene transcription and
allow RNA to decay. Total RNA was isolated at various times,
and the INOS mRNA decay was assessed by Northern blotting.
As shown in Fig. 44, iNOS mRNA underwent a more rapid
decay in wild-type macrophages than in MKP-1 knock-out
cells. The half-life of INOS mRNA in wild-type cells was ~3 h.
In contrast, the half-life of iNOS mRNA in MKP-1-deficient
macrophages was estimated to be ~17 h. The difference in half-
lives between the two groups of macrophages was also detected
24 h after LPS, although the half-life of INOS mRNA in MKP-
177" macrophages decreased to ~5.5 h (Fig. 4B). To answer the
question of whether p38 plays a role in the regulation of iNOS
mRNA stability, we first stimulated MKP-1~"" macrophages
with LPS for 23 h and then treated these cells with a pharma-
cological inhibitor of p38, SB203580, for 60 min. The decay of
iNOS mRNA in the presence of the p38 inhibitor was then
examined (Fig. 4C). The presence of p38 inhibitor decreased
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as well as several pro-inflammatory
cytokine genes known to be regu-
lated by MKP-1 were also included
in the experiment. In unstimulated
controls, transcription of iNOS as
well as the cytokine genes was barely
detectable. The transcription rates
of these genes were markedly
enhanced upon LPS stimulation.
The transcription of both iNOS and IL-18 was considerably
more robust in MKP-1~"" macrophages than in wild-type cells,
whereas transcription rates of TNF-a and IL-6 were similar in
the two groups of cells. These studies suggest that MKP-1 reg-
ulates the expression of LPS-induced genes through distinct
mechanisms.

Deletion of MKP-1 Augments LPS-stimulated Tyrosine Phos-
phorylation of STAT-1 and STAT-3 but Has No Effects on
NF-kB Activity—To understand the mechanism involved in the
regulation of iNOS by MKP-1, we studied transcription factors
known to regulate iNOS induction. NF-«B and STAT-1 have
been shown to play pivotal roles in the induction of iNOS (29 —
32). To investigate if MKP-1 deficiency alters the activity of
NEF-kB, thioglycollate-elicited peritoneal macrophages from
both wild-type and MKP-1 knock-out mice were treated with
LPS for different period of time. Nuclear protein was extracted,
and an electrophoretic gel shift assay was performed to assess
the DNA binding abilities of NF-«kB. Upon LPS treatment,
NE-kB binding ability increased in both wild-type and MKP-1
knock-out macrophages (Fig. 6A4). No differences in NF-kB
DNA binding ability were observed between wild-type and
MKP-1 knock-out macrophages either before or after LPS stim-
ulation (Fig. 64). The specificity of the DNA binding activity of
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FIGURE 5. Knock-out of MKP-1 enhances iNOS transcription triggered by
LPS in primary macrophages. Thioglycollate-elicited peritoneal macro-
phages isolated from MKP-1*"" and MKP-1~/~ mice were stimulated with LPS
(100 ng/ml) for the indicated times, and the nuclei were isolated. Gene tran-
scription was resumed by incubating the nuclei with nucleic acids including
[a->2P]UTP to make nascent RNAs as radioactive probes. These probes were
then hybridized with membrane-bound mouse cDNAs corresponding to dif-
ferent genes. The signals of given genes were normalized to that of the
housekeeping gene B-actin. Data are expressed as -fold induction relative to
unstimulated controls (0 h). The experiments were performed twice, with
similar results. Data presented are from a representative experiment.

NEF-kB was confirmed by competition assays, as NF-kB DNA
binding activity was competed by excessive cold oligonucleo-
tides containing a wild-type but not a mutated NF-«B-binding
consensus sequence (Fig. 6B).

IFN-vy is a potent cytokine that interacts synergistically with
LPS to induce transcription of iNOS (33). Because MKP-1 defi-
ciency at least partially alleviated the requirement for [IFN-y for
iNOS induction by LPS in resident peritoneal macrophages
(Fig. 3C), we explored the possibility of a functional interaction
between MKP-1 and the well characterized IFN-vy-regulated
pathway in the regulation of iNOS induction. IFN-vy stimulates
iNOS expression largely through a signal transduction pathway
mediated by the Janus kinase/STAT pathway (34). To under-
stand the molecular mechanisms for the enhanced iNOS induc-
tion in MKP-1-deficient macrophages, we examined STAT
tyrosine phosphorylation in thioglycollate-elicited primary
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FIGURE 6. MKP-1 deficiency leads to more robust STAT-1 and STAT-3 tyro-
sine phosphorylation but has no effect on NF-xB DNA binding activity in
primary macrophages stimulated with LPS. A, NF-«xB DNA binding activity
in wild-type and MKP-1~"~ primary macrophages in response to LPS. Nuclear
protein was isolated from thioglycollate-elicited peritoneal macrophages
stimulated with LPS (100 ng/ml) for the indicated times. A gel shift assay using
the 3?P-labeled consensus NF-«B oligonucleotide probes was utilized to
determine the DNA binding ability of NF-«B. B, specificity of the gel shift
assays. Different concentrations of cold wild-type (wt) or mutant (mut) NF-«B
oligonucleotides were utilized to compete with the radio-labeled NF-xB
probe. C, enhanced STAT-1 and STAT-3 tyrosine phosphorylation upon LPS
stimulation in MKP-1-deficient macrophages. Thioglycollate-elicited perito-
neal macrophages isolated from MKP-1"/* and MKP-1~"~ mice were treated
with 100 ng/ml LPS for the indicated times. Western blotting was carried out
to determine levels of STAT-1 (Tyr-701) and STAT-3 (Tyr-705) phosphoryla-
tion. The blots were striped and blotted with STAT-1, STAT-3, or 3-actin anti-
body. Data shown are from representative experiments.

Cc MKP-1**

peritoneal macrophages (Fig. 6C). Before LPS stimulation,
STAT-1 was not phosphorylated in either wild-type or MKP-1-
deficient macrophages. Upon LPS stimulation, STAT-1 was
phosphorylated at tyrosine 701 within 2 h. This phosphoryla-
tion lasted for at least 24 h in both wild-type and MKP-1-defi-
cient macrophages. Compared with wild-type macrophages,

JOURNAL OF BIOLOGICAL CHEMISTRY 27129



Regulation of iNOS by MKP-1

B MKP-1--

5 & 5 B -niR155

05 A

miR-155 expression
(=Y
1

CTT T R

O MKP-1+/+

suggest that signal transduction
pathways mediated by STATs
rather than NF-«kB are involved in
the enhanced iNOS induction in
MKP-1-deficient macrophages after
LPS challenge.

MKP-1""~ Macrophages Express
Higher Levels of miR-155 Than Do
Wild-type  Macrophages—Recent
studies have demonstrated that
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FIGURE 7. MKP-1 negatively regulates the expression of miR-155. A, miR-155 expression in MKP-
~ macrophages. Thioglycollate-elicited peritoneal macrophages isolated from MKP-1*/* and MKP-
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155 was identified as one of the
microRNAs whose expression was
enhanced by MKP-1 knock-out.
Northern blot analysis confirmed
that miR-155 expression was
enhanced in response to LPS sti-
mulation. Furthermore, miR-155
expression was higher in MKP-1""~
macrophages than in wild-type cells
(Fig. 7A). The effect of MKP-1 on
miR-155 expression was also clearly
seen in RAW?264.7 macrophages
expressing MKP-1 ¢cDNA or small
interfering MKP-1 RNA (siRNA).

1" and

17/~ mice were stimulated with LPS (100 ng/ml) for 4 h, and total RNA was subjected to Northern blot analysis.
U6 small nuclear RNA was used as a loading control for signal normalization. miR-155 expression is presented
in the graph on the right as -fold relative to miR-155 expression level in unstimulated wild-type macrophages.
The graph on the right represents the means * S.E. of the relative miR-155 expression calculated from three
separate experiments. Relative expression was calculated as (miR-155 valueg;yen sample/@verage miR-155 val-
U, samples)/ (U6 Valuey;yen sample/@Verage U6 Value, o, mpies)- * p < 0.05, relative to control; §, p < 0.05, relative
to similarly treated wild-type cells. Data were analyzed using a Student’s t test. B, effects of MKP-1 overexpres-
sion or knock-down on miR-155 induction by LPS in RAW264.7 macrophages. The establishment of RAW264.7
cells harboring an empty vector, a MKP-1 overexpression construct, or a construct expressing a MKP-1 siRNA
were previously described (11, 12). These stable clones were stimulated with LPS (100 ng/ml) or left untreated.
miR-155 expression was examined by Northern blot analysis. The graph underneath the images represents
means = S.E. of the relative miR-155 expression calculated from three experiments. By two-way ANOVA there
was an effect of time (p < 0.05), cell line (p < 0.05) and a statistically significant interaction among these groups

miR-155 expression was induced by
LPS in RAW264.7 harboring a con-
trol plasmid (Fig. 7B). Both the basal
and LPS-induced miR-155 expres-
sion levels were attenuated by over-
expression of MKP-1 ¢cDNA. Com-
pared with RAW264.7 cells carrying
an empty vector, RAW264.7 cells
expressing MKP-1 siRNA produced

(p < 0.05).

tyrosine phosphorylation of STAT-1 in MKP-1-deficient mac-
rophages was substantially greater. Although LPS stimulation
resulted in increases in the STAT-1 protein levels in both MKP-
1~ and wild-type macrophages, no differences in the STAT-1
protein levels were found between these two groups. STAT-3
also underwent phosphorylation at tyrosine 706 upon LPS
stimulation in both genotypes, although STAT-3 phosphoryla-
tion appears to be less robust than that of STAT-1. Neverthe-
less, tyrosine phosphorylation of STAT-3 was also greater in
MKP-1-deficient macrophages than in wild-type cells. The pro-
tein levels of STAT-3 were comparable in both wild-type and
MKP-1""" macrophages and did not change over time. The
fact that tyrosine phosphorylation of STAT-1 and STAT-3 pre-
cede iNOS induction suggests that these transcription factors
may be involved in the dramatic iNOS induction observed in
MKP-1-deficient macrophages. Taken together, our results
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markedly greater levels of miR-155.

To understand the functional sig-

nificance of miR-155 elevation in MKP-1 knock-out cells, we
searched the TargetScan data base for putative miR-155 targets
that potentially could regulate STAT activation and iNOS
induction. SOCS-1 mRNA was found to contain a putative
miR-155 targeting sequence at the 3'-UTR (Fig. 8A4). To address
if MKP-1 was capable of affecting SOCS-1 protein levels,
RAW?264.7 cells expressing MKP-1 cDNA or siRNA were stim-
ulated with 100 ng/ml LPS. SOCS-1 protein levels in these cells
were assessed by immunoprecipitation followed by Western
blot analysis. RAW264.7 cells were chosen because a large
quantity of cells was readily available to overcome the difficulty
in SOCS-1 detection, largely because of the relatively low titer
of the SOCS-1 antibody. SOCS-1 protein level was significantly
increased at 1-h post-LPS stimulation in RAW264.7 cells
expressing MKP-1 cDNA (Fig. 8B). However, the expression of
SOCS-1 was barely detectable during the experimental period
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FIGURE 8. miR-155 attenuates the expression of SOCS-1 and enhances
the expression of iNOS. A, the miR-155 targeting sequence in the 3’-UTR of
murine SOCS-1 mRNA. Paring with miR-155 was also illustrated. B, the effect
of MKP-1 overexpression or knockdown on SOCS-1 expression in LPS-treated
RAW264.7 macrophages. Stable clones of RAW264.7 macrophages express-
ing a MKP-1 cDNA, a MKP-1 siRNA, or carrying an empty vector were stimu-
lated with LPS (100 ng/ml) for the indicated periods. SOCS-1 expression was
assessed by immunoprecipitation followed by Western blotting. C, effects of
miR-155 on a luciferase reporter containing a SOCS-1-derived putative miR-
155 targeting sequence. Luciferase reporter containing a SOCS-1-derived
putative miR-155 targeting sequence together with an internal control
reporter (Renilla luciferase) and different concentrations of miR-155 was
transfected into HEK 293 cells. Luciferase activity was measured 48 h post-
transfection, and values were normalized to Renilla luciferase activity. Data
represent the ratio between the firefly and Renilla luciferase activities. The
striped bar represents a background reading from a promoterless firefly lucif-
erase reporter. Data were presented as means * S.E. of three independent
experiments. D, effect of miR-155 transfection on iNOS induction by LPS in
RAW264.7 macrophages. RAW264.7 cells were transiently transfected with
miR-155 or scramble RNA and then stimulated with LPS (100 ng/ml) 24 h later.
iNOS protein levels in these cells were assessed by Western blotting. Data
shown are from a representative experiment.

in RAW?264.7 cells transfected with an empty vector or express-
ing MKP-1 siRNA. These data indicate that overexpression of
MKP-1 enhances SOCS-1 induction by LPS.

We then examined the mechanism via which miR-155 regu-
lates SOCS-1 expression. Northern blot analysis of SOCS-1
mRNA revealed no significant differences between wild-type
and MKP-1~"" macrophages (data not shown), excluding the
possibility of regulation at the level of transcription or mRNA
stability. Because siRNA often inhibits protein translation
through its potential targeting site without affecting mRNA lev-
els, we cloned the putative miR-155 targeting sequence into a
luciferase reporter and performed reporter assays. Transfec-
tion of a promoter-less luciferase reporter into HEK293 cells
yielded no luciferase activity (Fig. 8C). In contrast, transient
transfection of a functional reporter construct harboring the
miR-155 targeting sequence yielded a substantial level of lucif-
erase activity. Co-transfection of miR-155 resulted in a gradual
decrease in luciferase activity in a dose-dependent manner,
suggesting that the SOCS-1 mRNA-derived miR-155 targeting
sequence is functional, at least in this in vitro assay system. To
assess whether the expression of miR-155 affects iNOS induc-
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tion, RAW264.7 macrophages were transfected with either
miR-155 or a scramble control RNA. Twenty-four hours later
these RAW264.7 cells were stimulated with 100 ng/ml LPS.
After 24 h iNOS protein levels in these cells were assessed.
iNOS induction by LPS was augmented in RAW264.7 cells
transfected with miR-155 compared with RAW?264.7 cells
transfected with the scramble RNA (Fig. 8D), indicating that
miR-155 is capable of regulating iNOS induction by LPS. Taken
together, our results provided a plausible explanation for the
enhanced STAT activation and the more robust iNOS induc-
tion in response to LPS in MKP-1-deficient macrophages.

DISCUSSION

We have previously shown that in response to LPS challenge,
mice deficient in MKP-1 more readily develop severe hypoten-
sion and shock than do MKP-1-sufficient mice (14). To under-
stand the molecular mechanism underlying the increased sen-
sitivity of MKP-1 knock-out mice to endotoxin, we studied the
role of MKP-1 in the induction of iNOS. The induction of iNOS
plays a critical role in the production of NO underlying vasodi-
latory shock. We found that iNOS was more robustly induced
by LPS in MKP-1 knock-out mice than in wild-type mice and
enhanced iNOS induction was associated with elevated activi-
ties of the MAP kinases (Fig. 1). The elevated iNOS expression
after LPS stimulation was detected at the mRNA levels in both
tissues and primary macrophages derived from MKP-1 knock-
out mice (Figs. 2 and 3). Both increased gene transcription (Fig.
5) and enhanced iNOS mRNA stability (Fig. 4) appear to con-
tribute to the elevated iNOS expression in MKP-1-deficient
macrophages. To delineate the mechanism responsible for the
enhanced iNOS induction, we analyzed the molecular events
known to regulate iNOS expression. We found that STAT1
and, to a lesser extent, STAT3 underwent more robust activa-
tion in response to LPS stimulation in MKP-1~"~ macrophages
than in wild-type cells (Fig. 6C), whereas NF-«B activation did
not differ between the two groups of cells (Fig. 6A4). Because
STAT proteins have been shown to play an important role in
the induction of iNOS in macrophages in response to IFN-vy (6,
7), the increases in STAT-1 and STAT-3 activity provide a log-
ical explanation for the dramatic augmentation in iNOS induc-
tion in MKP-1-deficient mice and macrophages.

Enhanced STAT Activation in MKP-1-deficient Macrophages—
STAT transcription factors have been shown to play a critical
role in the regulation of a variety of genes in response to cyto-
kines (37). STAT-1, in particular, is crucial for the induction of
iNOS in macrophages by IFN-vy (6, 7). Previously, we have
shown that priming of resident peritoneal macrophages with
IFN-vy attenuates the induction of MKP-1 by LPS and enhances
the activity of MAP kinases (14). It has been shown previously
that without priming with interferons, resident peritoneal mac-
rophages isolated from naive healthy animals produce very
small quantities of cytokines and express very low levels of
iNOS after LPS stimulation (4, 23). The resident peritoneal
macrophages isolated from the MKP-I1-deficient mice dis-
played more robust inflammatory responses to LPS, expressing
substantial iNOS protein (Fig. 3) and producing considerable
amounts of cytokines (14). These observations suggest that one
important function of IFN-vy priming is to attenuate MKP-1
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expression, thus prolonging the window of MAP kinase activa-
tion and allowing epigenetic changes to occur at the loci of
inflammatory genes, such as iNOS. It is plausible that MKP-1
deletion in the resident macrophages partially alleviates the
requirement for IFN-v, allowing for modest induction of iNOS
in the absence of IFN-vy priming. Given that IFN-y enhances
iNOS expression through a complex mechanism (38), includ-
ing the activation of STAT-mediated iNOS transcription, it is
not surprising that attenuation of MKP-1 expression accounts
for only a part of the mechanism. This notion is supported by
the observation that iNOS expression was greater in wild-type
macrophages stimulated with LPS plus INF-vy than in MKP-
177" macrophages stimulated with LPS alone (Fig. 3D).
Although it is clear that the STAT pathway is augmented in
MKP-1-deficient macrophages, the underlying mechanism is
still unclear. Because STAT-1 is not a substrate for MKP-1 in
vitro (39), the up-regulation of STAT pathways in MKP-1-de-
ficient macrophages is most likely not because of defects in
STAT dephosphorylation. At least two mechanisms could lead
to augmented STAT signaling, and both of these mechanisms
may contribute to the augmented STAT activation. First, it is
well established that MKP-1-deficient macrophages produce
greater quantities of cytokines, including TNF-q, IL-1, IL-6,
and IL-10, after pro-inflammatory stimulation (14, 27, 28, 40).
These cytokines may activate their cognate receptors on the cell
surface in an autocrine manner resulting in activation of the
STAT pathways, either directly or indirectly. It is our opinion
that this mechanism certainly contributes to the augmented
iNOS induction in the MKP-1 knock-out cells and mice. Sec-
ond, the regulatory circuits controlling the STAT pathways
could be altered as a result of MKP-1 deletion. Consistent with
such an intrinsic alteration in the STAT pathway, we found that
miR-155 expression was enhanced in AMKP-1-deficient or
MKP-1-attenuated macrophages (Fig. 7). One potential target
of miR-155 is SOCS-1 mRNA, as it contains a putative miR-
155-targeting sequence in its 3'-UTR (Fig. 8A4). Because miR-
155 is predicted to down-regulate the expression of SOCS-1, we
examined whether MKP-1 deficiency affects SOCS-1 expres-
sion. We found that SOCS-1 mRNA levels were similar in wild-
type and MKP-1-deficient macrophages (data not shown), sug-
gesting that miR-155 does not inhibit SOCS-1 expression
through the promotion of mRNA decay. To investigate the role
of MKP-1 on SOCS-1 protein expression, we took advantage of
the RAW264.7 macrophage cell lines modified to either over-
express or knock down MKP-1 (11, 12). We demonstrated that
RAW?264.7 cells overexpressing MKP-1 exhibited attenuated
miR-155 expression and increased SOCS-1 protein levels, indi-
cating that MKP-1 has the capacity to attenuate SOCS-1
expression. However, we were unable to detect a reliable
SOCS-1 signal in either RAW?264.7 cells expressing MKP-1
siRNA or in primary peritoneal macrophages. This is most
likely because of the relatively low titer of the SOCS-1 antibody
and/or relatively low abundance of SOCS-1 protein in macro-
phages. Because both knockdown and knock-out of MKP-1 are
predicted to result in a further decrease in SOCS-1 protein lev-
els, itis not surprising that SOCS-1 is more difficult to detect in
these cells. However, using a luciferase reporter carrying a puta-
tive miR-155 targeting sequence derived from the 3'-UTR of
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SOCS-1 mRNA, we demonstrated that the putative miR-155
found on the SOCS-1 mRNA was functional. We showed that
miR-155 inhibited the luciferase reporter function through the
SOCS-1 mRNA-derived miR-155 targeting sequence, at least in
this in vitro system (Fig. 7). Furthermore, an increase in iNOS
protein was observed in macrophages transiently transfected
with miR-155 (Fig. 8C). These results suggest that miR-155 may
inhibit the translation of SOCS-1 mRNA, thus weakening the
negative regulatory mechanism that normally restrains the
STAT pathways. In other words, miR-155-mediated down-reg-
ulation of SOCS-1 could be partially responsible for the aug-
mented STAT-1 and STAT-3 activity and for the enhanced
iNOS induction in MKP-1-deficient macrophages. While this
manuscript was in revision, Rudensky and co-workers (41)
demonstrated that the SOCS-1 protein levels were increased in
miR-155-deficient Treg cells compared with wild-type Treg
cells, suggesting that miR-155 targets SOCS-1 in Treg cells.
Their findings are consistent with the model proposed herein.
Interestingly, a very recent study has reported that miR-19 also
down-regulates SOCS-1 expression in human cells (42).

Previously, O’Connell et al. (43) have shown that miR-155 is
highly induced by Toll-like receptor ligands through a mecha-
nism mediated by TNF-a and JNK. We have previously shown
augmentation of [NK activity in MKP-1-deficient macrophages
relative to wild-type macrophages after LPS stimulation (14,
15). We and others have also shown that LPS-induced TNF-«
production is substantially more robust in MKP-1-deficient
macrophages than in wild-type macrophages (14, 27, 28, 40).
After the initial LPS stimulation, MKP-1~"" macrophages will
have greater JNK activity because of the absence of the MKP-
1-mediated negative feedback control mechanism. Moreover,
because these macrophages produce larger quantities of cyto-
kines, such as TNF-q, these cells are also subject to a stronger
secondary stimulation by autocrine cytokines than wild-type
macrophages. Therefore, it is not surprising that miR-155
expression is significantly enhanced in MKP-1-deficient mac-
rophages. Consistent with this model, we found that the
RAW264.7 macrophages that overexpress MKP-1 exhibited a
substantial decrease in miR-155 (Fig. 7B).

Stabilization of iINOS mRNA in MKP-1-deficient Cells—Nu-
merous reports have previously shown that stabilization of
iNOS mRNA contributes to its induction in macrophages (25,
44.—47). INK in particular has been shown to be involved in the
stabilization of iNOS mRNA in macrophages (25). We found
that iNOS mRNA stability was significantly increased in MKP-
1-deficient macrophages (Fig. 4). Furthermore, we found that
pharmacological inhibition of p38 leads to a decrease in iNOS
mRNA half-life in MKP-1-deficient macrophages, suggesting
that the increased iNOS mRNA stability is at least partially
because of the elevated p38 activity in these cells (Fig. 4C). The
mouse INOS mRNAs contain a number of AUUUA elements in
their 3'-UTR. Although JNK and HuR have been implicated in
the stabilization of iNOS (25, 45), our study is the first to impli-
cate MKP-1 and p38 in the regulation of iNOS mRNA stability.
We observed that iNOS mRNA stability changes over time in
MKP-1-deficient macrophages. In these cells INOS mRNA was
more stable at earlier time points than at later time points; e.g.
half-life >16 h at 6 h of post-LPS stimulation versus only 5.5 h at
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24 h of post-LPS stimulation. In contrast, the iNOS mRNA
half-life stayed roughly the same (~3 h) in MKP-1""* macro-
phages at both 6- and 24-h post-LPS stimulation (Fig. 4, A and
B). Perhaps this can be explained by the less effective inactiva-
tion of p38 and JNK in the MKP-1""" cells. Whereas p38 and
JNK activities in LPS-stimulated wild-type macrophages return
quickly to basal levels, the activities of p38 and JNK in MKP-1-
deficient macrophages last significantly longer. As a result,
iNOS is more stable in MKP-1-deficient cells than in wild-type
cells shortly (e.g. 6 h) after LPS stimulation. We speculate that
by 24 h post-LPS addition, the differences in p38 and JNK activ-
ities between the MKP-1""" and MKP-1~"" groups are consid-
erably smaller than at 6 h. This explains the relatively smaller
difference in iNOS mRNA half-life between the MKP-1-suffi-
cient and the MKP-1-deficient macrophages at the later time
point (Fig. 4).

The Substrate Specificity of MKP-1 in Vivo—We and others
have shown that in macrophages the absence of the MKP-1
gene leads to prolonged p38 and JNK activities but has little
effect on the activation kinetics of ERK (14, 27, 28, 40). How-
ever, in this study we found that atleast in the lung, the activities
of all three MAP kinases in the LPS-challenged MKP-1~"" mice
were greater than those in similarly treated wild-type mice (Fig.
1B). This observation raises the question of whether, like p38
and JNK, ERK is also a physiological substrate for MKP-1.
There are several possibilities that could account for this obser-
vation. First, it is possible that MKP-1 could play an important
role in the inactivation of ERK in the lung. In transfection
assays, MKP-1 is effective in inactivating ERK (48, 49), likely
because of the relatively high expression levels in such assays. In
titration assays, it has been clearly shown that p38 and JNK are
the preferred substrates for MKP-1 (50). However, when
MKP-1 expression is high, ERK can also be effectively inacti-
vated (50). It is likely that the expression level of MKP-1 in
primary macrophages is modest compared with transfected
cells, thus enabling us to observe the relative selectivity of
MKP-1 toward p38 and JNK (14). Compared with other tissues,
the expression level of MKP-1 in the lung is considerably higher
(51). In fact, Charles et al. (51) have shown that in adult mice
MKP-1 is expressed predominantly in the lung. The high level
of MKP-1 expression could compensate for the modest enzy-
matic activity toward ERK, making its contribution to ERK
inactivation substantial. The second possibility is that the ele-
vated ERK activity in the lung of MKP-1~"" mice is not because
of the defective inactivation of ERK but rather because of potent
ERK activation secondary to the more robust inflammatory
responses in these knock-out mice. For example, we and several
other laboratories have found that compared with wild-type
mice, MKP-1~"~ mice produce greater quantities of a large
number of cytokines, including TNF-e, IL-6, and IL-10 as well
as many chemokines (14, 27, 28, 40). These MKP-1 knock-out
mice also develop more severe pulmonary edema (14). These
cytokines or physical changes in the lung as the result of pul-
monary edema could, in principle, trigger activation of the
MAP kinase cascades. Finally, we have previously shown that
the MKP-1~"" mice exhibit more robust leukocyte infiltration
than do wild-type mice (14), and this type of change in cellular-
ity in the lung may also lead to signaling changes. Immunobhis-
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tochemical analysis of lung tissues for the phosphorylated MAP
kinases may provide useful information on the molecular
mechanisms underlying the changes in the ERK MAP kinases in
the MKP-1 knock-out mice.
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