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Abstract

Interleukin 1 beta (IL-1p) is a pro-inflammatory cytokine that plays a major role in inflammatory
diseases as well as cancer. The inflammatory response after Toll-like receptor (TLR) 4 activation
is tightly regulated through phosphorylation of MAP kinases, including p38 and JNK pathways.
The activation of MAP kinases is negatively regulated by MAPK phosphatases (MKPs). MKP-1
preferentially dephosphorylates p38 and JNK. IL-1p is regulated through the activation of MAPK,
including p38 as well as several transcription factors. The oxygen-sensitive transcription factor
HIF-1a is a known transcription factor for several inflammatory cytokines including IL-1f and
IL-6. Here, we report that MKP-1 regulates HIF-1a expression in response to LPS. MKP-1
deficient bone marrow derived macrophages (BMDMs) exhibited increased reactive oxygen
species (ROS) production and higher HIF-1a expression. In contrast, the expression of all three
isoforms of prolyl hydroxylases (PHDs), which are important in destabilizing HIF-1a through
hydroxylation, were significantly decreased in MKP-1 deficient BMDMs. LPS challenge of
MKP-1 deficient BMDMs led to a substantial increase in IL-1p production. An inhibitor of
HIF-1a significantly decreased LPS mediated IL-1p production both at the transcript and protein
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levels. Similarly, inhibition of p38 MAP kinase reduced LPS mediated pro-1L-14 and HIF-1a
protein levels as well as ROS production in MKP-1 deficient BMDMs. These findings demonstrate
a regulatory function for MKP-1 in modulating IL-1f expression through p38 activation, ROS
production and HIF-1a expression.
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1. Introduction

In response to pathogen-associated molecular patterns (PAMPS) or danger-associated
molecular patterns (DAMPS) multiple kinase cascades are activated including, mitogen
activated protein kinase(s) (MAPKS) [1]. TLRs recognize microbial infections and initiate
innate immune responses [2]. The response to LPS is mainly orchestrated by the TLR4
receptor. Docking of LPS to TLR4 recruits the adaptor protein MyD88, which initiates
downstream signaling pathways, such as the nuclear factor xB (NF-xB) and mitogen-
activated protein kinases (MAPKSs), including extracellular signal-regulated kinase (ERK),
c-Jun N-terminal kinase (JNK), and p38 [2]. This activates several cytokine including, IL-1f
production. MAPK phosphatases (MKPs) dephosphorylate TXY motifs on MAPKSs and
negatively regulate inflammatory responses. MKP-1, also known as dual specificity
phosphatase (DUSP)-1, preferentially dephosphorylates phospho p38 and phospho JNK [3].
MKP-1 controls the expression of numerous inflammatory genes and transcription factors
through regulation of p38 and JNK.

IL-1B production in response to TLR activation is tightly regulated through several
transcription factors. The oxygen-sensitive hypoxia-inducible factor (HIF)-1a. is a critical
transcriptional regulator for several inflammatory cytokines, including IL-1p and IL-6 [4-6].
During hypoxia, cytosolic HIF-1a is hydroxylated by prolyl-hydroxylases (PHD) providing
a target for polyubiquitination and degradation via the von Hippel-Lindau (VHL) dependent
pathway [7]. In addition to hypoxia, a variety of pathogen-derived molecules and
inflammatory mediators are able to induce HIF-1a expression under normoxic conditions
[6]. Several lines of evidence indicate that TLR4-mediated HIF-1a transcriptional activation
is regulated through reactive oxygen species (ROS) [8-10]. Transactivation of HIF-1a is
mainly controlled by its post-translational modifications, such as hydroxylation,
ubiquitination, acetylation, and phosphorylation. However, it appears that bacterial
endotoxins such as LPS also induce HIF-1a at the transcriptional level [5, 6, 11-13]. The
LPS-mediated signaling cascade leading to accumulation of HIF-1a and IL-1p production is
poorly understood. Activation of several pathways, including P13 kinase, p38 and GSK3
have been proposed to regulate HIF-1a [10, 11, 14-16].

In this report, we investigate the role of MKP-1 in LPS-mediated IL-1f production. Using
BMDMs derived from wild type (WT) and MKP-17/~ mice, we show that MKP-1 deficient
BMDMs exhibit an increased production of IL-1p. This is mechanistically regulated through
lower PHDs expression and higher HIF-1a induction in response to LPS. Furthermore,
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MKP-1 deficient BMDMs exhibit significantly increased mitochondrial and cytoplasmic
ROS production.

2. Materials and Methods

2.1. Chemicals and antibodies

LPS was purchased from Invivogen (San Diego, CA). Phospho-specific antibodies against
the phosphorylated form of ERK1/2, p38, JNK, as well as total ERK1/2, INK, and p-actin
were purchased from Cell Signaling Technology (Beverly, MA). Total p38 antibody was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The IL-1  antibody was
purchased from R&D Systems (Minneapolis, MN). The HIF-1a antibody was purchased
from Bioss Inc (Woburn, MA). Horseradish peroxidase (HRP)-conjugated anti-mouse and
anti-rabbit 1gG secondary antibodies were purchased from Cell Signaling Technology, and
horseradish peroxidase (HRP)-conjugated anti-goat antibody was purchased from Santa
Cruz Biotechnology.

2.2. Mice and Isolation of Bone Marrow Derived Macrophages (BMDMs)

Wild-type (WT) and MKP-1 knockout mice were generated as previously described [17].
Animal studies were approved by the Institutional Committee on Animal Use and Care of
the Research Institute at Nationwide Children’s Hospital. BMDMs from mice were prepared
as described previously [18]. Briefly, femurs and tibias from 6- to 12-week-old mice were
dissected, and the bone marrow was flushed out. Macrophages were cultured with IMDM
media containing glutamine, sodium pyruvate, 10% heat-inactivated fetal FBS, 30% L929
conditioned medium, and antibiotics for 5-7 days. BMDMs were re-plated at a density of
2x106 cells/well the day before the experiment.

2.3. Protein extraction and immunoblotting

After the appropriate treatments, cells were washed with PBS and harvested in RIPA buffer
(Millipore, Billerica, MA) containing protease inhibitor and anti-phosphatase cocktails, as
previously described [19]. Equal amounts of proteins (15 pg) were mixed with the same
volume of 2x sample buffer, separated on 10% SDS-polyacrylamide gel electrophoresis and
transferred to a polyvinylidene di-fluoride (PVVDF) membrane (Bio-Rad, Hercules, CA) at
18V for 1 hour using a semi dry transfer cell (Bio-Rad) as previously described [19]. The
PVDF membrane was blocked with 5% dry milk in TBST (Tris-buffered saline with 0.1%
Tween-20), rinsed, and incubated with primary antibody overnight. The blots were washed
and incubated with HRP-conjugated secondary anti-1gG antibody. Membranes were washed
and immunoreactive bands were visualized using a chemiluminescent substrate (ECL-Plus,
GE Healthcare, Pittsburgh, PA). Images were captured on Hyblot CL film (Denville
Scientific Inc, Metuchen, NJ). Optical density analysis of signals was performed using
ImageQuant software (version 5, GE Healthcare).

2.4. Enzyme linked immunosorbent assay (ELISA)

IL-1B cytokine levels in cell culture supernatants were measured using ELISA DuoKits
(R&D Systems) as previously described [20].
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2.5. Mitochondrial reactive oxygen species measurements

BMDMs were stimulated with LPS (100 ng/mL) in the presence or absence of different
inhibitors, Echinomycin (10 nM), SP600125 (20 uM), or SB203850 (10 uM) for 1 h. To
measure ROS cells were incubated with 5 uM of CM-H2DCFDA (Invitrogen) for
cytoplasmic ROS (cROS) or 1 uM of MitoSOX (Invitrogen) for mitochondrial ROS (MROS)
in the dark for 20 min at 37 °C. BMDMs were washed three times in PBS, and immediately
re-suspended in live cell imaging media (Invitrogen). CM-H2DCFDA Green fluorescence
emission at 530 nm under 495 nm excitation was recorded using a Synergy microplate
reader (Biotek, VT). MitoSOX Red fluorescence emission at 595 nm under 510 nm
excitation was recorded using a microplate reader [18]. Experiments were performed at least
in triplicate. Data presented as relative fluorescence intensity of CM-H2DCFDA or
MitoSOX fluorescence.

2.6. RNA Extraction and Quantitative Reverse Transcriptase/Real Time-PCR

Total RNA was extracted using Stat 60 (I1so-Tex Diagnostics, Pearland, TX) and reverse-
transcribed using the Reverse Transcription System (Promega, Madison, WI). The primers
targeting (IL-1pB, HIF-1a, and a reference gene, GAPDH) were used to amplify the
corresponding cDNA by using iQ SYBR Green Supermix (Invitrogen). Quantitative analysis
of mRNA expression was performed using the MX3000p instrument (Stratagene, La Jolla,
CA). PCR amplification was performed in a total volume of 20 pl containing 2 pl of each
cDNA preparation and 20 pg of primers (Invitrogen). The PCR amplification protocol was
performed as described previously [19]. Relative mRNA levels were calculated after
normalizing to GAPDH. The results were expressed as relative fold of change. The
following primers were used in the PCR reactions: GAPDH, forward (5’-
GTGAACGAGAAGGACTATAACCC-3") and reverse (5'-
GGCTGTGTACCAATGGACTG-3’); IL-1B, forward (5’-
CGCAGCAGCACATCAACAAGAGC-3) and reverse (5"-TGTCCT
CATCCTGGAAGGTCCACG-3"); HIF-1a forward (5"-TCAAGTCAGCAACGTGGAG-3")
and reverse (5"-TATCGAGGCTGTGTCGACG-3); PHD-1 forward (5'-
CCGGAGGAAAAAGCT CGCC-3") and reverse (5"-GGTCCCCAAGTCCACAGTTG-3");
PHD-2 forward (5"-CGC CAAGGTAAGTGGAGGTA-3") and reverse (5'-
TTGCGTACCTTGTGGCGTAT-3"); PHD-3 forward (5’-
TGCGGATATTTCCGGAAGGG-3") and reverse (5’ -CATAGCGTACCTGGT GGCAT-3").

2.7. Statistical analyses

Statistical analyses were performed using SPSS software, version 23.0 (SPSS Inc; Chicago,
IL). One way and two way analysis of variance (ANOVA) test and post hoc repeated
measure comparisons (least significant difference (LSD) was performed to identify
differences between groups. £L/SA results were expressed as mean = SEM. For all analyses
a paired two-tailed Student’s test was performed, and p-values of less than 0.05 were
considered significant.

Cell Signal. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Talwar et al.

3. Results

Page 5

3.1. MKP-1 deficient BMDMs exhibit higher IL-1B production in response to LPS challenge

IL-1B production is tightly regulated at various levels. Here we studied the effect of MKP-1
deficiency on pro-1L-1p expression, IL-1p transcript and released IL-1p. First, BMDMSs
derived from WT and MKP-1~/~ mice were cultured side by side under equal conditions and
challenged with LPS (100 ng/mL) for various time points as indicated. Whole cell lysates
were immunoblotted using an antibody against pro IL-1p and equal loading was determined
using p-actin antibody (Fig. 1A). The mean densitometric analysis is shown in Figure 1B.
MKP-1 deficient macrophages responded to LPS challenge with a significantly higher pro-
IL-1pB expression (more than 2 fold) as compared to WT BMDMs. Next, we assessed mature
IL-1 levels in response to LPS stimulation. BMDMs derived from WT and MKP-1~/~ mice
were challenged with LPS (100 ng/mL) side by side under equal conditions for 24 h. In
response to LPS, MKP-1 deficient BMDM s exhibited increased mature IL-1p levels (Fig.
1C). To determine whether the increase in pro-1L-1f and mature IL-1p levels is associated
with an increase in IL-1 transcript, BMDMSs from WT and MKP-1 mice were challenged
with LPS for 1h and IL-18 mRNA levels were measured using gRT-PCR. As shown in
Figure 1D, LPS challenge led to a significant augmentation of IL-1p mRNA levels in
MKP-1 deficient BMDMSs as compared to WT BMDMSs. These results indicate that LPS
mediated IL-1p production is significantly enhanced in MKP-1 deficient macrophages at the
MRNA, pro IL-1p protein as well as mature IL-1p levels.

3.2. LPS mediated p38 and JNK phosphorylation is enhanced in MKP-1 deficient BMDMs

Dual specificity MAP kinase phosphatases play a pivotal role in the feedback regulation of
MAP kinases [3]. To investigate the effect of MKP-1 deficiency on the phosphorylation of
principal MAP kinases, we assessed the active forms of p38, JNK, and ERK MAP kinases.
BMDM s derived from WT and MKP-17/~ mice were cultured side by side and challenged
with LPS for various time periods. Whole cell lysates were first immunoblotted with
phospho specific antibodies against p38 (Thr180/Tyr182), total p38 was used to confirm
equal loading. The mean densitometric analysis of 3 independent experiments of the ratio of
phospho p38/p38 is shown in Figure 2B. As shown in Figure 2A&B, MKP-1 deficient
BMDMs exhibited a significantly higher p38 phosphorylation in response to LPS challenge
as compared to WT BMDMs. Because MKP-1 not only de-phosphorylatesphospho p38 but
also phospho JNK [17], we assessed JNK activity in both WT and MKP-1 deficient
BMDMs. Whole cell lysates were immunoblotted with specific antibodies against the
phosphorylated form of INK (Thr183/Tyr185) and equal loading was confirmed using total
JNK antibodies. The mean densitometric values of the ratio phospho INK/JNK is shown in
Figure 2D. MKP-1"- BMDM:s exhibited a higher phosphorylation of JINK 30 min after LPS
challenge. However, the difference in JNK phosphorylation was less pronounced after 1h
(Figs. 2C&D). On the other hand, we did not detect any significant differences in
phosphorylation of ERK (Thr202/Tyr204) between WT and MKP deficient BMDMs (Figs.
2E&F). These results indicate that MKP-1 plays a major role in de-phosphorylation of pp38
and pJNK but not pERK1/2 in BMDMs in response to LPS challenge.
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3.3. MKP-1 deficient BMDMs exhibit higher HIF-1a expression in response to LPS

HIF-1a is recognized as the master regulator of the hypoxic response, activating the
transcription of numerous genes [21]. Similar to HIF-1a, MKP-1 is a hypoxia responsive
gene [13]. To examine the influence of MKP-1 deficiency on HIF-1a expression at the
transcript level, BMDMs derived from WT and MKP-1~/~ mice were cultured for 1h with
and without LPS challenge. Total MRNA was isolated and subjected to gRT-PCR and data
normalized to GAPDH. As shown in Figure 3A, basal HIF-1a mRNA levels were
significantly increased in MKP-1 deficient BMDMs. LPS challenge led to a further increase
in HIF-1a mRNA levels in WT as well as MKP-1 deficient BMDMs. Additionally, when
measuring HIF-1a protein expression via immunoblotting we observed a significantly
higher expression for HIF-1a protein in MKP-1~/~ BMDMs as compared to WT BMDMs
both at baseline and after LPS challenge for various time periods (Fig. 3B). Figure 3C shows
the mean densitometric values of 4 independent experiments of the ratio HIF-1a./B-actin.

Prolyl hydroxylases domain protein (PHD) 1-3 hydroxylate prolyl residues on HIF-1a that
regulate its degradation by VHL ubiquitination pathway [22]. To further understand the
increased expression of HIF-1a in MKP-1 deficient BMDMs, we determined the expression
of three isoforms of PHDs (1-3). BMDMs derived from WT and MKP-1~/~ were cultured
for 1h and mRNA was isolated and subjected to gRT-PCR. As shown in Figures 3D-F;
PHD1, PHD2, and PHD3 were significantly decreased in MKP-1 deficient BMDMSs. Taken
together, the increased levels of HIF-1a mRNA and protein in MKP-1 deficient
macrophages at baseline and after LPS stimulation, suggest increased HIF-1a production
and increased stability of the protein. This could be explained, at least in part, by decreased
levels of all three PHDs in MKP-1 deficient BMDMs.

3.4. MKP-1 deficient BMDMs exhibits higher ROS production

Reactive oxygen species (ROS), including superoxide, hydrogen peroxide (H,0,), and
hydroxyl radicals modulate various biological processes and act as signaling molecules [23,
24]. ROS can be generated in the cytosol or via mitochondria and have been implicated in
HIF-1a protein degradation or stabilization in response to endotoxin [10, 25-27]. Hence, we
hypothesize that increased ROS production in MKP-17/~ macrophages may regulate HIF-1a
expression. To address this, BMDMs from MKP-1~/~ and WT mice were cultured for 1h in
the presence and absence of LPS and evaluated for the production of cytosolic ROS (cROS)
or mitochondrial ROS (mROS). A CM-H,DCFDA fluorescence probe was used as an
indirect measurement for peroxide production to measure cROS, while the MitoSox
fluorescence probe was used to indirectly measure superoxide as an indicator of mMROS
production[18]. As shown in Figures 4A&B, both cROS and mROS production were
significantly increased (2 fold) at the basal level in MKP-1~/~ BMDMs. Furthermore, LPS
challenge induced ROS production to a similar extent in both WT and MKP-17/~
macrophages (Figs. 4C&D). We found no significant differences in ROS production (cROS
and mROS) between WT and MKP-1 after 24h of LPS challenge (Data not shown).

3.5. HIF-1a blockade decreases IL-1p production in response to LPS

Echinomycin, a cyclic peptide of the family of quinoxaline antibiotics, has been shown to
inhibit HIF-1a. DNA binding activity and thus expression of its target genes [28]. To
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investigate whether increased IL-1p production in MKP-17/~ BMDMs is due to increased
HIF-1a expression, we assessed the effects of echinomycin on IL-1f and HIF-1a. mRNA
levels. BMDMs derived from WT and MKP-17/~ mice were treated with echinomycin (10
nM) for 30 min followed by LPS (100 ng/mL) challenge for 1h. Figure 5A shows that LPS
mediated IL-1p mRNA induction in MKP-1~/~ BMDM:s is reduced to basal levels in the
presence of echinomycin. In addition, we determined protein levels of pro-1L-1f and
HIF-1a after LPS treatment in the presence and absence of echinomycin. Whole cell lysates
were obtained after the appropriate treatments and immunoblotted with antibodies against
pro-1L-1p and HIF-1a.. As shown, LPS mediated pro-1L-1f expression is completely
blocked in the presence of echinomycin in WT BMDMs (Fig. 5B). Although we observed a
significant reduction (3 fold) in pro-1L-1@ in MKP-1~/~ BMDM:s after LPS challenge,
echinomycin did not completely inhibit pro-1L-1p expression (Figs. 5B). Similarly, in the
presence of echinomycin LPS mediated HIF-1a expression in MKP-17~ BMDMs was
partially inhibited (Fig. 5B). Figure 5C and D show the densitometric analysis of 3
independent experiments for pro-1L-1p and HIF-1a respectively.

3.6. Inhibition of INK phosphorylation has no effect on LPS mediated pro-IL-1p expression

Because we observed increased JNK and p38 phosphorylation in response to LPS in
MKP-17/~ BMDMs, we tested the effect of a specific JINK inhibitor (SP600125) on pro-
IL-1B and HIF-1a expression in response to LPS. BMDMs derived from WT and MKP-17-
mice were treated with SP600125 (20 uM) for 30 min prior to LPS stimulation for 3h.
Whole protein lysates were immunoblotted with specific antibodies against pJNK (Thr183/
Tyrl85), pro-IL-1p and HIF-1a.. As shown in Figure 6A, LPS mediated JINK
phosphorylation was completely blocked in the presence of SP600125 in both WT and
MKP-17/~ BMDMs. In contrast, SP600125 had no effect on LPS-induced pro-IL-1p and
HIF-1a expression neither in WT nor MKP-1~/~ BMDM s (Fig. 6B). Figure 6C and D show
the densitometric analysis of at least 3 independent experiments for pro-IL-1p and HIF-1a
respectively.

LPS mediated ROS production has been implicated both in HIF-1a expression and IL-1f
production [27]. Activation of both, p38 and JNK have been associated with increased
HIF-1a expression [29, 30]. As we observed increased ROS production in MKP-1 deficient
BMDMs, we investigated the effects of SP600125 on ROS production in response to LPS in
MKP-1 deficient BMDMs. MKP-1 deficient BMDMs were treated with SP600125 (20 pM)
for 30 min prior to LPS stimulation for 1 h. As expected LPS challenge led to increased
cROS and mROS production. Surprisingly, pretreatment with SP600125 led to an enhanced
cROS and mROS production at baseline and after LPS stimulation (Figs. 6E&F). These
results collectively indicate that JINK activation in response to LPS is not involved in IL-1p
and HIF-1a expression or ROS production in MKP-1 deficient BMDMs.

3.7. p38-inhibition decreases ROS production and pro-IL-1p as well as HIF-1a expression

in response to LPS
Using a specific p38 inhibitor (SB302580), we investigated the role of p38 MAPK on pro-
IL-1pB production and HIF-1a expression in response to LPS stimulation in BMDMs.
BMDM s derived from WT and MKP-17/~ mice were cultured and pretreated with SB203580

Cell Signal. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Talwar et al.

Page 8

(10 uMm) for 30 min prior to LPS (100 ng/mL) challenge for 3h. Total cell lysates were
immunoblotted with specific antibodies against phospho-p38 (Thr180/Tyr182), pro-IL-1p
and HIF-1a. As shown in Figure 7A, pre-treatment with SB203580 significantly decreased
p38 phosphorylation in response to LPS both in WT and MKP-17~ BMDM:s. Similarly, we
assessed the effect of p38 inhibition on LPS-induced pro-1L-1p and HIF-1a expression. As
shown in Figure 7B, pretreatment with SB203850 significantly decreased both pro-IL-1p
and HIF-1a expression. The densitometric values of 3 independent experiments of the ratio
of pro-IL-1p/B actin and HIF-1a/p actin are shown in Figs. 7C&D, respectively. Finally, we
determined the effect of SB203850 on basal and LPS mediated ROS production in
MKP-1"- BMDMSs. MKP-1 deficient macrophages were treated with SB203580 (10 uM)
for 30 min prior to LPS stimulation for 1h. Figures 7E&F show that pretreatment with
SB203850 decreased both basal and LPS mediated cROS and mROS production in
MKP-1"- BMDMs. However, pretreatment with p38 inhibitor did not lead to a complete
blockade of ROS production. These results indicate that p38 activation is critical in the
regulation of pro-IL-1p, HIF-1a and ROS production in response to LPS in MKP-1
deficient macrophages. Figure 8 shows a proposed model of the possible mechanisms
involved in increased IL-1 B production in MKP-1 deficient macrophages.

4. Discussion

HIF-1a is recognized as the master regulator of the hypoxic response, which activates the
transcription of more than 100 genes. Under normoxic conditions, activation of TLR and
several cytokine receptors can lead to the induction of HIF-1a [5, 31]. There are several
mechanisms underlying the HIF-1a induction in response to LPS. TLR4 mediated induction
of HIF-1a reflects a combination of increased HIF-1a transcription and decreased HIF-1a
degradation (5).

MAP kinases including ERK, JNK, and p38 modulate the production of inflammatory
cytokines, including IL-1p. MAPK phosphatases (MKPs) dephosphorylate MAPKSs and
negatively regulate inflammatory responses. MKP-1 (DUSP1) preferentially
dephosphorylates p38 and JNK, while ERK is the preferred substrate of MKP3 (DUSP6)

[3]. The functional roles of MKPs (e. g. MKP-1) in inflammation are still emerging and their
role in diverse biological processes needs to be investigated. MKP-1 controls the expression
of numerous inflammatory genes as well as transcription factors through regulation of p38
and JNK [3, 32, 33].

Upon activation of TLR4, the adaptor protein MyD88 is recruited to the receptor, which in
turn triggers a cascade of signaling events leading to the activation of mitogen-activated
protein kinases (MAPKS) [34]. The LPS mediated signaling leading to accumulation of
HIF-1a and IL-1B production is still poorly understood. Yet, several pathways, including
P13 kinase, mTOR, p38 and JNK have been proposed to regulate HIF-1a [11, 14-16]. When
we investigated the role of MKP-1 on PI3kinase, GSK3 as well as mTOR pathways, we did
not observe major differences in response to LPS between MKP-1 deficient and WT
BMDMs (data not shown). However, this study demonstrates that MKP-1 is a negative
regulator of IL-1p production through p38 activation and HIF-1a expression. We show that
LPS mediated I1L-1p production is significantly enhanced in MKP-17~ BMDMs as
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compared to WT BMDMs. Although there are some reports indicating the importance of
MKP-1 in ERK de-phosphorylation in various cell types, including in osteoclasts [35], our
results demonstrate that MKP-1"~ BMDMs exhibit higher activation of p38 and JINK
MAPKSs but no effect on ERK phosphorylation in response to LPS. Our current data
corroborate other reports [36, 37].

HIF-1a has been implicated in the regulation of several inflammatory cytokines, including
IL-1B and IL-6 [4-6]. Interestingly, we found that the basal levels of HIF-1la mMRNA and
protein were significantly higher in MKP-17~ BMDMs compared to WT BMDM:s.
Additionally, the expression of all three PHDs that regulated the degradation of HIF-1a
through hydroxylation were significantly decreased in MKP-1~/~ BMDMs. Hydroxylase
activity is dependent on ROS and NO as negative regulators, while cellular O2 positively
regulates PHDs [38, 39]. In our system, under normoxic conditions as well as in response to
LPS, we observed higher ROS and NO production in MKP-1 deficient BMDMs, while
mMRNA levels for all three PHDs were decreased. These results suggest that the increased
stability of HIF-1a protein in MKP-1 deficient BMDMs, at least in part, may be due to
lower expression of PHDs. However, basal levels (without LPS stimulation) of HIF-1a were
significantly higher, suggesting increased HIF-1a stability through specific modifications
such as phosphorylation. We speculate that lack of MKP-1 may lead to secondary
modifications that stabilize HIF-1a or prevent its proteosomal degradation.

Another interesting finding of this study is that MKP-1 deficient BMDMs exhibit higher
basal level of both cROS and mROS. In phagocytes the phagocytosis of microorganisms
triggers the assembly and activation of NADPH oxidase complexes leading to enhanced
ROS production. A number of protein kinases, including ERK1/2 and p38, but not INK,
have been shown to phosphorylate p47phox of the NADPH oxidase complexes, contributing
to NADPH oxidase activation[40]. Thus it is not surprising that the p38 inhibitor, but not the
JNK inhibitor, attenuates ROS production (Figs. 6&7). It is likely that LPS triggers ROS
production in macrophages, at least in part, via the NADPH oxidase pathway. The increased
ROS production in LPS-stimulated macrophages can be explained by increased p38 activity.
ROS can oxidize the critical cysteine residue on the catalytic site of all tyrosine and dual
specificity phosphatases, including MKP-1, leading to MAPK activation [41, 42]. Thus, it is
plausible that ROS regulate HIF-1a [42] expression via p38 [43]. Previously, it has been
shown that mitochondrial ROS production plays major role in IL-1f production[44]. Our
results provide evidence that induction of IL-1p in response to LPS in MKP-17/~ involves a)
increased ROS production b) enhanced activation of p38 and INK MAPK as well as
increased HIF-1a protein synthesis and stability.

The identification of small molecules that inhibit the sequence specific binding of
transcription factors to DNA is an attractive approach for the regulation of gene expression.
Echinomycin has been shown to inhibit HIF-1a. DNA binding activity [45, 46]. Here, we
show that echinomycin completely inhibits LPS induced IL-1p production and HIF-1a gene
expressions in WT and MKP-1~/~ BMDMs. Since there are other transcriptional factors,
such as NF-xB, that regulate the transcription of IL-1B, it is not surprising that echinomycin
only partially blocked the LPS mediated pro-IL-1p and HIF-1a protein expression. As p38
also stabilizes cytokine mRNA in addition to regulating IL-1f transcription, the inhibitory
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effects of echinomycin on IL-1p and HIF-1a are expected to be weaker in MKP-17/-
BMDMs than in WT BMDMs.

Our results demonstrate that SP600125, a specific inhibitor of JNK did not inhibit LPS
induced pro-1L-1@ or HIF-1a protein levels in MKP-1~/~ BMDMs. Similarly, ROS
production induced in MKP-1~/~ BMDMs were not inhibited by SP600125. These results
suggest that INK activation is not involved in the regulation of IL-1p through HIF-1a.. On
the other hand, SB203850, a specific inhibitor of p38 MAPK decreased LPS induced pro-IL-
B as well as HIF-1a protein levels in MKP-1~/~ BMDM:s. Similarly, ROS production in
response to LPS is inhibited by SB203850 suggesting that p38 activation is involved in ROS
production. Other studies have shown that activation of p38 and HIF-1a is dependent on the
generation of mitochondrial reactive oxygen species [47].

Based on our results, we propose a model in which enhanced activation of p38 MAPK
stabilizes HIF-1a protein through phosphorylation which in turn may be involved in the
increased production of IL-1 in response to LPS in MKP-17~ BMDMs (Fig. 8). This study
provides evidence that MKP-1 regulates IL-1p production through stabilization of HIF-1a.
The induction of HIF-1a protein in MKP-1 deficiency is partly due to p38 MAPK activation
in response to LPS. Furthermore, the stabilization of HIF-1a protein in MKP-17~ BMDMs
may be due to its secondary modification such as phosphorylation.
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Highlights
Background

MAP kinase phosphatase-1 (MKP-1) plays a critical role in regulating inflammation in
innate immunity.

Results

MKP-1 deficient macrophages responded to LPS challenge with increased IL-1p
production. This was mechanistically linked to increased reactive oxygen species and a
higher HIF-1a expression.

Conclusion
MKP-1 regulates LPS mediated IL-1p production through HIF-1a and ROS.
Significance

Modification of MKP-1 may provide a new target in HIF-1a regulated pathological
processes, including inflammation and cancer.
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Figure 1. MKP-1 deficient BMDMs exhibit enhanced pro-IL-1p expression in response to LPS
(A) BMDM:s isolated from WT and MKP-1~/~ mice were challenge with LPS (100 ng/mL)

for 3h, 6h, and 24h. Whole cell extracts were prepared and 15 pug of proteins were subjected
to SDS-gel electrophoresis and Western blot analysis using antibodies against pro-1L-1p.
Equal loading was con rmed using an antibody against p-actin. (B) Densitometric values
expressed as fold increase of the ratio of pro-IL-1p/p-actin (n=4). (C) BMDMs derived from
WT and MKP-17/~ mice were treated with LPS for 24 h. Conditioned media were analyzed
for IL-1B via ELISA. Data are presented as mean = SEM (n=3), p< 0.001. (D) BMDMs
obtained from WT and MKP-1/~ mice were cultured under similar conditions and activated
with LPS for 1h. RNA was isolated and subjected to qRT-PCR to measure IL-1f gene
expression. Values were normalized to GAPDH and are shown as fold changes. Data
presented as mean of at least three independent experiments. Using ANOVA Mann-Whitney
U test, a p-value <0.05 was considered significant and error bars indicate SEM.
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Figure 2. MKP-1"/~ BMDMs exhibit higher p38 and JNK activation in response to LPS
BMDMs from WT and MKP-1~/~ mice were cultured and challenged with LPS (100 ng/mL)

for 30 min, 1h, 3h, 6h, and 24h. Whole cell extracts were prepared and subjected to SDS-
PAGE and Western blot analysis using phospho-specific antibodies against p38 (Thr180/
Tyrl82), ERK (Thr202/Tyr204) and JNK (Thr183/Tyr185). Equal loading was con rmed
using the corresponding non-phosphorylated antibodies. As shown in (A) MKP-17-
BMDMs exhibited higher activation of p38 after LPS stimulation as compared to WT. (B)
Densitometric values expressed as fold changes of the ratio of phosphorylated p38/total
values of p38. (C) Activation of JNK at baseline and after LPS stimulation in MKP-1
deficient mice. MKP-17/~ BMDM s exhibited higher phospho-JNK at baseline with an
increase in phosphorylation in response to LPS challenge. (D) Densitometric values
expressed as fold increase of the ratio of phosphorylated JNK/total values of INK. (E)
Activation of ERK after LPS stimulation was similar both in WT and MKP-1"~ BMDM:s.
(F) Densitometric values expressed as fold increase of the ratio of phosphorylated ERK/total
values of ERK. All densitometric data represents mean+ SEM of at least 4 independent
experiments. * Represents a p value < 0.05.
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Figure 3. MKP-1"/~ BMDMs exhibit higher HIF-1a expression
(A) BMDMs derived from WT and MKP-1~/~ mice were challenged with LPS (100 ng/mL)

for 1h. RNA was isolated and subjected to qRT-PCR to measure HIF-1a gene expression.
Values were normalized to GAPDH and are shown as fold changes. Data presented as mean
of at least three independent experiments. Using ANOVA Mann-Whitney U test, a p value
<0.05 was considered significant and error bars indicate SEM. LPS pretreatment
significantly induced HIF-1a m-RNA levels in MKP-1/~ BMDMs as compared to WT. (B)
WT and MKP-1 deficient macrophages were cultured under similar conditions and
challenged with LPS for 1h, 3h, 6h, and 24h. Whole cell extracts were prepared and
subjected to SDS-PAGE. Western blot analysis was performed using specific antibodies
against HIF-1a., equal loading was confirmed using antibody against p-actin. (C)
Densitometric values expressed as fold change of the ratio of HIF-1a./p-actin. Data represent
mean + SEM of at least 4 independent experiments. * Represents a p value <0.05. (D-F)
PHD 1-3 mRNA expression. Total RNA was isolated from cells and reverse-transcribed
using the Reverse Transcription System. The primers targeting PHD1, PHD 2 and PHD3
were used to amplify cDNA using iQSYBR Green Supermix. Relative mRNA levels were
calculated by normalizing to GAPDH. Data were analyzed using the paired, two-tailed
Student’s ttest, and the results were expressed as fold change + SEM of at least 3
independent experiments * Represents a p value < 0.05.
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Figure 4. MKP-1"/~ BMDMs exhibit higher ROS production as compared to WT BMDMs
(A&B) Basal ROS production was measured by H,DCFDA and MitoSOX fluorescence

intensity in WT and MKP-17~ BMDMs. ROS production is significantly higher in
MKP-1~~ macrophages compared to WT macrophages. (C&D) WT and MKP-17/~
BMDMs were challenged with LPS (100 ng/mL) for 1 h followed by measurement of ROS
production using H,DCFDA and MitoSOX fluorescence intensity. LPS challenge induced
ROS production to a similar extent in both WT and MKP-1~/~ macrophages.
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Figure 5. HIF-1a inhibitor blocks LPS mediated IL-1pB production in WT and MKP-17/
BMDMs

(A) BMDMs derived from WT and MKP-1~/~ mice were cultured in the presence or absence
of Echinomycin (10 nM) and challenged with LPS (100 ng/mL) for 1h. Total RNA was
isolated and subjected to gRT-PCR to measure IL-1p and HIF-1a gene expression. Relative
MRNA levels were calculated by normalizing to GAPDH. Data were analyzed using the
paired, two-tailed Student’s #test, and results expressed as fold change = SEM of at least 3
independent experiments. LPS mediated IL-18 mRNA induction in MKP-17~ BMDMs is
reduced to basal levels in the presence of echinomycin. (B) BMDMs derived from WT and
MKP-17/~ mice were cultured in the presence absence of Echinomycin (10 nM) and
challenged with LPS (100 ng/mL) for 3h. Western blot analysis was performed using
antibodies against pro-IL-1p and HIF-1a, and equal loading was confirmed using B-actin
antibody. (C) Densitometric values expressed as fold increase of the ratio of pro-1L-1p/B-
actin values. (D) Densitometry values expressed as fold increase of the ratio of HIF-1a./p-
actin values. Data were analyzed using the paired, two-tailed Student’s #test, and the results
were expressed as fold change + SEM of at least 3 independent experiments and * represents
ap value < 0.05.
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Figure 6. Inhibition of INK MAP kinase has no effect on LPS mediated pro-IL-1p, HIF-1a
protein levels as well as ROS production in WT and MKP-17/~ BMDMs

BMDM s derived from WT and MKP-1~/~ mice were challenged with LPS (100 ng/mL) for
3h in the absence and presence of SP600125 (20 uM) for 30 min. (A) Western blot analysis
was performed using phospho-specific antibodies against INK (Thr183/Tyr185) and equal
loading was confirmed using total JINK antibody. LPS mediated JNK phosphorylation was
completely blocked in the presence of SP600125 in both WT and MKP-1~/~ BMDMs. (B)
Western blot analysis was performed using pro-IL-1p and HIF-1a antibodies and equal
loading was confirmed with B-actin. SP600125 had no effect on LPS-induced pro-IL-1p and
HIF-1a expression neither in WT nor MKP-1~/~ BMDM s (C) Densitometric values
expressed as fold increase of the ratio of pro-IL-1p/B-actin. (D) Densitometric values
expressed as fold increase of the ratio of and HIF-1a/B-actin values. Data were analyzed
using the paired, two-tailed Student’s ftest, and the results were expressed as fold change +
SEM of at least 3 independent experiments and * represents a p value < 0.05. (E&F)
BMDM s derived from MKP-1/~ mice were pretreated with SP600125 inhibitor for 30 min
prior LPS challenge (100 ng/mL) for 1h followed by the measurement of ROS production
using HoDCFDA (E) and MitoSOX (F) fluorescence intensity. Results show that cytosolic
and mitochondrial ROS production induced by LPS was not inhibited by SP600125
pretreatment in MKP-1"~ BMDMs.
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Figure 7. Inhibition of p38 MAP kinase effectively blocks LPS mediated pro-IL-1p, and HIF-1a.
protein levels as well as ROS production in WT and MKP-1 deficient BMDMs

(A) WT and MKP-1 deficient BMDMSs were cultured in the presence or absence of
SB203580 (10 pM, 30 min.) followed by a challenge with LPS (100 ng/mL) for 30 min.
Whole cell extracts were prepared and 15 g total proteins were subjected to SDS-PAGE and
Western blot analysis using specific antibodies against phospho p38, equal loading was
confirmed using an antibody against total p38. Pretreatment with SB203580 significantly
decreased p38 phosphorylation in response to LPS both in WT and MKP-1"~ BMDM:s. (B)
WT and MKP-1 deficient BMDMs were cultured in the presence or absence of SB203850
(10 uM, 30 min.) followed by a challenge with LPS (100 ng/mL) for 3h. Whole cell extracts
were prepared and 15 pg total proteins were subjected to SDS-PAGE and Western blot
analysis using specific antibodies against pro-IL-1p and HIF-1a.. Equal loading was
confirmed with B-actin. Pretreatment with SB203850 significantly decreased both LPS-
induced pro-1L-1p and HIF-1a expression (C) Densitometric values expressed as fold
increase of the ratio of pro-1L-1p/p-actin. (D) Densitometric values expressed as fold
increase of the ratio of HIF-1a/p-actin. (E&F) BMDMs derived from MKP-1~/~ mice were
pretreated with SB203850 inhibitor (10 uM) for 30 min prior to LPS (100 ng/mL) challenge
for 1 h followed by the measurement of ROS production using (E) H,DCFDA and (F)
MitoSOX fluorescence intensity. Results show that the cytosolic and mitochondrial ROS
production induced by LPS was inhibited by SB203850 pretreatment in MKP-17~ BMDMs
(n=3).
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Figure 8. Proposed model of the regulatory role of MKP-1 in LPS mediated HIF-1a and IL-1p
production

Endotoxins such as LPS activate TLR 4 mediated signal transduction including
phosphorylation of p38. This activation regulates ROS production and HIF-1a expression,
which in turn regulates cytokine production including IL-18. MKP-1 predominantly
negatively regulates p38 phosphorylation on the TXY motifs. The lack of MKP-1 leads to an
increase in p38 phosphorylation and higher mROS and cROS production. Additionally, the
absence of hydroxylation due to PHD inhibition leads to increased HIF-1a stability and
translocation to the nucleus through heterodimerization with HIF-1f and binds to hypoxia-
response elements (HRES) in the regulatory regions of the IL-1p gene. In addition to
increased HIF-1a stability, LPS increases HIF-1a mRNA levels leading to higher
transcriptional activity of the HIF-1a gene. Inhibition of p38 or HIF-1a (Echinomycin)
decreases IL-1p production in MKP-1 deficient BMDMs.
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