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Abstract
Mitogen-activated protein kinases (MAPKs) are key regulators of cellular physiology and immune
responses and abnormality in MAPKs is implicated in many diseases. MAPKs are activated by
MAPK kinases through phosphorylation of the threonine and tyrosine residues in the conserved
Thr-Xaa-Tyr domain, where Xaa represents amino acid residues characteristic of distinct MAPK
subfamilies. Since MAPKs play a crucial role in a variety of cellular processes, a delicate
regulatory network has evolved to control their activities. Over the past two decades, a group of
dual specificity MAPK phosphatases (MKPs) have been identified that deactivate MAPKs. Since
MAPKs can enhance MKP activities, MKPs are considered as an important feedback control
mechanism that limits the MAPK cascades. This review outlines the role of MKP-1, a prototypical
MKP family member, in physiology and disease. We will first discuss the basic biochemistry and
regulation of MKP-1. Next, we will present the current consensus on the immunological and
physiological functions of MKP-1 in infectious, inflammatory, metabolic, and nervous system
diseases as revealed by studies using animal models. We will also discuss the emerging evidence
implicating MKP-1 in human disorders. Finally, we will conclude with a discussion of the
potential for pharmacomodulation of MKP-1 expression.
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Introduction
MAPKs are a group of highly conserved serine/threonine protein kinases in eukaryotes.
Based on their signature Thr-Xaa-Tyr motifs, MAPKs can be categorized into three MAPK
subfamilies: ERK, JNK, and p38 (Su and Karin 1996). The ERK subfamily contains a Thr-
Glu-Tyr motif. The JNK subfamily contains a Thr-Pro-Tyr motif, and potently
phosphorylates c-Jun, a component of AP-1 transcription factor. The p38 subfamily contains
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a Thr-Gly-Tyr motif. The MAPK subfamilies are differentially regulated (Johnson and
Lapadat 2002). In general, mitogens, including growth factors, potently activate the ERK
subfamily, whereas stress has little effect. In contrast, the JNK and p38 subfamilies are
highly activated by stress and therefore are also referred to as Stress-Activated Protein
Kinases (SAPKs) (Rincon and Davis 2009). MAPKs play a pivotal role in a variety of
cellular processes, including cell proliferation, differentiation, stress responses,
inflammation, apoptosis, and immune defense (Boutros et al. 2008; Duan and Wong 2006;
Jeffrey et al. 2007).

MAPK pathways are activated through a cascade of sequential phosphorylation events,
beginning with the activation of MAPK kinase kinase. MAPK kinase kinase activates
MAPK kinase by phosphorylating two serine residues. MAPK kinase in turn phosphorylates
MAPK at the adjacent threonine and tyrosine residues in the conserved Thr-Xaa-Tyr motif
located in a regulatory loop between the kinase subdomains VII and VIII. Activated MAPK
can phosphorylate a wide array of downstream targets, including other protein kinases and
transcription factors that facilitate transcription of MAPK-regulated genes (Whitmarsh and
Davis 1996).

MAPKs can regulate gene expression through several mechanisms. MAPKs can facilitate
gene transcription through modulating chromatin structure (Cheung et al. 2000). MAPKs
can also enhance the activities of numerous transcription factors, including AP-1
(Whitmarsh and Davis 1996), CREB (Arthur and Cohen 2000; Arthur et al. 2004;
Eliopoulos et al. 2002; Wong et al. 2004), SRF (Posern and Treisman 2006), and C/
EBPβ(Davis 1993). In addition to transcriptional regulation, MAPK can regulate gene
expression by altering stability, transport, and translation of mRNA species that contain an
AU-rich element (ARE), AUUUA, in their 3′ untranslated region (UTR) (Carballo et al.
1998; Mahtani et al. 2001; Stoecklin et al. 2004). Tristetraprolin (TTP) binds to the AREs of
several cytokine mRNAs and promotes the deadenylation and degradation of these ARE-
containing mRNAs (Carballo et al. 1998). However, when TTP is phosphorylated by
MAPK-activated protein kinase (MK)-2 (Mahtani et al. 2001), a downstream target of p38,
TTP-mediated degradation of ARE-containing transcripts is inhibited (Stoecklin et al. 2004).
Many cytokine transcripts, including TNF-α, IL-1β, IL-6, granulocyte macrophage colony
stimulating factor (GM-CSF), and IL-2, contain ARE(s) in their mRNAs and are targets of
TTP (Lai et al. 2006). Recently, MAPKs have been shown to regulate the expression of
several micro RNAs, including miR21 (Huang et al. 2009), miR125a (Monk et al. 2010),
and miR155 (O’Connell et al. 2007; Yin et al. 2008). On the protein level, MAPK-mediated
phosphorylation regulates the stability of numerous proteins. For example, ERK-mediated
phosphorylation of GATA-1, a key hematopoietic transcription factor, accelerates its
degradation, while the MEK inhibitor U0126 stabilizes GATA protein (Hernandez-
Hernandez et al. 2006).

Since MAPKs are regulated by reversible phosphorylation, phosphatase-mediated
dephosphorylation is likely the most efficient mode of MAPK deactivation. Indeed, a
number of protein phosphatases deactivate MAPKs, including tyrosine, serine/threonine,
and dual specificity phosphatases (Keyse 2000). In mammalian cells, the dual specificity
protein phosphatases (DUSPs) are the primary phosphatases responsible for
dephosphorylation/deactivation of MAPKs in vivo (Keyse 2000). These phosphatases are
often referred to as MAPK phosphatases (MKPs). By dephosphorylating the adjacent
threonine and tyrosine residues essential for the activation of the MAPKs, MKPs deactivate
MAPKs to terminate kinase cascades. To date, at least 10 MKPs have been identified from
mammalian cells (Keyse 2000), with MKP-1 being the archetype of this family. These
MKPs exhibit distinct properties in substrate preferences, patterns of tissue- and cell type-
specific expression, subcellular localization, and transcriptional induction. Several excellent

Wancket et al. Page 2

Life Sci. Author manuscript; available in PMC 2013 February 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



general reviews on MKPs/DUSPs have been published recently, including those focusing on
cell proliferation and cancer (Boutros et al. 2008; Keyse 2008) and the immune response
(Jeffrey et al. 2007; Lang et al. 2006; Li et al. 2009; Liu et al. 2007; Salojin and Oravecz
2007; Wang and Liu 2007).

This review will focus on the function and regulation of MKP-1. Particular emphasis will be
placed on the current understanding of MKP-1’s role in immunology, physiology, and
disease. First, we will summarize findings on the biochemical function and regulation of
MKP-1. We will review how MKP-1 regulates immunological and physiological responses
in animal models of inflammatory, infectious, metabolic, and central nervous system
diseases. Next, we will briefly discuss the emerging evidence supporting a role for MKP-1
in specific human diseases. Finally, we will conclude with a review of currently available
pharmacological agents that modify MKP-1 expression, since these agents are potential
therapies for diseases associated with abnormal MAPK activation.

MKP-1 – history and basic biochemistry
MKP-1 has also been referred to as DUSP1 (Keyse 2008), hVH1 (Zheng and Guan 1993),
CL100 (Keyse and Emslie 1992), 3CH134 (Charles et al. 1992), and Erp (Dorfman et al.
1996). The mouse MKP-1 cDNA was initially identified over 20 years ago as an immediate-
early gene induced by serum through differential hybridization screening of a BALB/c 3T3
cDNA library (Lau and Nathans 1985). Originally referred to as 3CH134, the cDNA clone
encodes a protein of ~40 kDa. The DNA sequence of 3CH134 was first reported in 1992
(Charles et al. 1992), and a human homolog (CL100) was identified shortly thereafter as an
oxidative stress-induced tyrosine phosphatase gene (Keyse and Emslie 1992). Structurally,
both 3CH134 and CL100 contain a (I/V)HCXAGXXR(S/T)AG signature motif
characteristic of the catalytic domain of the tyrosine phosphatases. They also share
considerable homology with the dual specificity phosphatase of vaccinia virus, VH1,
particularly at the catalytic site. The 3CH134 protein or its human homologue exhibited
highly specific phosphatase activity towards the ERK MAPK, both in vitro and in cultured
cells (Alessi et al. 1993; Charles et al. 1993; Sun et al. 1993; Zheng and Guan 1993). Since
this was the first protein phosphatase specific for MAPKs, selectively targeting their
phosphotyrosine and phosphothreonine residues, it was designated as MAPK phosphatase
(MKP)-1 (Sun et al. 1993). While initially MKP-1 was considered to be ERK-specific,
subsequent studies showed that MKP-1 effectively dephosphorylates both JNK and p38 (Liu
et al. 1995; Raingeaud et al. 1995). Subsequently, by titrating MKP-1 expression levels,
Franklin et al. have shown that p38 and JNK are the preferred substrates of MKP-1
(Franklin and Kraft 1997; Franklin et al. 1998). This is consistent with findings observed in
studies using MKP-1 knockout cells (Dorfman et al. 1996), as knockout of MKP-1 in mouse
embryonic fibroblasts does not affect the kinetics of ERK activation during serum
stimulation (Dorfman et al. 1996). In primary macrophages stimulated by
lipopolysaccharide (LPS), knockout of MKP-1 prolongs JNK and p38 activity but has little
effect on ERK activity (Chi et al. 2006; Zhao et al. 2006). These results suggest that under
most physiological conditions, p38 and JNK, but not ERK, are the targets of MKP-1.
However, this does not preclude the possibility in conditions or tissues with high MKP-1
expression, MKP-1 may play an important role in ERK deactivation. In fact, when MKP-1
expression levels are high, all three MAPKs can be effectively dephosphorylated by MKP-1
(Chu et al. 1996). For example, lungs from LPS-challenged Mkp-1−/− mice exhibited higher
activities of all three MAPK subfamilies (Wang et al. 2009).
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Regulation of MKP-1
MKP-1 expression can be regulated at several levels, including gene transcription, protein
stability, and phosphatase activity. This multi-level regulation allows for tight control of
MAPK activities. Over the years, many extracellular stimuli, including growth factors,
cytokines, and stress have been shown to induce MKP-1 expression (Keyse 1995; 1999).
Moreover, MKP-1 protein stability can be modulated by phosphorylation. Interestingly,
MKP-1 has been shown to undergo acetylation in LPS-stimulated macrophages, which
enhances the affinity between MKP-1 and p38 and facilitates MKP-1-mediated p38
dephosphorylation (Cao et al. 2008). Further adding to the complexity is the finding that the
interaction of MKP-1 with MAPKs can result in conformational changes that substantially
enhanced MKP-1’s catalytic activity (Hutter et al. 2000; Slack et al. 2001).

Transcription
A wide variety of extracellular stimuli can activate MKP-1 transcription (Keyse 2000),
including growth factors, bacterial toxins, stress, and chemical agents. However, the
mechanisms mediating MKP-1 transcription remain elusive. For example, MKP-1 mRNA
levels are rapidly increased by 10-100 fold within 15-60 minutes in response to extracellular
stimulation, such as serum or LPS. In most systems, the stability of MKP-1 mRNA does not
appear to change significantly (Laderoute et al. 1999), making it likely that MKP-1
induction is primarily due to enhanced gene transcription. Since many extracellular stimuli
activate cell membrane-associated receptors, it is very likely that signaling events initiated at
the cell membrane are pivotal for MKP-1 transcriptional induction in the nucleus. As
MKP-1 functions to deactivate MAPKs, it was postulated that MAPKs might activate
MKP-1 transcription, forming a feedback control loop (Liu et al. 1995; Sun et al. 1993).
Subsequent studies supported the idea that MAPKs play an important role in MKP-1
transcription in numerous biological systems. MKP-1 induction in serum-treated CCL-39
cells is mediated by ERK (Brondello et al. 1997). While the signaling events mediating
MKP-1 induction during stress are likely to be more complex than those initiated by
receptor ligands, there is strong evidence that stress-mediated MKP-1 induction may be
partially mediated by growth factor receptors. For example, UV and H2O2 activate the
EGFR tyrosine kinase (Sachsenmaier et al. 1994; Wang et al. 2000). We have shown that
arsenite, a potent inducer of MKP-1 transcription (Li et al. 2001), induces EGFR activation
and tyrosine phosphorylation of Shc (Chen et al. 1998).

While as a whole it is clear that MAPKs play an important role in MKP-1 induction, the
specific MAPK subfamilies involved depend on stimulation and cellular context. This is not
surprising, since MAPKs are differentially activated by distinct extracellular stimuli. In
vascular smooth muscle cells, platelet-derived growth factor (PDGF), phorbol ester, and
angiotensin II, which activate ERK, but not JNK and p38, induced a transient expression of
MKP-1 (Bokemeyer et al. 1998). MKP-1 induction by PDGF is markedly inhibited by PD
098059, a pharmacological inhibitor of MEK1/2, thereby demonstrating the importance of
ERK in MKP-1 induction. On the other hand, anisomycin, a potent stimulus for JNK and
p38, also induced MKP-1 mRNA expression. This effect of anisomycin was significantly
attenuated in the presence of the p38 inhibitor SB203580. We found that in C3H 10T1/2
murine fibroblasts, MKP-1 induction by heat shock and H2O2 is primarily dependent on
ERK, whereas MKP-1 induction by arsenite and UVC is primarily mediated by p38 (Li et al.
2001). However, in NIH 3T3 fibroblasts, MKP-1 is highly induced by stress through a JNK-
mediated process, while ERK has little effect on MKP-1 induction (Bokemeyer et al. 1996).
In Hirc B cells, MKP-1 induction by insulin is mediated by both ERK and JNK (Byon et al.
2001). Likewise, MKP-1 induction in macrophages by LPS involves all three MAPK
subfamilies (Ananieva et al. 2008; Chen et al. 2002b; Kim et al. 2008; Sanchez-Tillo et al.
2007). We found that MKP-1 induction in macrophages is primarily mediated by ERK, with

Wancket et al. Page 4

Life Sci. Author manuscript; available in PMC 2013 February 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



p38 playing a minor role. This is consistent with the notion that knockout of both MSK1 and
MSK2, downstream targets of both ERK and p38, abolished MKP-1 induction in LPS-
treated primary macrophages (Ananieva et al. 2008; Kim et al. 2008). Additioanlly, JNK
plays an important role in MKP-1 induction by both LPS and M-CSF (Sanchez-Tillo et al.
2007).

In addition to the MAPK pathways, other signaling pathways can regulate MKP-1 induction.
For example, TRIF is essential for MKP-1 induction by poly(I-C) (Chi et al. 2006) and plays
a significant role in MKP-1 induction by LPS. Members of the protein kinase C (PKC)
family have also been shown to regulate MKP-1 induction in several systems. In
cardiomyocytes treated with angiotensin II, PKC inhibitors or intracellular calcium chelation
decrease MKP-1 expression while calcium ionophores increase MKP-1 mRNA levels (Hiroi
et al. 2001). PKCε plays a critical role in MKP-1 induction in macrophages (Kar et al. 2010;
Valledor et al. 2000), while PKCζ overexpression upregulates MKP-1 in vascular
fibroblasts (Short et al. 2006). While these pathways may cross-talk with the MAPK
cascades to regulate MKP-1 induction, MAPK-independent pathways could also be
involved.

Since MKP-1 is an immediate-early gene whose transcription occurs in the absence of de
novo protein synthesis (Lau and Nathans 1985), the transcriptional induction of MKP-1 is
likely mediated by post-translational modification of pre-existing transcription factors or
remodeling of MKP-1 chromatin. A variety of consensus transcription factor-binding sites
have been found on the MKP-1 promoter, including AP-1, AP-2, cAMP response element
(CRE), SP-1, CTF/NF-1, and E-Box (Kwak et al. 1994; Noguchi et al. 1993). Several
transcription factors modulate MKP-1 transcription in response to particular stimuli. For
example, MKP-1 induction by LPS or M-CSF in bone marrow-derived macrophages is
mediated at least in part by binding of c-Jun and CREB to an AP-1/CRE box in the MKP-1
promoter (Casals-Casas et al. 2009). In murine macrophages, deletion of both MSK1 and
MSK2 abolished phosphorylation of CREB and ATF1 and prevented the association of
these transcription factors to the MKP-1 promoter (Ananieva et al. 2008). The transcription
factor C/EBPβ has been identified as necessary for LPS-mediated MKP-1 induction in
RAW264.7 macrophages (Cho et al. 2008). Recently, it has been shown that in enterocytes,
NF-κB plays a significant role in MKP-1 induction by TLR ligands and MKP-1 induction is
crucial for desensitization to TLR ligands (Wang et al. 2010). NF-κB also contributes to
MKP-1 induction in response to γ-radiation, with recruitment of NF-κB RelA/p50
heterodimer to the MKP-1 gene promoter (Wang et al. 2008b). Deletion of the NF-κB-
binding site or inactivation of NF-κB by small interfering RNA significantly decreased the
radiation-induced MKP-1 promoter activity. Additionally, p53 has been implicated in
MKP-1 induction, with p53 binding to a consensus p53 binding site in the second intron of
the MKP-1 gene and stimulating MKP-1 transcription in reporter gene assays (Li et al.
2003).

Despite intensive efforts to identify transcription factors that regulate MKP-1 induction, few
transcriptional factors are currently recognized with high certainty as mediators of MKP-1
induction. This is largely due to the discordance between the transcriptional pattern of the
endogenous gene and the MKP-1 promoter in reporter assays. While endogenous MKP-1
expression can be enhanced 10-100-fold upon extracellular stimulation, extracellular
treatment usually enhances reporter activity by a few fold. Unlike the very low basal
expression of the endogenous gene, the MKP-1-promoter reporter exhibits a very high basal
level, suggesting that transcriptional repressors in the distal promoter may suppress
endogenous MKP-1 gene expression. Additionally, we have found that in response to stress,
histone H3 was rapidly phosphorylated and acetylated at the MKP-1 locus, suggesting that
chromatin remodeling is involved in MKP-1 induction (Li et al. 2001). Alternatively, basal
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MKP-1 expression may be inhibited by a yet unknown mechanism. Additionally, the 3′
UTR of MKP-1 mRNA contains several putative AREs, raising the possibility that MKP-1
expression could be regulated by a post-transcriptional mechanism, at least in some cellular
contexts. For example, the RNA-binding proteins HuR and NF90 were recently shown to
enhance MKP-1 mRNA stability in HeLa cells treated with H2O2 (Kuwano et al. 2008).
Moreover, it was recently shown that miR-101 directly targets and suppresses MKP-1
through the 3′ UTR, thereby prolonging p38 and JNK activation (Zhu et al. 2010). Since
miR-101 is also induced by TLR ligands, it is unlikely that the initial MKP-1 induction is
due to the abrupt removal of miR-101-mediated MKP-1 inhibition. It is more likely that
miR-101 mediated MKP-1 down-regulation following the initial induction, restoring
homeostasis.

Protein
Over the years, a number of post-translational modifications have been identified that
modulate MKP-1 activity. The degradation of MKP-1 protein is mediated by the ubiquitin-
directed proteasome complex, which can be blocked by proteasome inhibitors (Brondello et
al. 1999; Lin et al. 2003). MKP-1 is phosphorylated by ERK on ser-259 and 364 in serum-
stimulated CCL-39 cells, protecting MKP-1 from proteasome-mediated degradation
(Sohaskey and Ferrell 2002). This serves as a negative feedback mechanism to deactivate
ERK. In LPS-stimulated macrophages, ERK also inhibits MKP-1 degradation, likely
through catalyzing MKP-1 phosphorylation, since pretreatment of cells with the MEK
inhibitor U0126 substantially decreased the half-life of MKP-1 (Chen et al. 2002b). Since
JNK and p38, rather than ERK, are the physiological targets of MKP-1 in this system, ERK-
mediated stabilization of MKP-1 constitute a cross-talk mechanism between distinct MAPK
cascades. While in most cases phosphorylation of MKP-1 by ERK enhances MKP-1
stability, phosphorylation of MKP-1 by ERK can also accelerate MKP-1 degradation. Lin et
al have shown that sustained activation of ERK results in phosphorylation of MKP-1 at
Ser-296 and Ser-323. This phosphorylation facilitates the interaction of MKP-1 with the
Skp-cullin-F-box (SCFSkp2) ubiquitin ligase, which targets MKP-1 for proteasomal
degradation (Lin et al. 2003; Lin and Yang 2006). Thus, it appears that transient versus
prolonged ERK activation exerts different effects on MKP-1 stability.

Another posttranslational modification of MKP-1 is acetylation. Cao et al. studied the
mechanism underlying the anti-inflammatory effects of histone deacetylase (HDAC)
inhibitors. They found that HDAC inhibitors attenuate the expression of iNOS, TNF-α, IL-6
and IL-1β in LPS-treated RAW264.7 macrophages by blocking activation of p38 and ERK,
but not JNK. They further demonstrated that MKP-1 is acetylated upon LPS stimulation
while MKP-1 is not acetylated in control cells. MKP-1 acetylation is increased by the
HDAC inhibitor trichostatin A, which enhanced the interaction between MKP-1 and histone
acetylase p300. MKP-1 acetylation occurred at Lys-57 in the basic motif required for
interactions with p38, and findings from immunoprecipitation assays indicated that
acetylation of MKP-1 enhances its interaction with p38. By using MKP-1-derived peptides
containing acetylated Lys-57, they demonstrated that acetylation of Lys-57 increases the
affinity between MKP-1 and p38. While acetylation of MKP-1 does not directly alter its
phosphatase activity, activity is indirectly increased via increased affinity for substrate
MAPKs.

Finally, MKP-1 can be inactivated by oxidation. TNF-α can trigger rapid oxidation of
MKP-1 and several other MKPs at the critical cysteine residue in their catalytic sites in the
absence of NF-κB. Oxidation of MKP-1 renders MKP-1 more susceptible to proteasome-
mediated degradation, prolonging JNK activation and leading to apoptosis (Kamata et al.
2005). It appears that MKP-1 is maintained in different redox states depending on cell type.
For example, MKP-1 exists primarily in a reduced state in alveolar macrophages but in an
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oxidized state in blood monocytes (Tephly and Carter 2007). The redox status of MKP-1
may contribute in part to cell responses to irritants, including asbestos. Asbestos-treated
alveolar macrophages exhibit a minimal cytokine response, while blood monocytes rapidly
degrade MKP-1 and produce a robust cytokine response to asbestos (Tephly and Carter
2007). Overall, the mechanisms regulating the redox states of MKP-1 are not completely
understood.

Catalytic activity
The catalytic activity of MKP-1 protein can be regulated by interactions with its substrate
MAPKs (Hutter et al. 2000; Slack et al. 2001). We and another group have independently
shown that binding of recombinant MKP-1 protein to ERK, JNK, and p38 results in a 6-8
fold increase in MKP-1 activity (Chen et al. 2002a; Hutter et al. 2000; Hutter et al. 2002;
Slack et al. 2001). Analysis of the crystal structure of a related phosphatase, MKP-3, has
demonstrated that binding of MKP-3 to ERK may enable the MKP-3 catalytic site to adopt a
more efficient conformational configuration (Stewart et al. 1999). Since MKP-1 and MKP-3
are highly similar, binding of MKP-1 to its substrate MAPKs may produce a more efficient
catalytic site conformation (Stewart et al. 1999). Biochemical studies from several
laboratories demonstrated that the interactions between MAPKs and MKPs depend on a
basic kinase-interaction domain at the amino terminus of the phosphatases and an acidic
domain at the carboxyl terminus of the kinases (Camps et al. 1998; Chu et al. 1996; Hutter et
al. 2000; Nichols et al. 2000; Tanoue et al. 2000). The kinase-interaction domain in the
MKP family contains the ψψXRRψXXG consensus sequence (where ψ represents a
hydrophobic residue and × is any amino acid), flanked by two Cdc25-homology domains
(Keyse 2000).

Role of MKP-1 in Physiology and Animal Models of Disease
While reproduction and growth in Mkp-1 deficient mice does not differ grossly from
wildtype animals (Dorfman et al. 1996), Mkp-1−/− mice display numerous physiological
alterations at baseline, and develop distinct disease phenotypes in numerous experimental
models. In this section, we will briefly outline the role of MKP-1 in immunology,
physiology, and disease, highlighting findings from rodent models of infectious,
inflammatory, metabolic, and central nervous system diseases.

Immune regulation and infectious disease
Over the past 20 years, significant research effort has focused on understanding the role of
MKP-1 in the immune system. Results from numerous cell culture and clinically relevant
animal models implicate MKP-1 as a key factor in both innate and adaptive immunity.

Innate Immune Regulation—MAPKs are crucial regulators of the innate response,
stimulation synthesis of numerous anti-microbial factors, including cytokines, chemokines,
and other inflammatory mediators (Dong et al. 2002). Given the role of MKP-1 in inhibiting
MAPK activation, it is not surprising that MKP-1 has emerged as a crucial feedback control
regulator, limiting MAPK-mediated cytokine production and restoring immunologic
homeostasis (Fig. 1).

MKP-1 deficiency results in excessive production of numerous factors, including the pro-
inflammatory cytokines TNF-α, IL-6, IL-1β (Chen et al. 2002b; Shepherd et al. 2004; Zhao
et al. 2005), the anti-inflammatory cytokine IL-10 (Chi et al. 2006; Salojin et al. 2006; Zhao
et al. 2006), the chemokines macrophage inflammatory protein (MIP)-1α (CCL3), MIP-1β
(CCL4), MCP-1, and CXCL2 (Hammer et al. 2006; Salojin et al. 2006), iNOS (Calvert et al.
2008; Wang et al. 2009) and cyclooxygenase 2 (COX-2) (Lasa et al. 2002). MKP-1
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mediated-inhibition of cytokine production was first documented in murine macrophage cell
lines (Chen et al. 2002b; Shepherd et al. 2004; Zhao et al. 2005) using either over-
expression or knockdown of MKP-1, and later confirmed in primary macrophages (Zhao et
al. 2005). In LPS-stimulated RAW264.7 macrophages, ectopic expression of MKP-1, even
at a modest level, substantially attenuated cytokine production, whereas MKP-1 knockdown
enhanced cytokine release (Chen et al. 2002b; Shepherd et al. 2004; Zhao et al. 2005).
Subsequent studies using macrophages or dendritic cells from Mkp-1−/− mice further
confirmed the critical role of MKP-1 in the regulation of cytokine production (Chi et al.
2006; Hammer et al. 2006; Salojin et al. 2006; Zhao et al. 2005; Zhao et al. 2006). We and
three other laboratories independently demonstrated that knockout of MKP-1 in TLR ligand-
treated macrophages prolonged p38 and JNK activation, but had little effect on ERK
activity. cDNA array analysis of spleens from LPS-challenged mice identified >480 genes
with elevated expression levels in MKP-1-deficient compared to wildtype spleens, including
numerous cytokines and chemokines (Hammer et al. 2006). Additionally, MKP-1
overexpression reduces the mRNA half-lives of several cytokines, including IL-6, IL-10,
and TNF-α(Yu et al. 2011b). Ultimately, prolonged p38 and JNK activation in MKP-1-
deficient cells provides a plausible mechanism for enhanced cytokine and chemokine
production.

Localized and Systemic Bacterial Endotoxin Models—The Mkp-1−/− mouse is an
effective tool for examining the role of MKP-1 in innate immunity in vivo, most notably in
endotoxin-exposure models (Chi et al. 2006; Hammer et al. 2006; Salojin et al. 2006; Zhao
et al. 2006). MKP-1 is crucial for the control of cytokine release locally and systemically.
MKP-1 protects the oral cavity against inflammation triggered by bacterial ligands (Sartori
et al. 2009; Yu et al. 2011a). In a rodent model of periodontitis (chronic inflammation of the
oral cavity and surrounding bone), local delivery of LPS produced more severe maxillary
bone loss and local inflammation in Mkp-1−/− mice (Sartori et al. 2009). This resorptive
bone phenotype could be partially reversed through vector-transduced MKP-1 expression
(Yu et al. 2011a). When LPS is administered systemically rather than locally, MKP-1
deficiency produces severe damage in vivo. Mkp-1−/− mice challenged systemically with
LPS exhibit enhanced cytokine production (Chi et al. 2006; Hammer et al. 2006; Salojin et
al. 2006; Zhao et al. 2006) and increased mortality compared to similarly treated wildtype
mice. Additionally, Mkp-1−/− mice develop severe end-organ hypoperfusion, including
profound iNOS up-regulation and hypotension (Calvert et al. 2008; Wang et al. 2009). It can
be speculated that MKP-1 may support recovery from endotoxemia by attenuating iNOS
expression and switching arginine metabolism from nitric oxide synthase to arginase (Nelin
et al. 2007). Mkp-1−/− mice displayed similar responses after systemic challenge with either
LPS or the Gram-positive cell ligand peptidoglycan, including increased mortality and
cytokine release (Wang et al. 2007). Overall, these models clearly demonstrate that
Mkp-1−/− mice undergo enhanced inflammation and organ damage in response to both
localized and systemic bacterial ligands.

Localized and Systemic Bacterial Infections—Unlike the consistent results with
Gram-positive and negative bacterial ligands, live-bacterial infections have sometimes
produced unexpected results in Mkp-1−/− mice. Mkp-1−/− mice challenged systemically with
either live Gram-negative Escherichia coli (Frazier et al. 2009) or LPS developed similar
signs, including higher overall mortality and enhanced cytokine production compared to
wildtype mice. E. coli-infected Mkp-1−/− animals also exhibited profound
hemoconcentration and pulmonary edema (Frazier et al. 2009). Mortality was also higher in
Mkp-1−/− mice during polymicrobial peritonitis (Frazier et al. 2009; Hammer et al. 2010).

Unlike purified ligands, live bacteria that are not quickly eliminated by the innate immune
response can replicate and potentially overwhelm and kill the host. Loss of MKP-1 appears
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to hinder bacterial clearance of Gram-negative E. coli and Chlamydophila pneumoniae,
despite hyper-inflammatory cytokine responses in Mkp-1−/− mice. Systemically-infected
Mkp-1−/− mice had 10 fold higher blood and spleen E. coli loads 18 hours after infection
than wildtype animals (Frazier et al. 2009). Additionally, Mkp-1−/− mice intranasally
inoculated with C. pneumoniae maintained significantly higher pulmonary bacterial counts
at three and six days post inoculation compared to wildtype mice (Rodriguez et al. 2010).
Currently the mechanism underlying reduced bacterial clearance in Mkp-1−/− mice is
unclear, although preliminary results implicate excessive production of IL-10 in E. coli
infection (Frazier et al. 2009) and IL-6 in C. pneumoniae infection (Rodriguez et al. 2010).
Intriguingly, reduced clearance alone does not account for increased mortality and
inflammation in E. coli-infected Mkp-1−/− mice. Bactericidal antibiotics protected 100% of
E. coli-infected wildtype mice without altering mortality rates or cytokine production in
Mkp-1−/− animals (Frazier et al. 2009), highlighting the relative importance of controlling
inflammation as opposed to infection.

In contrast to findings with Gram-negative agents, survival and bacterial tissue burdens were
not different between Mkp-1−/− and wildtype mice infected intravenously with live Gram-
positive Staphylococcus aureus (Wang et al. 2007). Since Gram-positive and Gram-negative
pathogens signal through different pattern-recognition receptors and signal transduction
pathways, the effects of MKP-1 deficiency may vary between bacteria. Counter to this
argument are the earlier observations of near-identical phenotypes following administration
of LPS (Chi et al. 2006; Hammer et al. 2006; Salojin et al. 2006; Zhao et al. 2006) and
peptidoglycan (Wang et al. 2007). MKP-1 also appears to influence energy usage during E.
coli infection. Intravenous infection with live E coli incites a broad catabolic response in
wildtype mice, with massively increased serum triglyceride levels and depletion of hepatic
glycogen stores (Frazier et al. 2009). In contrast, Mkp-1−/− mice failed to mount a
significant catabolic response and maintained pre-infection glycogen and fat stores. This
profound, and possibly lethal, energy mobilization defect among Mkp-1−/− mice is not fully
characterized and remains an area for ongoing investigation.

Adaptive immune regulation
MAPKs are integrally involved in adaptive immune responses, including modulating
lymphocyte proliferation, cytokine production, and survival (Dong et al. 2002). As with
innate immunity, MKP-1 also regulates the development of an appropriate adaptive immune
response. MKP-1 is an abundantly transcribed MKP in the mouse thymus and its expression
significantly increases at the transition from CD4/CD8 double positive to CD4 single
positive T cells (Tanzola and Kersh 2006). MKP-1 deficiency in innate immune cells also
favors CD4+ T cell differentiation toward the Th17 pathway. LPS-treated Mkp-1−/−

dendritic cells produce less of the Th1-inducing cytokine IL-12 p40 and more of the Th17-
inducing cytokine IL-6 (Huang et al. 2011); these cytokine changes were blocked by the p38
inhibitor SB203580, but not the JNK inhibitor SP600125 (Huang et al. 2011). T cells co-
cultured with Mkp-1−/− dendritic cells produced less IFN-γ but more IL-17 and IL-17F,
consistent with a Th17 phenotype (Huang et al. 2011). The Th17 phenotype could be
reversed by the addition of exogenous IL-12 or an IL-6 blocking antibody (Huang et al.
2011).

To address whether this Th-17 phenotype was also present in vivo, Huang et al. produced
mixed bone marrow chimera mice that had wildtype T cells with either 5:1 ratio of
MKP-1−/−:MKP-1+/+ or 5:1 ratio of MKP-1+/+:MKP-1−/− innate immune cells. Chimera
mice with more MKP-1−/− cells produced a Th17-like response, with much higher levels of
IL-17-producing and lower levels of IFN-γproducing T lymphocytes compared to chimeras
with predominantly MKP-1+/+ cells. Additionally, MKP-1 inhibits regulatory T cell
induction by downregulating TGF-β2 production by dendritic cells (Huang et al. 2011).
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These results suggest that altered innate immune cytokine production play a key role in
adaptive immune defects in MKP-1-deficient mice. MKP-1 also alters cytokine release and
cell proliferation intrinsically in T cells. Mkp-1−/− T cells exhibit enhanced JNK activation
and reduced nuclear translocation of NFATc, as well as reduced cytokine production and
attenuated cellular proliferation after T cell receptor activation (Zhang et al. 2009).
However, since T cell differentiation is influenced by MKP-1 in innate immune cells, it is
unclear if T cell defects in Mkp-1−/− mice are caused by dysregulation in the innate,
adaptive, or both immune systems.

MKP-1 also influences outcomes in auto-immune mediated diseases. MKP-1 plays a
protective role in rheumatoid arthritis and may be a therapeutic target. Collagen-immunized
Mkp-1−/− mice displayed increased joint swelling and elevated serum TNF-α and IL-6
levels than control animals (Salojin et al. 2006). The anti-rheumatoid arthritis drug
aurothiomalate upregulates MKP-1 expression in chondrocytes and suppresses IL-1β-
induced phosphorylation of p38 (Nieminen et al. 2010). MKP-1 siRNA blocked
aurothiomalate-mediated inhibition of p38 phosphorylation and enhanced the expression of
COX-2, IL-6, and MMP-3 in chondrocytes treated with IL-1β. Aurothiomalate attenuated
IL-1β-induced COX-2, MMP-3, and IL-6 expression in articular cartilage explants from
rheumatoid arthritis patients. Similar effects were seen with cartilage explants from
wildtype, but not Mkp-1−/−, mice. The atteniuation of COX-2 expression by aurothiomalate
and by the p38 inhibitor SB203580 were primarily due to destabilization of COX-2 mRNA,
suggesting again that MKP-1 dampens inflammation, at least in part, by altering mRNA
stability of pro-inflammatory factors. In contrast to the protective effects of MKP-1 in
rheumatoid arthritis models, MKP-1 may promote disease progression in experimental
autoimmune encephalomyelitis (EAE). Mkp-1−/− mice treated to induce EAE displayed a
later onset of disease and lower overall disease scores than wildtype animals (Zhang et al.
2009). The reduced disease severity in Mkp-1−/− mice correlated with decreased infiltration
of CD4+ T cells in the central nervous system and lower production of both INF-γ and
IL-17 compared to wildtype animals (Zhang et al. 2009).

Energy Metabolism and Metabolic Disease
Obesity and related metabolic disorders are an important global concern, with an estimated
46 billion overweight adults worldwide in 2008 (Finucane et al. 2011). Given the magnitude
of this problem, it is important to identify factors that control basal energy utilization.
MKP-1 is known to modulate lipid metabolism in several tissues, promoting adipose tissue
deposition at baseline (Sakaue et al. 2004) and altering lipid metabolism in multiple tissues
when a high fat diet is consumed (Flach et al. 2011; Roth et al. 2009; Wu et al. 2006).
MKP-1 promotes adipocyte maturation, as antisense inhibition of MKP-1 enhances ERK
activation and blocks the differentiation of pre-adipocytes into the mature adipocytes
(Sakaue et al. 2004). Similarly, mixed background Mkp-1−/− mice fed a chow diet
maintained lower body weights, lipid stores, serum free fatty acid levels, and triglyceride
levels compared to wildtype animals on the same diet, (Wu et al. 2006).

In mice fed high fat diets, MKP-1 suppresses lipid metabolism in adipocytes, hepatocytes,
and skeletal muscle while Mkp-1−/− mice are protected from developing metabolic diseases
including obesity, skeletal muscle atrophy, and hepatic steatosis. Mkp-1−/− mice fed high fat
diets maintain lower body weights and lipid stores than similarly fed wild type animals
(Roth et al. 2009; Wu et al. 2006). However, this lean phenotype did not protect Mkp-1−/−

mice from developing signs of diabetes, as both wildtype and Mkp-1−/− animals displayed
comparable glucose intolerance and insulin resistance on a high fat diet (Wu et al. 2006).

Excess dietary fat enhances MKP-1 expression in skeletal muscle and promotes loss of the
oxidative myofibers by inhibiting p38 and indirectly suppressing peroxisome proliferator-
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activated receptor γ (PPARγ) coactivator 1α (PGC-1α), a factor which helps maintain
oxidative myofibers. MKP-1 negatively regulates PGC-1α stability in C2C12 myoblasts, as
inhibiting MKP-1 expression by MKP-1 siRNA increases PGC-1α half-life by 47% (Roth et
al. 2009). Overexpression of MKP-1 reduces PGC-1α phosphorylation on both Ser265 and
Thr298 by ~50% (Roth et al. 2009). This likely destabilizes PGC-1α, since p38 stabilizes
PGC-1α by phosphorylating Ser265 and Thr298 of PGC-1α (Puigserver et al. 2001). In
vivo, skeletal muscle from chow fed Mkp-1+/+ or Mkp-1−/− mice had similar levels of
Ser265-phosphorylated PGC-1α, while muscle from wildtype mice fed a high fat diet had a
significant decrease in Ser265-phosphorylated PGC-1α levels. In contrast, high fat fed
Mkp-1−/− mice had significantly higher levels of phospho-Ser265 PGC-1α than high fat fed
wildtype mice.

MKP-1 deficiency also protects mice in a model of hepatic steatosis, a condition which can
predispose to diseases including cirrhosis and liver failure. Double knockout mice lacking
the leptin receptor (db/db) and MKP-1 are resistant to hepatic steatosis compared to db/db-
Mkp-1+/+ mice (Flach et al. 2011). MKP-1 deficiency resulted in PPAR-γ inhibition due to
enhanced MAPK-dependent phosphorylation on PPARγ at its inhibitory residue of serine
112. Finally, PPAR-γ target genes that promote hepatic steatosis were downregulated in db/
db-Mkp-1−/− mouse livers, including fat-specific protein 27 and cell death-inducing DNA
fragmentation factor A-like effector C.

Central Nervous System Development and Disease
MKP-1 is increasingly recognized as an important regulator of the central nervous system,
and is implicated in neuronal axonal development, inflammation, and depression. First,
brain-derived neutrotrophic factor (BDNF) upregulates MKP-1 expression in both excitatory
and inhibitory neurons, correlating with increased axonal branching (Jeanneteau et al. 2010).
In order for axons to develop branches, axonal microtubule components must be destabilized
and disassembled, an action opposed by JNK-mediated phosphorylation of tubule
components such as stathmin. To determine if MKP-1 was involved in this process,
Jeanneteau et al. produced a mutant MKP-1 that specifically targets JNK without an effect
on either p38 or ERK. Expression of this MKP-1 mutant inactivated JNK, attenuated
stathmin phosphorylation, and inhibited axon outgrowth, indicating that MKP-1 activity was
sufficient to destabilize cortical microtubules. Conversely, expression of a JNK mutant
resistant to MKP-1-mediated dephosphorylation reversed the negative effect of MKP-1 on
axon outgrowth. This result was supported by finding that neurons from Mkp-1−/− mice are
unable to form axon branches in response to BDNF.

Secondly, since MKP-1 suppresses systemic inflammation, the protein is a potential
therapeutic target for inflammatory diseases of the central nervous system (CNS). MKP-1 is
expressed in microglial cells, the endogenous brain macrophage. Eljaschewitsch et al. have
shown that MKP-1 plays an important role in protecting neurons during CNS inflammation
(Eljaschewitsch et al. 2006). The endocannabinoid system is highly activated during CNS
inflammation and the endocannabinoid anandamide induces MKP-1 in microglial cells by
activating the neuronal CB(1/2) cannabinoid receptor. Induction of MKP-1 is associated
with histone H3 phoshorylation at the MKP-1 gene locus. As a result, in ligand-activated
microglial cells, anandamide induces rapid increases in MKP-1 protein that switch off
MAPK signal transduction and inhibit iNOS induction. The release of endocannabinoid
anandamide during primary CNS injury tissue may represent a new mechanism of neuro-
immune communication that controls and limits immune response.

Finally, MKP-1 expression is elevated in the brains of rodents in a model of major
depressive disorder. Rats subjected to the chronic unpredictable stress (CUS) model, one of
the most valid and relevant rodent models of depression, display depressive-like behaviors,
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including helplessness and anhedonia (inability to experience pleasure). At day 35, CUS-
exposed rats displayed decreased sucrose preference and increased escape failures in an
active avoidance test (Duric et al. 2010). Mkp-1 mRNA levels were significantly
upregulated in the dentate gyrus and CA3 of CUS-stressed rats. Administration of the anti-
depressant fluoxetine blocked CUS-induced anhedonia and helpless behavior and
normalized the Mkp-1 mRNA levels in the dentate gyrus. Enhanced MKP-1 expression was
specific to the hippocampus, as neither stress nor fluoxetine altered Mkp-1 gene expression
in the cortex. When rats were administered a hippocampal-targeted adenoviral vector
expressing MKP-1, unstressed rats exhibited anhedonic responses, mimicking behaviors in
CUS-exposed rats. CUS-exposed Mkp-1−/− mice maintained normal sucrose consumption,
while CUS-exposed wildtype mice developed a progressive and significant reduction in
sucrose consumption, a sign associated with depression. These results indicate that induction
of MKP-1 is not only a direct consequence of stress but also a key negative regulator of
MAPK that contributes to the expression of depressive symptoms. The studies suggest that
phosphatases such as MKP-1 represent promising new drug targets for treating depression
and possibly other mood disorders.

MKP-1 in Human Disease
MAPKs may play key roles in the development of numerous human diseases, and there is
increasing evidence of altered MKP-1 expression in conditions including asthma,
sarcoidosis and cancer. While this section describes MKP-1’s role in these disorders, we
emphasize that there is novel evidence of altered MKP-1 expression in other organs,
including the brain. MKP-1 expression is elevated in patients with multiple sclerosis
(Eljaschewitsch et al. 2006) and major depressive disorder (Duric et al. 2010), mirroring
recent findings in rodent models.

Asthma and sarcoidosis
MAPKs are key mediators of airway inflammation and hyper-responsiveness in asthma
(reviewed in (Duan and Wong 2006)), and MKP-1 expression is altered the immune cells of
asthmatic patients. MKP-1 is readily induced by corticosteroids in human pulmonary tissues
and immune cells, including bronchial biopsies (Kelly et al. 2011) and primary alveolar
(Bhavsar et al. 2008) and sputum macrophages (Essilfie-Quaye et al. 2011). While LPS and
dexamethasone can upregulate MKP-1 expression in alveolar macrophages isolated from
both asthmatics and non-asthmatics, MKP-1 induction is muted in cells from severe
asthmatics (Bhavsar et al. 2008). Similarly, peripheral blood mononuclear cells from obese
asthmatics exhibit weaker MKP-1 induction in response to dexamethasone that did cells
from non-asthmatics (Sutherland et al. 2008). Although MKP-1 responsiveness is
suppressed in asthmatic immune cells, it remains to be seen if suppressed MKP-1 induction
is an inciting event, secondary reaction to chronic inflammation, or a potential biomarker.

Sarcoidosis is a systemic inflammatory disorder characterized by the development and
growth of tiny clusters of inflammatory cells in different organs, most commonly the lungs,
lymph nodes, eyes and skin. While sarcoidosis is associated with up-regulation of Th1
cytokines, such as TNF-α and IL-12, the underlying mechanism remains unclear. Rastogi et
al. tested the hypothesis that dysregulated MAPK signaling in response to microbial
stimulation is important in mediating Th1 responses in sarcoidosis (Rastogi et al. 2011).
Bronchoalveolar lavage (BAL) cells from sarcoidosis patients exhibited both higher basal
p38 activity and a more robust increase in p38 phosphorylation after treatment with NOD1
or TLR4 ligand than cells from control subjects. Sarcoid BAL cells also produced more
TNF-α and IL-12/IL-23p40. In contrast, control BAL cells exhibited greater basal ERK
activity, and NOD1 and TLR4 agonists preferentially activated the ERK pathway. Inhibition
of p38, but not ERK, attenuated IL12/IL23p40 and TNF-α production by sarcoid BAL cells.
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Interestingly, neither NOD1 nor TLR4 ligand could induce MKP-1 in sarcoid BAL cells.
Adenovirus-mediated overexpression of MKP-1 attenuated p38 activation and decreased the
production of IL12/IL23p40 and TNF-α in sarcoid BAL cells. These results suggest that
defects in ERK activation prevent MKP-1 MKP-1 upregulation, contributing to enhanced
p38 signaling and heightened inflammation in sarcoidosis.

Cancer
There is clear evidence that altered MKP-1 expression correlates with tumor progression in
certain cancers (Wu 2007). Elevated MKP-1 expression is reported in melanoma (Kundu et
al. 2010), advanced breast carcinoma (Loda et al. 1996; Rojo et al. 2009; Wang et al. 2003),
pancreatic cancer (Liao et al. 2003), and non-small cell lung cancer (Chattopadhyay et al.
2006; Vicent et al. 2004). In contrast, MKP-1 expression decreases or is lost during cancer
progression in prostate (Loda et al. 1996; Rauhala et al. 2005), colon (Loda et al. 1996), and
bladder tumors (Loda et al. 1996). MKP-1 expression is more variable in ovarian cancer,
with conflicting studies reporting decreased expression in higher stage tumors (Manzano et
al. 2002) but enhanced protein expression in invasive ovarian cancer (Denkert et al. 2002).
While the factors leading to altered MKP-1 expression in cancer are generally not known,
oncogene mutations may be involved. MKP-1 expression is regulated by MAPKs, and
mutations in the upstream regulators of the MAPK pathways, such as Ras and EGF receptor
tyrosine kinase, are common in many human cancers (Harris and McCormick 2010;
Vogelstein and Kinzler 1993). Since the tumor suppressor p53 regulates MKP-1 expression
(Li et al. 2003; Yang and Wu 2004) and is often mutated or deleted in human cancers
(Vogelstein and Kinzler 1993), loss of p53 activity may also alter MKP-1 expression.
Alternatively, elevated MKP-1 could be caused by stress within tumor cells. Regardless of
the mechanisms underlying the altered protein expression, MKP-1’s role in inhibiting the
MAPKs likely has a significant effect on cell proliferation and apoptosis in tumors.

Modulation of MKP-1
Since MAPKs are implicated in the pathogenesis of many conditions (Chapman and Miner
2011; Dhillon et al. 2007), MAPK-modulating factors have potential therapeutic value. As
an endogenous inhibitor of MAPKs, MKP-1 is a promising therapeutic target for diseases
characterized by MAPK activation. Although currently there are no specific MKP-1
inhibitors, there are ongoing efforts to screen for compounds with enhanced specificity for
MKP-1 (Lazo et al. 2007; Park et al. 2011; Vogt et al. 2008). Several reports have shown
that MKP-1 expression is enhanced by nutritional compounds including L-glutamine (Ko et
al. 2009; Singleton et al. 2005), fatty acid metabolites (Ichikawa et al. 2008; Metzler et al.
1998), and vitamin A derivatives (Choudhary et al. 2008; Palm-Leis et al. 2004). Immune
factors commonly noted to alter MKP-1 expression are glucocorticoids and cytokines,
including IFN-γ, MIF, and IL-10 (Fig. 2).

Glucocorticoids have long been recognized as a key inducer of MKP-1 gene transcription.
The magnitude of glucocorticoid-mediated MKP-1 induction is influenced by factors
including the cell type examined and the exogenous steroid tested. Glucocorticoids induce
MKP-1 in numerous cell types and tissues, including macrophages (Bhavsar et al. 2008;
Chen et al. 2002b; Usmani et al. 2005; Zhao et al. 2005), microglia (Huo et al. 2011), airway
smooth muscle cells (Issa et al. 2007; Quante et al. 2008), rodent hearts (Fan et al. 2009),
primary human neutrophils (Mortaz et al. 2008), primary human T cells (Maneechotesuwan
et al. 2009), and primary human airway epithelial cells (Kaur et al. 2008; Wilson et al.
2009). Additionally, we have found that the magnitude of MKP-1 mRNA induction directly
correlates with a corticosteroid’s anti-inflammatory potency, with higher induction by
dexamethasone than prednisone (Zhao et al. 2005). This correlation suggests that part of the
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mechanism underlying the potent anti-inflammatory effects of certain corticosteroids is
through upregulation of MKP-1.

Mechanistically, the glucocorticoid receptor (GR) is essential for steroid-mediated MKP-1
induction in macrophages, as glucocorticoid-treated peritoneal macrophages from GR
knockout mice lacked significant MKP-1 induction (Bhattacharyya et al. 2007). Both human
and mouse MKP-1 genes contain several putative consensus glucocorticoid response
elements (GRE) binding sites in their promoter regions, located ~29, 28, 24, 4.6, and 1.3 kb
upstream of the MKP-1 transcription start site (Tchen et al. 2010). Although these regions
are conserved in mice and humans, glucocorticoid responsiveness was not always preserved
in both species. For example, while the human and mouse glucocorticoid responsive regions
at −1.3 and −4.6 were ≥ 65% identical in sequence and contain highly conserved
glucocorticoid binding sequences, only the human elements were glucocorticoid-responsive
when expressed in either mouse or human cells (Tchen et al. 2010). Other studies have
identified p300 as being involved in glucocorticoid-mediated human MKP-1 transcription at
the ~1.3 kb responsive site. p300 recruitment to the functional GRE in the MKP-1 promoter
region between −1337 and −1323 was markedly enhanced by glucocorticoid treatment, and
GR and p300 co-precipitated in the protein complex recruited to the DUSP1 GRE (Shipp et
al. 2010).

Finally, it is important to emphasize that not all anti-inflammatory effects of corticosteroids
are mediated through MKP-1. For example, while we found that the immediate inhibitory
effects of glucocorticoids on p38 and JNK are mediated by MKP-1, glucocorticoids can
inhibit cytokine production in LPS-challenged Mkp-1−/− mice (Wang et al. 2008a). In
summary, glucocorticoids remain a widely researched family of potent MKP-1 inducers, and
these drugs hold the potential to treat a wide variety of diseases in which MKP-1
upregulation would be beneficial.

In addition to glucocorticoids, cytokines are another class of immune mediators that
modulate MKP-1 expression. While not all cytokines alter MKP-1 expression, there is clear
evidence that the pro-inflammatory cytokines IFN-γ and macrophage inhibitory factor
(MIF) inhibit MKP-1 expression, while the anti-inflammatory cytokine IL-10 stimulates
MKP-1 expression. IFN-γ is a Th1 cytokine that primes macrophages to enhance release of
other pro-inflammatory cytokines and NO upon LPS treatment (Collart et al. 1986; Gordon
1995). We demonstrated that priming resident peritoneal macrophages with IFN-γ prior to
LPS treatment significantly attenuated MKP-1 induction while prolonging activation of p38
and JNK (Zhao et al. 2006). More recently, others have shown that IFN-γ-mediated
inhibition of MKP-1 is directly responsible for both prolonged MAPK activation and growth
inhibition in M-CSF-stimulated macrophages (Valledor et al. 2008a; Valledor et al. 2008b).

MIF is a pro-inflammatory cytokine that strongly induces other pro-inflammatory cytokines
in macrophages. Elevated MIF expression is closely associated with lethality in models of
bacterial sepsis, and antibody-mediated depletion of MIF protein can prevent mortality in
septic mice (Calandra et al. 2000). Although the full details remain to be elucidated, MIF
appears to act as a physiological counter-regulator to glucocorticoids (Calandra et al. 1995),
and several independent investigators have discovered that MKP-1 is a critical mediator in
the MIF-glucocorticoid crosstalk (Aeberli et al. 2006; Roger et al. 2005). Recombinant MIF
antagonizes dexamethasone- and LPS-mediated induction of MKP-1 in wildtype
macrophages (Roger et al. 2005). Treatment with recombinant MIF also restores TNF-α and
IL-8 production in dexamethasone-treated macrophages (Roger et al. 2005). Similarly,
peritoneal macrophages from MIF knockout mice produced elevated levels of MKP-1
mRNA, which can be suppressed by recombinant MIF (Aeberli et al. 2006).
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In contrast to IFN-γ and MIF, IL-10 enhances MKP-1 expression after LPS stimulation.
IL-10 can synergize with dexamethasone to induce MKP-1 mRNA expression and inhibit
production of IL-6 and IL-12 (Hammer et al. 2005). In LPS-stimulated macrophages, IL-10-
mediated upregulation of MKP-1 correlated with more rapid p38 deactivation, suggesting
that MKP-1 induction may play a key role in the anti-inflammatory mechanism of IL-10.

Concluding thoughts
Research in the past 20 years has demonstrated that MKP-1 regulates numerous
physiological and immunological functions, and that altered MKP-1 expression is a key
factor in numerous animal disease models and in several human conditions. For these
reasons, MKP-1 remains an exciting potential therapeutic target for the diseases with altered
MAPK activity. Despite the wealth of knowledge about MKP-1 biology described here,
there remain key unanswered questions that will aid in moving forward with novel therapies.
For example, what are the specific factors that regulate MKP-1 induction at the promoter
level? Are certain inflammatory diseases such as rheumatoid arthritis, Crohn’s disease, and
psoriasis associated with defects in MKP-1 induction, as has been shown for sarcoidosis?
Do MKP-1 polymorphisms previously identified in diseases such as ovarian cancer (Suzuki
et al. 2001) affect the cancer prognosis or sensitivity to chemotherapeutic drugs? Addressing
these and related questions will help move MKP-1-based therapeutics from the lab into the
clinic.
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Figure 1.
MKP-1 restrains pro-inflammatory cytokine biosynthesis. Microbial ligands stimulate toll-
like receptors (TLRs), initiating the NF-κB and MAPK cascades and upregulating pro-
inflammatory cytokines through both transcriptional and post-transcriptional mechanisms.
p38 activates the downstream protein kinase MK-2. MK2 in turn enhances cytokine mRNA
expression by two mechanisms: stabilizing the stabilities of cytokine mRNAs through
modulating RNA-binding proteins (RBP) and augmenting the cytokine mRNA translation.
Simultaneously, TLR-initiated signals also enhance MKP-1 transcription, which in turn
dephosphorylates JNK and p38, destabilizes cytokine mRNA, and inhibits cytokine
translation to terminate the inflammatory cascade. ERK phosphorylates MKP-1 to stabilize
the protein. ERK and p38 signal through MSK-1 and MSK-2 to upregulate MKP-1
expression.
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Figure 2.
Immunomodulatory agents regulate inflammation by modulating MKP-1 expression. Agents
including glucocorticoids, IL-10, and L-glutamine induce MKP-1 expression, leading to
dephosphorylation of p38 and JNK and attenuation of inflammation. In contrast, pro-
inflammatory factors, including the cytokines IFN-γ and MIF, inhibit MKP-1 expression,
prolonging p38 and JNK signaling pathways and enhancing inflammation. ERK and p38
upregulate MKP-1 expression through MSK-1 and MSK-2.
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