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Abstract. MAP kinases (MAPKs) are evolutionarily
conserved regulators that mediate signal transduction
and play essential roles in various physiological
processes. There are three main families of MAPKs
in mammals, whose functions are regulated by activa-
tors, inactivators, substrates and scaffolds, which
together form delicate signaling cascades in response
to different extracellular or intracellular stimulation.

MAPK signaling is tightly regulated so that optimal
biological activities are achieved and health is main-
tained. However, how the specificity of the signaling
flow along each cascade is achieved is still relatively
unclear. In this review, we summarize recent advances
in understanding the regulation of MAPK cascades
and the roles of MAP kinases and their regulators in
development and in immune responses.
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Introduction

Three main families of MAP kinases (MAPKSs) exist
in mammalian species, grouped by their structures and
functions: the extracellular signal-regulated protein
kinases (ERKs), the p38 MAPK, and the c-Jun NH,-
terminal kinases (JNKs) [1-4]. All the MAPKs
consist of a Thr-X-Tyr (TXY) motif within their
activation loop. The phosphorylation of both threo-
nine and tyrosine within the activation loop is essential
and sufficient for their activation. The ERK family
contains a TEY (Thr-Glu-Tyr) activation motif [5].
Members of this family could be further divided into
two subgroups: 1) the classic MAPKs that consist
primarily of a kinase domain such as ERK1 and
ERK2; and 2) the large MAPKs such as ERK3,
ERKS5, ERK7, and ERKS that consist of both a kinase
domain and a C-terminal domain and range in size
from 60 to greater than 100 kDa [6]. The p38 family
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has a TGY activation motif and includes a, f3, v, 9§, and
ERKS6, which is a newly identified member [6, 7].
There are three members in the JNK family which all
contain Thr-Pro-Tyr (TPY) in their activation motif
[8]. The expressions of JNK1 and JNK2 have been
found to be ubiquitous, while the expression of JINK3
is brain-specific.

MAPKSs response to a broad range of extracellular and
intracellular changes (Fig. 1). Cooperating with other
signal transduction pathways, MAPKs transduce
these signals into alterations in gene expression and
regulation of cell function. In this review, we will focus
on recent development on how MAPK pathways
achieve their signaling specificity and how they are
negatively regulated.
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Figure 1. Mammalian MAP kinase pathways. The activation of MAPK signaling pathways is achieved through a core triple kinase cascade.
MAPKSs are activated by dual phosphorylation on Thr and Tyr caused by specific MKKs. The MKKSs are activated, in turn, by MKKKs.

Signaling specificity regulation of MAPKs by docking
and scaffolding

Docking interactions regulate the specificity and
efficiency of MAPK signal transduction

Multiple mechanisms present in the MAPK signaling
pathways ensure the fidelity and efficiency of the
signaling flow. These mechanisms include the inter-
action between the kinase catalytic domain and the
substrate phosphor-acceptor site, docking interactions
between members of a particular MAPK cascade, and
scaffold proteins. Docking interaction is commonly
shared among the members of an MAPK cascade
when they interact with their corresponding partners.
Docking motifs are characterized as a short peptide
with a few charged or hydrophobic residues. The so-
called docking interaction happens when one member
of the MAPK cascade interact with its corresponding
partners through electrostatic and/or hydrophobic
interactions. These docking interactions are essential
for the efficiency of signaling and contribute to a
certain degree to the signaling specificity. In this
section, we will focus on how different members of
MAPK cascades use different docking domains to
interact with their cognate binding partners to regu-

late the specificity and efficiency of signal trans-
duction.

Docking interaction between MAP3Ks and MAP2Ks
It is well known that a larger number of MAP kinase
kinase kinases (MAP3Ks) are present to activate a
more limited number of MAP kinase kinases
(MAP2Ks; seven in mammalian species), which
leads to the activation of a specific MAPK (Fig. 1).
The specific MAP3K-MAP2K interaction is thought
to be a fate-determining event [9]. Docking interac-
tion is one of the mechanisms that contribute signaling
specificity at this stage. The docking interaction
between MAP3K and MAP2K and its contribution
to signaling specificity was first appreciated in mating
yeast. The two MAP3Ks, Ssk2/Ssk22, in the HOG
MAPK pathway, which is activated by external high
osmolarity, transfer the signal only to MAP2K Pbs2. It
was found that a docking domain in the N-terminus of
Pbs2 and its specific interaction with Ssk2/Ssk22
determine the signaling specificity at this point [9].
In mammalian species, a docking domain, termed
DVD (domain for versatile docking) site, was also
found to be commonly present in the C-terminus of
MAP2Ks right after their kinase domains (Table 1)
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[10]. It is composed of about 20 amino acids and is
critical for the interaction of MAP2Ks with their
corresponding MAP3Ks and for the activation of
MAP2Ks by their MAP3Ks. For example, in human
MKKS®6, the C-terminal DVD site consisting of 24
amino acids is required for its binding to the kinase
domain of all its MAPK3KSs, including MTK1, TAK1,
ASK1, and TAO2. Synthetic oligopeptides of this
domain competitively inhibited the activation of
MKK6. When this domain was mutated, activation
of MKK6 by its MAP3Ks in response to various
stimulations, including UV irradiation, osmotic stress,
translation inhibition, oxidative stress, and cytokine
stimulation, was impaired [10]. This DVD site was
also commonly present in other human MAP2Ks with
similar function, including MKK3, MKK4, MKK7,
and MEK1, indicating that the DVD sites in mamma-
lian MAP2Ks are essential for their binding and
activating by their MAP3Ks.

The DVD sites of mammalian MAP2Ks were also
found to contribute to the specificity of signal trans-
mission. For instance, MKK4 could be phosphorylated
by both MEKK1 and MTK1, whereas MKK7 could be
phosphorylated only by MEKKI. It was found that the
DVD sites of MKK4 could bind both MEKK1 and
MTKI1, whereas that of MKK?7 could bind to only
MEKK]1, indicating that the DVD domain is an
important determinant of the specific MAP3K-
MAP2K interaction [10]. However, after switching
of the DVD domain of MKK7 to that of MKK4,
MKK?7 could no longer to be phosphorylated by either
MEKKTI1 or MTK1, indicating that the DVD-mediated
docking interaction only partially contributed to the
signaling. To our knowledge, the corresponding re-
gions in MAP3Ks of DVD sites have not been
identified, although some regions, such as the sub-
domain VIII in MEKKI1, have been found to be
involved in the specific interaction with its substrates
[11]. Further studies will be needed to elucidate the
mechanisms of docking interaction between MAP3Ks
and MAP2Ks.

Docking interactions between MAP2Ks and MAPKs
Once activated by their corresponding MAP3Ks, the
MAP2Ks will make contact with their cognate
MAPKSs to phosphorylate and activate them. Two
MAP2Ks, MEK1 and MEK2, are responsible for
ERK activation; MKK4 and MKK7, and MKK3 and
MKKS®, are for INK and p38 activation, respectively;
whereas MKKS is responsible for the activation of
ERKS5 (Fig. 1) [12, 13]. It had been found that a
docking motif called D domain, also known as D-site
or DEJL motif, other than DVD site in MAP2Ks
contributed to the specific interactions of some
MAP2Ks with their cognate MAPKSs. The D domain

Review Article 2773

normally contains a cluster of basic residues (2—-3 R/K
residues), followed by two conserved hydrophobic
residues in the arrangement of @, -X- &, (D, and Py
are hydrophobic residues) with 1-6 residues in
between [14] (Table 1). This D domain actually was
first identified in Ste7, the yeast MAP2K in Kss1 and
Fus3 MAPK pathways [15]. It was further found to be
evolutionarily conserved from yeast to humans in
certain classes of the MAP2Ks, including MEKI1,
MEK?2, MKK3b, MKK4, and MKK?7 [15-20]. The D
domains in these MAP2Ks mediate their binding to
their cognate MAPKs and are important for their
proper functions. For example, mutations of the D
domain in MEKT1 inhibited its binding to ERK, its
ability to exclude ERK from nucleus, and its feedback
phosphorylation by ERK [16]. Synthetic D domain
peptide of MEK1 inhibited both MEK1 phosphory-
lation of ERK?2 and the feedback phosphorylation of
MEKI1 by ERK2 [16, 21]. Similar functions of D
domains in MKK3b and MMKG6 in mediating their
binding and function on p38, and MKK4 on JNK, have
been confirmed [18, 19]. In the case of MKK?7, there
are three D domains instead of one in its N terminus
working together to mediate its binding to JNK [20].
However, the contributions of D domains to signaling
specificity in different MAP2Ks may vary. For in-
stance, the synthetic D domains of MEK1 and MEK?2
bound only to ERK and only inhibited the binding and
phosphorylation of ERK by MEK1 and MEK?2,
whereas the D domain peptide of MKK4 inhibited
not only the binding and phosphorylation of JNK by
MKKH4 but also the binding and phosphorylation of
ERK2 by MEK2 [19], indicating the presence of other
specificity-determining mechanisms between
MAP2Ks and MAPKs.

Unlike other MAP2Ks, the ERKS activator MEK5Sa
contains a unique docking domain which comprises a
cluster of acidic residues in its N terminus (Table 1)
[22]. This docking domain mediates its binding to both
MEKK?2 and ERKS, its activator and target, to
facilitate the activation of ERKS cascade.

CD and ED sites in determining binding specificity of
MAPKs with activators and substrates

The first identified docking domain in MAPKS is
called common docking domain or CD domain
because it is present in all members of MAPKs and
is evolutionarily conserved from yeast, Caenorhabdi-
tis. elegans, Drosophila, and plants, to human; MAPKs
use this same docking domain to interact with their
activators, inactivators, and substrates [23]. The CD
domain, comprising a cluster of negatively charged
amino acids, is located in the C-terminal region right
after their kinase domain (Table 1) [23]. Mutational
studies demonstrated that the acidic amino acids are
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Table 1. Docking domains in MAPK cascades.

Mitogen-activated kinases

Members Docking domain Structure or representative sequences Interaction References
of MAPK with
cascades
MAP2Ks DVD (domain for versatile docking) site, MKKG6 MAP3Ks Takekawa, M. et al.,
located at the C-terminal side of catalytic PFFTLHESKGTDVASFVKLILGD 2005
domain _
1 53 DVD site
| | Kinase domain
an 334
D domain (also known as D-site, or DEJF MKK6 MAPKSs Enslen, H. et al., 2000
motif), contains a Cluster of basic residues 1 18 DVD site
followed by two conserved hydrophobic )
residues located at its N-terminus domain an 334
SQSKGKKRNPGLKIPKE
Basic residues @, -X- @5
Docking domain of MEKS, located in its N- MEKSa MEKK?2 Seyfried, J. et al., 2005
terminus | and ERKS
448
61EYEDEDGD68
MAPKs CD (common docking) domain comprisesa ERK2 MAP2Ks, Tanoue, T. et al., 2000,
Cluster of negatively charged amino acids, LEQYYDPSDEPVAE MKPs, 2001
located in the C-terminal region right after D domaig Substrates,
their kinase domain [ | Kinase domain etc.
316 329
ED site is also composed of a group of ERK2 MAP2Ks, Tanoue, T. et al., 2001
negatively charged amino acids, located at the 159 172 CD domain MKPs,
opposite of CD domain to the kinase domain | ] [ ] Substrates,
ED site SLU etc.
LLNTTCDLKICDFG
MAPK D domain (also known as D-site, or DEJF c-Jun JNK Dai, T. et al., 1995;
substrates motif); see description above 32 51 Vinciguerra, M. et al.,
| 2004
domain
ILKQSMTLNLADPVGSLKP
DEF domain (docking site for ERK) or FX(F/ c-Fos ERK Jacobs, D. et al., 1999;
Y)P motif 311 236" 560 Murphy, L. et al., 2002;
| Vinciguerra M. et al.,
g
DEF domain 2004
LCTPVWTCTPSCTTYTSSFVFTYPEE
some ERK Substrates contain both D domain JunD JNK, ERK Vinciguerra, M. et al.,
and DEF motif 48MLKKDALTLSLAESO 2004
KD domai
|
EF domain———. 341
112 LVTTTPTSTQFLYPKV127
Scaffold the D domain in JNK scaffold JIP-1 was first JIP-1 JNK Dickens, M. et al., 1997
proteins  identified as JNK-binding domain (JBD) 144 163
and |
MKPs D domain 660
PGTGSGDTYRPKRPTTLNLF
the N-terminus of MKP-1 has a positive- MKP-1 JNK, p38  Tanoue, T. et al., 2002
hydrophobic-positive motif which includes By K- By
the D domain and is for docking to CD and IVRRRAKGAMGLEHIVPNAELRGRL
ED domains in p38 and JNK Beicesiues
DEF domain of MKP-1 in its C-terminus is ERK Lin, Y. and Yang, J., 2006

essential for ERK-directed ubiquitination and
proteolysis
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crucial for the docking interaction with some of their
binding partners but not fully responsible for their
binding with other partners or for their binding
specificity [23, 24]. For instance, mutations of nega-
tively charged amino acids in the ERK2 CD domain,
Asp321-Asp324, and mutations of Asp313—Asp315—
Asp316 in p38a CD domain greatly impaired the
binding of ERK2 and p38a with their corresponding
partners and their enzymatic activities, respectively
[23]. However, the mutation of Ser 323 in the CD
domain of ERK?2 to an aspartic acid, which changed
the ERK2 CD domain sequence to a p38a CD
sequence, did not change its docking specificity.
Furthermore, mutation of the three aspartic amino
acids in the CD domain of p38a did not fully block its
binding with MAPKAPK-3/3pk, one of its substrates
[24]. Together, these data indicated the presence of
other specificity determinants in MAPKs, which led to
the finding of another docking domain named ED site
(Table 1) [24]. The ED site of p38a.is also composed of
a group of negatively charged amino acids and was
closed to the CD domain in steric structure. Mutation
of this ED site alone reduced the binding and
activation of p38a toward 3pk. When both ED and
CD sites were mutated, the binding ability of p38a to
3pk was almost completely lost, and its ability to
phosphorylate 3pk was further decreased compared
with the single mutant, indicating that both the ED
and CD sites contribute to its docking specificity [24].
However, the contribution of CD and ED sites to
docking specificity may vary with different substrates.
For instance, the ED of the p38a site contributes more
to regulation of the docking specificity toward 3pk
than does the CD site, whereas the CD site is the main
specificity determinant toward MSK2; both the CD
and ED sites are equally important for determining
the docking specificity toward PRAK [24].

Docking domains in MAPK substrates

Different types of docking sites have been identified in
MAPK substrates. One docking domain present in
MAPK substrates is the D domain, which is also
present in MAP2Ks. The D domain was actually first
identified in the bZip transcription factor c-Jun [25,
26]. It is essential for efficient and specific phosphor-
ylation of c-Jun by JNK. The D domain was later
found to be conserved among various MAPK sub-
strates. It not only contributes to the signaling
specificity from MAPKSs to their substrates but is
also required for the activation and function of these
substrates through mediating binding events rather
than catalysis [27-29]. For instance, the MEF2 sub-
family of MADS-box transcription factors MEF2A
and MEF2C is preferentially phosphorylated and
activated by the p38 subfamily members p38a and
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p38p2 [2, 29]. Deletion of the D domains from both
MEF2A and MEF2C greatly reduced their phosphor-
ylation by p38 and their transcriptional activities. A
synthesized peptide that corresponds to the D do-
mains of MEF2A acted as an inhibitor of p38a and
p38p2-mediated phosphorylation of MEF2A [29].
Mutagenesis study showed that although residues
throughout the D domain contributed to its function,
the hydrophobic residues in its C-terminus (1273,
V275, and 1277 in MEF2A) are particularly important
[28]. The D domains in MEF2A and MEF2C also
determine their specificity for p38a and p38(32. Fusion
of the D domain from MEF2A to Elk-1 and c-Jun,
which either does not or responds poorly to p38,
converts them to be good targets of both p38a and
p38P2 by directing the phosphorylation of the phys-
iologically relevant sites [29]. On the other hand,
tusion of Elk-1 (a JNK and ERK substrate) D domain
could only convert MEF2A into a JNK target but not
ERKSs [29]. Similarly, fusion of D domain from SAP-1,
which is targeted by p38a, p383, and ERK, with D
domain-deleted MEF2A could only restore its ability
to be a p38 substrate but not an ERK substrate.
Therefore, other factors in Elk-1 and SAP-1 deter-
mine their ability as ERK substrates.

Another docking domain called DEF domain or
FX(F/Y)P motif was then identified in both ERK
and p38a substrates (Table 1) [30-32]. It was first
identified in the Ets family transcription factor LIN-1
in C. elegans and was further found to be an
evolutionarily conserved docking motif that mediated
ERK binding to ETS proteins [30,31]. This motif, like
the D domain, contributes to signaling efficiency and
specificity. For instance, it has been shown that ERK
substrate c-Fos could function as a molecular sensor
for ERK signal duration due to the presence of its
DEF domain [33]. In response to transient ERK
signal, c-Fos was not phosphorylated and was degrad-
ed quickly. In response to sustained ERK activation,
initial phosphorylation of the c-Fos in its C terminus
resulted in the exposure of its DEF domain and the
docking interaction with ERK, thereby helping to
increase the efficiency of ERK-regulated activation
and to contribute to the following biological out-
comes, such as S phase entry of the cells.

Because two different docking domains are present in
various ERK substrates, ERK substrates can there-
fore be divided into three classes based on the
presence of DEF domain or D domain or both [31].
The DEF motif was found to be present in these ERK
substrates, which can be targeted by more than one
subgroup of MAPKs [32]. Its primary sequences
contain the necessary information to mediate binding
to ERK. However, the maximum ERK response may
require the cooperation of both D and DEF domains.
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For instance, JunD contains both D and DEF domains
and can be activated by both ERK and JNK MAPKs
[34-36]. The D domain alone mediated its response to
JNK-specific activation, whereas D and DEF domains
functioned additively in response to ERK-mediated
activation [36]. Introduction of the DEF domain into
c-Jun, which does not respond to ERK activation,
enabled it to be responsive to transient activation of
ERK signaling [36]. In the case of Elk-1, which also
contains both D and DEF domains, although mutation
of either D domain or DEF domain reduced its
transcriptional activity significantly in response to
ERK activation, mutation of both the D and DEF
domain completely eliminated its transcriptional
activity [32,37].

It had been shown that MAPKSs such as ERK2 interact
with the D domain and the DEF domain using
different regions, thereby mediating the activation of
different substrates in response to different stimula-
tions [38]. Residues from 185-261, which is proximal
to the activation lip in ERK2, were found to be
essential for interaction with the DEF domain, where-
as residues 316 and 319 in the CD domain mediated
the interaction with the D domain [23,38]. Mutational
study indicated that downstream branches of ERK2
signaling can be selectively inhibited by specific
mutations in either of these two regions without
blocking total pathway activity [39]. For instance,
mutations in the DEF domain binding pocket prevent
activation of DEF domain-containing substrates such
as c-Fos but not D domain-containing substrates such
as RSK, and vice versa.

Because the docking interaction between ERK and its
substrate determines their individual signal specificity,
the disrupting of interactions between one substrate
with ERK would not affect ERK interacting with
other substrates. Targeting these particular interac-
tions might lead to the identification of specific
compounds for a particular signal branch of ERK.
For instance, by targeting different regions in the CD
and ED domains of ERK, Hancock et al. identified
two small molecular ERK inhibitors that affect ERK-
mediated Rsk-1 activation and ERK-mediated Elk-1
activation, respectively [40]. Therefore, further study
of docking interactions between members of MAPK
cascades and their mechanisms could lead to the
finding of new pharmaceutical targets for MAPK-
related diseases.

Docking domains, such as D domain and DEF
domain, have been found not only in MAP2Ks and
MAPK substrates but also in other MAPK interacting
molecules, such as scaffold proteins and MKPs
(Table 1). The sequence similarity of the D domain
in different MAPK-interacting molecules supports
the notion that they bind to the same region in their

Mitogen-activated kinases

corresponding MAPKSs. There is evidence suggesting
that various D domain-containing interacting mole-
cules of one MAPK compete for the same docking site
in that MAPK. For example, peptides derived from D
domains of MEK1 and MEK2 not only inhibited
MEK-mediated ERK phosphorylation but also in-
hibited ERK-dependent Elk-1 phosphorylation, in-
dicating that the D domains of MEK1 and MEK?2
compete with that of Elk-1 to bind to the ERK
docking site [19]. It was also found that MKK4 and
JIP1 compete with each other to bind to JNKS3,
whereas MKK4 and JIP1 compete with JNK2 sub-
strates such as c-Jun and ATF2 for binding to JNK2
[19].

Scaffold proteins assemble functional MAPK
modules

Scaffold proteins had been identified as organizers of
the MAPK signaling pathway. Members in one
particular MAPK pathway may be brought together
by a scaffold protein to assemble into an MAPK
module in response to a particular stimulation. There-
fore, scaffold proteins play a critical role in the
signaling specificity of MAPKSs. They also can provide
spatial and temporal control of MAPK signaling [41].
The elegant studies on yeast MAPK scaffold proteins
clearly demonstrate that scaffold proteins determine
the signaling specificity of MAPKs in yeast. For
instance, in the budding yeast Saccharomyces cerevi-
siae, the mating and high-osmolarity response MAPK
pathways share some components such as Stell. The
Ste20p  (MAP4K)-Stellp  (MAP3K)-Ste  7p
(MAP2K)-Fus 3p (MAPK) pathway is responsible
for mating signal transduction, which is activated by
peptide mating pheromones (Fig. 2) [42, 43], whereas
the Shol branch of the high-osmolarity response
pathway, which includes Ste20p (MAP4K)-Stellp(-
MAP3K)-Pbs2p(MAP2K)-Hoglp (MAPK), medi-
ates the response to osmotic stress [44, 45]. The
same MAP3K Stellp is used by these two distinct
MAPK pathways, yet with no crosstalk. Scaffold
proteins SteSp for the mating pathway and Pbs2 for
the Shol pathway were found to be the determinants
for their respective signaling specificities [44, 46]. By
interacting with multiple components, including
Stellp, Ste7p, and Fus3p with separable binding
sites, SteSp not only creates a signaling module
specific for the activation of Fus3p but also positively
regulates its activation (Fig. 2) [46]. A similar function
is assumed by Pbs2, which is also MAP2K in the high-
osmolarity glycerol (Hog) signaling pathway [44, 47,
48]. As a scaffold protein, Pbs2p binds to its upstream
activator Sholp and its downstream components
Stellp and Hoglp to assemble a specific signaling
module to regulate response to high extracellular
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osmolarity [44]. As an MAP2K, it directly phosphor-
ylates Hoglp. The critical roles of Ste5p and Pbs2p in
the maintenance of specificity of the mating and
HOGT1 pathways, respectively, were further demon-
strated by the studies from the groups led by Pryciak
and Lim [49, 50]. By using protein fusions to force the
common component Stellp to associate preferential-
ly with a subset of its possible binding partners,
signaling became confined to a particular pathway
[49]. For instance, the fusing of Stellp to SteSp and
Ste7p resulted in Fus3-dependent signaling; whereas
fusing it to Pbs2 caused it to function best in the HOG
pathway and to become less available for other
pathways. By creating a hybrid scaffold, Park et al.
further showed that a new MAPK pathway with non-
natural input-output properties could be made from
combinations of preexisting kinases. A diverter scaf-
fold was made by fusing the scaffolds SteSp and Pbs2p
and mutagenically destroying interactions with the
downstream mating output (Ste7p) and the upstream
osmolarity input (the osmosensor Shol) [50]. Upon
pheromones peptide stimulation, cells bearing this
diverter scaffold did not mate but could survive on
high high-osmolarity only in the presence of pher-
omone peptide. Therefore, scaffolds SteSp and Pbs2p
play essential roles in the efficiency and specificity of
the mating signaling and HOG pathways, respectively,
by selectively binding to specific components, restrict-
ing them to the site of pathway activation, and
segregating them from their participation in other
pathways [49-54].

In the mammalian MAPK signaling pathways, many
scaffold protein candidates have been identified to
date. Biochemical and genetic studies have indicated
that three members of the JIP protein family are
scaffold proteins of the JNK pathway. Several mole-
cules, including KSR and MP1, are ERK scaffold
proteins. Proteins such as CNKI1 and f-arrestin may
also act as scaffolds in multiple signaling pathways. To
date, few molecules have been identified as scaffolds
for the p38 pathway. In the next section, we will focus
on these molecules that are involved in JNK, ERK,
and multiple signaling pathways.

JIP family connects JNK signaling modules to signal
receptors in the cell membrane

The JNK-interaction proteins (JIPs) as scaffold pro-
teins for the JNK pathway have been identified by
Davis and his colleagues and are relatively well
studied [55-57]; four members of this family, JIP1,
JIP2, JIP3, and JIP4, have been identified. Among
them, JIP1 and JIP2 share high sequence homology
and similar binding partners. Both JIP1 and JIP2
selectively bind to mixed-lineage protein kinase
(MLK) groups of MAP3Ks (including DLK, MLK2,
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Figure 2. Scaffold proteins assemble functional MAPK modules.
(a) In budding yeast S. cerevisiae, in response to a mating signal, the
scaffold protein Ste5 interacts with Sted4p through docking
interaction, recruits MAP3K Stell, MAP2K Ste7 and MAPK
Fus3, thereby segregating the common MAP3K Stell from other
MAPK pathways, such as the high-osmolarity pathway. (b) In
mammalian species, the JIP family member JIP1 binds to MLK
groups of MAP3Ks DLK, MLK, and MLK3, MAP2K MKK?7, and
JNK MAPK to facilitate JNK activation in response to stress, such
as excitotoxic stress and anoxic stress in neurons.

and MLK3), and MAP2K MKK?7 with their C-
terminal regions and interact with JNK using their
N-terminal regions [56,57]. When co-expressed with
MLK3 or MKK?7, JIP1 enhanced JNK activity, where-
as mutated JIP1 with deletion of JNK binding domain
failed to do so, indicating that JIP1 enhances JNK
activation by the MLK-MKK?7 signaling pathway [37].
Furthermore, JIP1 also interacts with one of the three
mammalian Ste20p-related proteins, hematopoietic
progenitor kinase-1 (HPK1) [37], one of the JNK
pathway activators [58], indicating that JIP1 could
selectively associated the JNK module with upstream
components. The role of JIP1 in regulation of MAPK
signaling in vivo had been studied using gene knock-
out mouse models. Study of JIP1 knockout mice
demonstrated that JIP1 was a critical component of
the JNK signaling pathway in neurons and positively
regulated JNK activation in response to excitotoxic
stress and anoxic stress (Fig. 2b) [59]. After JIP1 was
knocked out, JNK activation was markedly attenu-
ated in hippocampal neurons upon kainite treatment
and oxygen-glucose deprivation. Furthermore, the
neurons exhibited increased resistance to the apop-
totic effects of these two treatments.
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In addition to facilitating JNK activation through
binding to components of the JNK pathway, JIP1 had
also been found to regulate JNK signaling under
certain circumstances by binding to other signaling
molecules such as Akt and Notch, probably to prevent
harmful activation of JNK [60, 61]. In neurons, Aktl
directly binds to JIP1 and inhibits the ability of JIP1 to
assemble active JNK signaling complexes (with
MLK3, MKK?7, and JNK), therefore inhibiting JIP1-
mediated JNK activity [60]. The downregulation of
JNK by Aktl attenuates excitotoxic neuronal death.
Kim et al. showed that Notchl physically associated
with JIP1 through the JNK binding domain, thereby
inhibiting the interaction between JIP1 and JNK to
prevent JIP1-mediated JNK activation and cell death
under stresses such as glucose deprivation [61].

The second member of the JIP family, JIP2, not only
has a binding preference similar to JIP1 but also shares
similar subcellular localization [57]. Both of them are
located in the cytoplasm, and both can form homo-
oligomers or hetero-oligomers with each other in vivo.
Furthermore, both JIP1 and JIP2 bind to MAPK
phosphatase 7 (MKP7) and M3/6, which target JNK,
and the binding of MKP7 blocks the MLLK3-mediated
JNK activity enhancement [62]. Whether JIP1 and
JIP2 are functionally redundant or have specific
individual function in mediating JNK signaling still
awaits clarification.

Some studies have indicated that JIP2 is a scaffold
protein for the p38 pathway instead of JNK and link
the p38 MAPK pathway to upstream signaling [63].
Buchsbaum et al. showed that JIP2 brought the
MLK3-MKK3-p38a. module to Tiaml and Ras-
GRF1, two guanine nucleotide exchange factors
(GEFs) that activate the Rac GTPase [63]. The
binding of Timal and Ras-GRF1 to JIP2 increases
the binding efficiency of JIP2 to p38 signaling
components and enhances p38 activity. Although the
precise function of interaction between Tiam1/Ras-
GRF1 and JIP2 remains unclear, it was suggested that
this interaction contributes signaling specificity by
coupling Rac activation to one of its many down-
stream target proteins [63]. A study by Robidoux et al.
indicated that JIP2 probably assembled a p38 signal-
ing complex including MKK3 and p38a to mediate
PKA-induced p38 activation and promote uncoupling
protein 1 (UCP1) expression during cold-induced
nonshivering thermogenesis [64]. However, further
studies are needed to identify the exact function of
JIP2 in vivo.

In addition, both JIP1 and JIP2 interact with other
non-JNK signaling molecules, including kinesin light
chain, apolipoprotein E receptor 2, p190 thoGEF, and
amyloid precursor protein [65-67]. However, wheth-
er the interactions of JIP1 and JIP2 with these
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molecules would lead to specific JNK activations,
and the biological consequences of these interactions,
still need to be further elucidated.

JIP3, also known as JNK/stress-activated protein
kinase-associated protein 1 (JSAP1), has no signifi-
cant sequence homology with JIP1 and JIP2. It had
been shown that JSAP1/JIP3 binds to different
MAP3Ks, including MEKK1, MLK3, and ASK1 [2,
55, 68]. Its N-terminal region is important for the
association with these MAP3Ks [2, 55]. JSAP1/JIP3
directly binds to MKK7 with its central region
(residues 410-815) [55]. The interaction of JSAP1/
JIP3 with SEK1/MKK4 was activation-induced, since
the unstimulated MKK4 bound to MEKK1 and only
the activated form of MKK4 was found to be
associated with JSAP1/JIP3 [2]. JSAP1/JIP3 is
thought to be a JNK3 scaffold protein for two reasons.
First, although JSAP1/JIP3 bound to all three JNK
isoforms, it exhibited higher binding affinity to JNK3
than to the other two isoforms [2, 55]; second, its
expression in mouse tissues is similar to that of JNK3
[55]. Ichijo et al. have shown that JSAP/JIP3 not only
functioned as a scaffold protein but also dynamically
participated in signal transduction by forming a
stimulation-dependent functional complex in the
ASK1-JNK module in cells in response to H,O,
stimulation [68]. Upon H,0, stimulation, ASK1 was
activated [69]. The activated ASK1 then phosphory-
lated JSAP1/JIP3, which led to the recruitment of
SEK1/MKK4, MKK7, and JNK3 by JSAP1/JIP3 to
assemble a signaling complex and ultimately resulted
in the enhancement of JNK3 activity [68].

Like JIP1 and JIP2, JIP3 can also link the JNK
signaling module to its upstream activators. In macro-
phages, JIP3 is associated with TRL4 and is specifi-
cally involved in LPS-mediated JNK activation [70].
The cytoplasmic domain of TLR4 is essential for its
association with JIP3, and its association with JIP3 is
specific since neither JIP1 nor JIP2 was associated
with TRL4 [56,57,70]. MEKK1 and TAK1 have been
shown to be the essential MAP3Ks for LPS-induced
JNK activation [71,72]. In macrophages, MEKK1, but
not TAK1, was found to be constitutively associated
with JIP3 [70]. JIP3 was also found to be associated
not only with TLR4 but also with TLR2 and 9,
indicating its involvement in TLR2 and TRLO signal-
ing [70]. Therefore, JIP3 probably plays a role in
immune responses to microbial infection, but this
possibility needs to be further elucidated using
technologies such as mouse gene knockout.

Except for linking JNK components to TLRs, JIP3s
have been also found to link JNK signaling module to
other upstream activators to mediate specific JNK
activation. Takino et al. showed that JIP3 cooperated
with FAK to regulate JNK activation and cell migra-
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tion in response to fibronectin (FN) [73, 74]. FN
stimulation of cells induces tyrosine phosphorylation
of endogenous FAK and JIP3 [73]. The N-terminal
(1-343 amino acid residues) of JIP3 then interacts
with FAK to form a stable complex to mediate JNK
activation through the module formed by JIP3 [73].
It had been found that JIP3 not only facilitates JNK
activation, but also inhibits ERK activation by isolat-
ing it from its activators. Using its C-terminal region
(residues 1054-1305), JIP3 bound to Raf-1 and
MEK]1, the ERK activators, to prevent Raf-1 from
phosphorylating MEK1 and thereby inhibiting ERK
activation [2, 75].

All these studies demonstrate that as a JNK scaffold
protein, JIP3 recruits different components to assem-
ble a functional signaling module and connects the
module to other cellular components to mediate its
activation in response to various stimulations.

A new JIP3-related protein named JIP4, which shares
many of the properties of JIP3 such as binding to INK
and to the light chain of the microtubule motor protein
kinesin-1, was identified recently [76]. Although it
binds to JNK, JIP4 neither binds to JNK activators
such as MLK3 and MKK?7 nor activates JNK signaling.
Instead, it is a p38 scaffold candidate based on the fact
that it interacts with p38 isoforms (including p38a and
p38p) and potentiates p38 activation (which requires
MKK3 and MKK6). However, the function of JIP4
still needs to be further explored.

ERK scaffold proteins

Among the several ERK scaffold protein candidates,
only kinase suppressor of Ras (KSR) has been
confirmed by genetic studies as a bona fide scaffold
for the Ras/Raf/MEK/ERK signaling pathway to
facilitate ERK activation in mammals [33, 77]. It
was first identified in C. elegans and Drosophila
melanogaster in a search for regulatory molecules of
the Ras/ERK pathway [78-80]. Nguyen et al. showed
that KSR—/—~ MEF and T cells had reduced activation-
induced ERK phosphorylation [33]. Upon TCR
activation, KSR—/— T cells were defective in activa-
tion, proliferation, and function. Furthermore, a
ternary complex containing KSR, MEK, and ERK
present in wild-type cells was lost in the knockout
cells, indicating that KSR assembled a functional
module to facilitate ERK activation. The KSR-
deficient mice generated by the Kolesnick group
exhibited a disorganized hair follicle phenotype that
closely resembles that found in EGFR (epidermal
growth factor receptor)-deficient mice [77, 81], in-
dicating the connection between EGFR and KSR-
mediated module.

The scaffold function of KSR has been found to be
regulated by its two binding partners, C-TAK1 and 14-
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3-3. Two KSR1 sites, Ser297 and Ser392, were found to
be essential for its association with 14-3-3 [82]. C-
TAKI constitutively associates with the N-terminus of
KSRI1, and together with nm23-H1, phosphorylates
KSRI1 at Ser392, which together with Ser297 mediates
the binding of 14-3-3 to KSR1 [83, 84]. The binding of
14-3-3 with KSR1 is critical to retain KSR1 in the
cytosol of quiescent cells to avoid unnecessary activa-
tion of ERK. Upon growth factor stimulation, Ser392
was dephosphorylated, which led to the colocalization
of KSR1-mediated signaling complex with activated
Ras and Raf-1 at the plasma membrane, thereby
facilitating the activation of MEK and ERK [83].

By mediating ERK signaling, KSR1 is involved in
multiple physiological events. Lozano et al. showed
that v-Ha-ras-mediated skin cancer signaling through
the Raf-1/MAPK cascade required KSR1 [77]. Fu-
sello et al. showed that deficiency of KSR resulted in
inhibition of ERK activation in response to stress and
inflammatory cytokines including TNFo (tumor ne-
crosis factor a) and IL (interleukin)-1, and they found
that KSR—/- mice were resistant to K/BxN serum-
induced arthritis [85]. Shalin et al. showed that
deficiency of KSR in the hippocampus resulted in
ERK activation defect specifically in response to
PKC-dependent stimuli, which led to deficits in
associative learning and theta burst stimulation-in-
duced LTP of the animals [86]. KSR was also found to
be involved in adipogenesis [87].

Another possible ERK scaffold protein, MP1, was
identified as an MEK partner in a yeast hybridization
system [88]. It was found that MP1 selectively bound
to MEK1 and ERK to form a ternary complex and
facilitated the interaction of the two enzymes. The
interaction of MP1 with MEK1 and ERK1 enhanced
their activation.

The scaffold function of MP1 is associated with p14, a
MP1 binding partner [89,90] that was found to be a
highly conserved peripheral member protein enriched
in the cytoplasmic face of the late endosomal/lysoso-
mal compartment. p14 interacted with MP1 to recruit
MAPK members, including MEK1 and ERK, to
modulate ERK signaling [89]. Teis et al. further
showed that the binding of p14 with MEK1 and ERK
requires MP1, while localization of MP1 at the late
endosomes was mediated by p14 [90]. p14 and MP1
cooperatively and specifically promoted ERK activa-
tion on endosomes. Pullikuth et al. showed that MP1
and p14 specifically regulated PAK1-dependent ERK
activation during adhesion and cell spreading, there-
fore linking the scaffold function to a particular
biological function [91]. Upon EGF stimulation,
MP1/p14 associated with PAK1 through its C-terminal
to mediate MEK1 phosphorylation by PAK1 and
ERK activation and to suppress Rho and ROCK
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function, thereby allowing focal adhesion remodeling
and member protrusion during spreading on fibro-
nectin. These data indicated that in association with
pl4, MP1 directs a specific pool of ERK to the cellular
compartment and facilitates its activation and func-
tion.

IQGAP1, amultidomain molecule, was also identified
as scaffold for the ERK pathway [92,93]. The 1Q
domain of IQGAP1 is necessary for its association
with MEK, whereas the WW domain is required for its
binding to ERK [92, 93]. Both overexpression and
knockdown of IQGAP1 inhibited MEK and ERK
activation in response to EGF stimulation [92, 93].

Scaffold proteins involved in multiple signaling
pathways

Several molecules could be scaffold proteins of multi-
ple MAPK pathways. 3-arrestin 2 is one such molecule
which was involved in the signaling of the JNK and
ERK pathways. JINK2 and JNK3 were identified as f3-
arrestin 2 binding partners in a yeast two-hybrid-
ization system and f-arrestin 2 was found to specifi-
cally associate with INK3 in vivo [3]. It was found that
B-arrestin 2 bound to ASK1 with its N-terminal,
bound to JNK3 with its C-terminal, and associated
with MKK4 indirectly through ASK1 and JNK3 to
assemble a signaling module. Upon agonist stimula-
tion of GPCRs, B-arrestin 2 mediated activation of a
specific pool of JNK3 and colocalized the activated
JNK3 on the endosomal vesicles [3]. Therefore, f3-
arrestin 2 not only facilitates but also spatially
regulates JNK3 activation in response to GPCR
stimulation. However, the targets of this specific
pool of JNK3 and its biological effect are still
unknown.

Luttrell et al. found that upon stimulation of AT1aR,
activated ERK2 formed multi-protein complexes
containing AT1aR, fB-arrestin 2, and the components
of the ERK pathway (including cRaf-1 and MEK1) in
endosomal vesicles [94]. Kobayashi et al. showed that
[,-adrenergic receptor (B, AR), one member of
GPCRs (G-protein-coupled receptors), mediated
ERK nuclear translocation through (-arrestin 2 [95].
B, AR activation increased both cytoplasmic and
nuclear ERK phosphorylation. The C-terminal re-
gions of B, AR interacted with -arrestin 2 to enhance
phospho-ERK nuclear translocation. In contrast to
the role of P-arrestin 2 in §, AR-mediated ERK
nuclear translocation, it was found that B-arrestin 2
retained activated phosphor-ERK in the cytosol upon
stimulation of angiotensin type 1A receptor, another
member of GPCRs [96]. Together, these studies
indicated that (-arrestin 2 assembled an ERK signal-
ing module to mediate ERK activation in response to
various GPCR stimulations and directed activated
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ERK to a specific cellular compartment. However, the
role of these specific pools of activated ERK still
needs to be studied.

Another molecule, CNK1, has also been found to be a
scaffold protein for both the JNK and ERK pathways.
CNK was first identified in Drosophila as the con-
nector enhancer of KSR (CNK), containing multi-
domains to associate with different components of
Ras cascade to act on several signaling pathways
downstream of Ras and upstream or in parallel to Raf
[97-99]. In mammals, three CNK members have been
identified; of the three, only CNKI1 is expressed
ubiquitously [100, 101]. It was found that CNKI1
associated with two Rho-specific GEFs, Netl and
p115RhoGEF, and components of the JNK pathway
(including MLK2, MLK3, and MKK?7) to promote
Rho-dependent JNK activation [102]. CNK1 was also
found to bind activated Src and preactivated Raf-1 to
mediate Src-dependent Raf-1 activation [103].
Knockdown of CNK1 with siRNA (small interfering
RNA) inhibited ERK activation in response to VEGF
(vascular endothelial growth factor) stimulation, sug-
gesting that CNK1 was a scaffold protein that
mediated Raf-1 activation and thereby facilitated
ERK activation [103]. Other identified CNK1 inter-
acting factors include AT2 receptor and Ras effector
Ral-GDS [102, 104]. Therefore, mammalian CNK1 is
probably a scaffold protein involved in different
MAPK pathways. However, its biological functions
await further study.

Opverall, scaffold proteins in mammalian species not
only associate components of a single MAPK pathway
to promote its activation but also can direct signaling
modules to a specific subcellular compartment to
regulate a special pool of MAPK activation and can
connect the signaling modules to upstream activators
or to stimuli receptors in the cell membrane to channel
the signaling flow. However, the majority of the
studies of mammalian scaffold proteins are still
limited to ex vivo investigations. Their functions in
physiological context still need to be explored.

MAPK phosphatases (MKPs) as negative regulators
of MAPKs

The activation of MAPKSs, the magnitude and dura-
tion of their activation, and their inactivation are
critical in mediating appropriate physiological re-
sponses. Therefore, negative regulation of MAPKs
plays essential roles in the MAPK signaling pathway.

Inactivation of MAPKs by MAPK phosphatases
Important advances have recently been made in our
understanding of the negative regulation of MAPKs.
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One family of proteins, named MAPK phosphatases
(MKPs) or dual specificity phosphatases (DUSPs),
have been defined as negative regulators of MAP
kinases [105-107]. They are identified by their
common structural features: a C-terminal catalytic
domain containing a highly conserved signature motif
HCXXXXXR and two Cdc25-like domains. They
inactivate MAPKs through dephosphorylation of
threonine and/or tyrosine residues within the signa-
ture sequences -Thr-X-Tyr- located in the activation
loop of MAPKs.

The inactivation of MAPKs by MKPs is a two-step
catalytic reaction [108]. This inactivation begins with
nucleophilic attack by the thiolate anion of cysteine in
the signature motif of MKPs on the phosphorus atom
of phosphotyrosine within MAPKs. Meanwhile, an
aspartate in the general acid loop of MKPs donates a
proton to the phenolic oxygen atom of phosphotyr-
osine, which results in the formation of a transient
MKP-phosphate intermediate and the release of
dephosphorylated MAPK [109]. In the next step, the
same aspartate in the general acid loop accepts a
proton from a water molecule and the resulting
hydroxyl anion attacks the phosphorus atom of the
cysteinyl-phosphate intermediate leading to release of
inorganic phosphate and regeneration of a thiolate
anion at the active site cysteine in the free enzyme.
The dephosphorylation of threonine is believed to be a
mechanism similar to the dephosphorylation of tyro-
sine [108].

Thirteen members of this family had been charac-
terized so far, with differential substrate specific-
ities and distinct subcellular localizations and
modes of regulation (Table 2). For instance, in
vitro studies indicated that VHR and MKP-3 are
highly specific for ERK; MKP-1, DUSP2, MKP-5,
MKP-7, and VHS5 have preference for p38/JNK; and
MKP-2 and MKP-4 showed a similar preference to
the three MAPKSs. However, their substrate specif-
icities in vivo could be different from their in vitro
specificities. For example, in vitro studies indicated
that the MKP-5 substrate preference is as
p38~IJNK>>ERK [110, 111]. One study using
MKP-5 knockout mice showed that MKP-5 is a
JNK phosphatase in vivo [112]. MKP-5 knockout T
cells have increased JNK activity but not increased
p38 and ERK activities. Another example of a
discrepancy between their substrate specificities in
vivo and in vitro came from the study of Pac-1/
DUSP2. Pac-1 had been shown to preferentially
dephosphorylate p38 and ERK in vitro [113]. Mouse
gene knockout study showed that both Pac-1-
deficient macrophages and mast cells had reduced
p38 and pERK phosphorylation upon activation
[114]. On the other hand, the lower affinity sub-
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strate in vitro, JNK, showed a greater level of
activity in knockout cells compared with wild-type
cells, indicating that Pac-1 actually is a JNK
phosphatase in vivo. The reduced ERK activity in
Pac-1-deficient cells is probably due to the negative
crosstalk between the JINK and ERK pathway [114].
Therefore, their substrate preferences of MKPs
need verification using gene knockout animal
models. The difference in their substrates in vitro
and in vivo could be due to the fact that other factors
such as specific scaffold proteins and docking
interaction are involved in regulating MAPK sig-
naling in vivo.

MKPs in development

In Drosophila, the JNK phosphatase puckered plays a
critical role in embryogenesis [115]. Mutations in the
puc gene resulted in a failure in dorsal closure during
Drosophila embryogenesis. In C. elegans, animals
defective in VHP-1, a JNK phosphatase, are arrested
during larval development [116]. In vertebrates,
MKPs have also been shown to be involved in
embryogenesis. For instance, during chicken embryo-
genesis, the expression of MKP3 was tightly con-
trolled by fibroblast growth factor 8 (FGFS8) to
spatially regulate ERK activation [117, 118]. Ecotopic
expression of MKP-3 resulted in embryo development
defects such as AER disruption, defects in neural
plate development, and limb bud truncation [117,
118]. In mammalian species, the only evidence to date
of MKP involvement in development comes from the
study of MKP-4/DUSP9, which is essential for pla-
cental development [119]. The MKP-4-deficient mice
died in utero between 8 and 10.5 days postcoitum due
to a failure of labyrinth development, which is
correlated with the expression pattern of MKP-4 in
the trophoblast giant cell and labyrinth of the placen-
ta. However, this study failed to link this phenotype to
the role of MKP-4 as a negative regulator of MAPKs
because no abnormal activation of MAPKs was
detected in the placental tissue of the deficient
embryos [119].

MKPs in innate and adaptive immune responses

There are two types of immune responses, innate and
adaptive, in vertebrate animals. The innate immune
system detects the presence and the nature of
infection, provides the first line of host defense, and
controls the initiation and determination of the
effector class of the adaptive immune response. A
specific immune response, such as the production of
antibodies against a particular pathogen, is known as
adaptive immune response, because it occurs during
the lifetime of an individual as an adaptation to
infection with that pathogen. Many signal transduc-
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Table 2. Mammahan MAPK phosphatases.
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Name Substrate specificty ~ Other Subcellular Human Phenotype of knockout mice
names localization gene
localization
VHR ERK>>JNK~p38 DUSP3 17921
MKP-2 ERK ~JNK ~p38 DUSP4, nuclear 8pl1-12
VHS2,
PYT1
MKP-3 ERK>>JNK~p38 DUSP6, cytosolic  12q22-q23
PYST1
MKP-4 ERK~JNK ~p38 DUSP9, nuclear/ Xq28 embryonic lethal due to a failure of labyrinth development
PYST3 cytosolic
MKP-6 ERK~JNK>>p38 DUSP14, 17q12
MKP-L
VH5 JNK~p38>>ERK DUSPS, nuclear/ 11p15.5
M3/6 cytosolic
Pac-I JNK>>p38~ERK DUSP2 nuclear 2ql1 decreased pro-inflammatory cytokine productions by macrophages
?) and mast cells; resistant to K/BxN serum-induced arthritis
MKP-5 JNK>>p38>>ERK DUSP10  nuclear/ 1q32 enhanced innate and adaptive immune responses; resistant to
cytosolic MOG-induced EAE; fatal immune response to 2nd LCMV
infection
MKP-7 INK~p38>>ERK DUSP16  cytosolic  12pl12
MKP-1 p38~JNK>>ERK DUSPI, nuclear 5935 enhanced innate immune responses; resistant to LPS-induced
HVHI1, hepatic shock; increased ClA-induced arthritis disease; resistant to
CL100 diet-induced obesity
DSP2 p38~JNK>>ERK LMW-
DSP2
VH3 N.D. DUSPS, nuclear 10qg25
B23
PYST2 N.D. DUSP7, cytosolic  3p2l
B59, MKP-
X

The MKPs are subgrouped according to their substrate specificities.

tion pathways participate in both innate and adaptive
immune responses. The MAPK signaling cascades
play essential regulatory roles in both innate and
adaptive immune responses [120].

MKPS5 plays a pivotal role in both innate and adaptive
immune responses

MAPKSs play critical role in both innate and adaptive
immune responses [120]. As negative regulators of
MAPKSs, the role of MKPs in immune responses has
been under extensive study recently, especially after
one member, MKP-5, had been shown to have a
important role in both innate and adaptive immune
responses [112]. Using gene knockout mice, MKP-5
was found as an important negative regulator of innate
inflammatory cytokine production. Macrophages
from MKP-5-deficient mice produced a higher level
of inflammatory cytokines in response to various TLR
(toll-like receptor) ligands and live Listeria infection.
Following injection of a sub-lethal dose of LPS
(lipopolysaccharide), MKP-5-deficient animals had a

greater serum concentration of TNFo compared with
wild-type controls. Dendritic cells from MKP-5-defi-
cient animals displayed increased CD4* and CD8" T
cell priming capability. In adaptive immune responses,
MKP-5 regulates T cell activation and function differ-
ently. On the one hand, MKP-5 acts as a positive
regulator of T cell activation and proliferation, since
MKP-5-deficient T cells proliferated poorly upon
activation. On the other hand, MKP-5 is a negative
regulator of T cell effector function. Both CD4" and
CDS8" T cells produced significantly higher levels of
effector cytokines than their wild-type control. There-
fore, MKP-5 has a principal function in both innate
and adaptive immune responses.

Other MK Ps in innate and adaptive immune responses
So far, the roles of two more MKP members, MKP-1
and Pac-1, in addition to MKP-5, in immune responses
have been addressed using gene knockout models.

The role of MKP-1 in innate immunity, especially in
regulating macrophage cytokine production, has been
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extensively studied by several groups. It was found
that different types of macrophages, including bone
marrow-derived macrophages, peritoneal macrophag-
es, and alveolar macrophages, produced significantly
increased pro-inflammatory cytokines such as TNFa
and IL-6 in response to various TLR activation [121 -
123]. MKP-1 also negatively regulates the production
of IL-10, an anti-inflammatory cytokine, in macro-
phages [121, 122]. The role of MKP-1 in the regulation
of dendritic cell cytokine production has also been
addressed [121]. Similar to MKP-1-deficient macro-
phages, MKP-1-deficient DCs produced increased
levels of both pro-inflammatory cytokines (including
TNFa and IL-6) and anti-inflammatory cytokine (IL-
10). Therefore, MKP-1 is a negative regulator of both
pro-inflammatory and anti-inflammatory cytokines in
innate immunity. Furthermore, MKP-1 also has a role
in endotoxin tolerance or LPS hyporesponsiveness
[124], a phenomenon in which pre-treatment of cells
with LPS leads to an attenuated response to a
subsequent LPS stimulation. Peritoneal macrophages
from MKP-1 knockout mice are not fully tolerized by
LPS compared with wild-type mice, and the role of
MKP-1 in the regulation of endotoxin tolerance is
most probably through regulation of p38 activation
[124]. Because innate immunity controls adaptive
immune responses and MKP-1 plays a critical regu-
latory role in it, most probably MKP-1 also has a role
in regulating adaptive immunity. However, data on
the role of MKP-1 in adaptive immune responses are
still lacking.

In mice, the expression of Pac-1 in macrophages was
rapidly induced by activation [114], indicating its
possible role in regulating macrophage function.
Indeed, macrophages from Pac-1-deficient mice pro-
duced a lower level of pro-inflammatory cytokines,
including TNFa, IL-6 and IL-12, compared with wild-
type controls. Similarly, mast cells from Pac-1 knock-
out mice had a lower production of inflammatory
cytokines such as TNFa and IL-6. Together, these data
indicated that Pac-1 actually plays a positive regula-
tory role in inflammatory cytokine production of both
macrophages and mast cells [114].

Together, these studies showed that the three mem-
bers of the MKP family all played an indispensable
role in regulating MAPKs during immune responses
and played an important regulatory role in innate and
adaptive immune responses. The in vivo function of
the majority of MKP members still needs to be
addressed. Because there are more numbers of MKPs
than MAPKSs, one may expect that some of them may
be functionally redundant.
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MKPs involved in various inflammatory and
metabolic disorders

Because MKPs play a critical role in regulating
inflammatory cytokine production in both innate
and adaptive immunity, it is reasonable to argue that
disturbance in their function could be related to
various inflammatory diseases. Studies of various
MKP gene knockout animals have proved this point.
The role of MKP-5 in EAE, a murine of model of
human multiple sclerosis, has been studied by our
group [112]. The MKP-5-deficient mice displayed
more resistance than the wild-type controls, as shown
by slower disease onset and lower disease severity to
MOG-induced EAE. Cell infiltration of the central
nervous system indicated that there were significant
fewer CD4" cells in the MKP-5 knockout animals than
in the wild-type controls, which is consistent with the
positive role of MKP-5 in CD4" T cell activation.
Considering the critical role of JNK in regulating T
cell activation and function and the role of MKPS5 as a
negative regulator of INK in T cells, it is possible that
MKP-5 is also involved in other T cell-mediated
autoimmune diseases such as rheumatoid arthritis. We
are currently investigating this possibility.

In rheumatoid arthritis, the deficiency of Pac-1
resulted in protection of the mice from ‘K/BxN’
serum-induced disease, indicating that Pac-1 actually
promotes inflammatory response in vivo [114]. MKP-
1, on the other hand, probably plays an opposite role
in this disease because MKP-1-deficient mice had
increased disease incidence and severity in a collagen-
induced arthritis model [122].

Several MKP members, including MKP-1, MKP-3,
and MKP-4, were found to be involved in metabolic
syndrome [20, 125-127]. The role of MKP-1 in
metabolic syndrome has been studied using MKP1-
deficient mice [20]. The MKP1-deficient mice were
resistant to diet-induced obesity owing to enhanced
energy expenditure. Although ERK, JNK, and p38
activities were all increased in insulin-responsive
tissues as compared with wild-type mice, insulin
signaling was not disturbed [20]. In the liver, the
activities of both p38 and JNK but not ERK were
found to be enhanced in the MKP-1-deficient mice
compared with wild-type mice, which resulted in
enhanced hepatic lipid metabolism. ERK, JNK, and
p38 were all hyper-activated in the skeletal muscle of
MKP-1-deficient mice as compared with the wild-type
mice, which led to increased mitochondrial respira-
tion. It was further found that JNK in the nucleus but
not in the cytosol exhibited increased activity, which is
consistent with nuclear localization of MKP-1 and the
unimpaired insulin-mediated glucose homeostasis [20,
125]. This study demonstrated that MKP-1 regulates
fatty acid metabolism and energy expenditure but not
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glucose homeostasis by negative regulation of the
nuclear pool of JNK, p38, and ERK [20].

MKP-3 and MKP-4 were identified as novel genes that
antagonize insulin action on the transcription of
PEPCK, a key enzyme in hepatic gluconeogenesis
[125, 126, 128]. It was further found that the expres-
sion of MKP-4 was upregulated in insulin-responsive
tissues in the obese state. Overexpression of MKP-4
inhibited adipocyte differentiation and insulin-regu-
lated glucose disposal, indicating the possible role of
MKP-4 in the pathogenesis of insulin resistance [126].
Similarly, the expression of MKP-3 was also increased
in liver and white adipose tissue but not in muscle from
obese mice [126]. Overexpression of MKP-3 opposed
the effect of insulin on suppressing PEPCK tran-
scription, increased hepatic glucose production and
activated gluconeogenic gene expression, indicating
that MKP-3 plays a role in modulating the hepatic
gluconegenic program [126]. However, the roles of
MKP-3 and MKP-4 in the regulation of insulin
signaling and in metabolic syndrome in vivo still
need further study.

Together, these studies demonstrated that MKPs, like
their targets, are involved in main fundamental
aspects of cell physiology and in the pathogenesis of
a broad range of inflammatory and autoimmune
diseases. MKPs could be new therapeutic targets for
these diseases. Studies on their individual roles in
immune responses and in regulating various inflam-
matory diseases are still limited, however, and data on
the function of human MKPs are still rare. Because
there are many more MKPs than MAPKs, it is
reasonable to hypothesize that some of them may be
redundant in regulating MAPK function. Therefore,
much still needs to be learned to fully understand their
roles in regulating immune responses in vivo.

Regulation of MKPs

The inactivation of MAPKs is critical for the optimal
function of MAPKs in immune responses. As major
negative regulators of MAPKs, the induction and
inactivation of MKPs should also be tightly regulated.
A limited number of studies have investigated the
signaling mechanisms that regulate MKP expression
during immune response. Studies of MKP-1 and
MKP-3 expression have demonstrated that negative
feedback control of MKP transcription by their target
pathways is one such mechanism. In innate immune
cells, it had been shown that MKP-1 could be rapidly
induced by various TLR activations in macrophages
through MyD88 and TRIF signaling. However, the
induction of MKP-1 protein started after 30—45 min
after TLR activation and peaked at 60 min [129, 130],
which is delayed compared with the activation of
MAPKSs, indicating the presence of a feedback control

Mitogen-activated kinases

mechanism of MKP-1 expression by MAPKs. Using
p38 inhibitor and siRNA strategies, Hu et al. showed
that inhibition of p38 markedly reduced MKP-1
protein expression in response to LPS and PGN
(peptidoglycan) stimulation in macrophages [130].
Wang et al. showed that MKP-1 expression was
induced in response to heat shock and that inhibition
of p38 activity inhibited MKP-1 expression at both the
transcriptional and post-transcriptional levels [131].
Collectively, these studies indicated that activation of
p38 regulates MKP-1 expression and thereby controls
the magnitude and inactivation of MAPKs in innate
immunity.

MKP-3 expression in response to FGF stimulation
was also found to be regulated by its target, ERK
[121]. ERK inhibition suppressed MKP-3 expression,
whereas ectopic expression of MKP-3 inhibited en-
dogenous MKP-3 transcription. However, how p38
activation regulates MKP-1 expression and ERK
activation regulates MKP-3 expression is still not
clear. Epigenetic regulation study could be used to
address how MKP-1 is regulated by p38 during
immune responses.

It has been found that the transcriptional activities of
two other MKP members, Pac-1 and DUSP5, were
regulated by p53 under certain stress conditions [132,
133]. The study from Barrett’s group showed that p53
regulated Pac-1/D USP2 gene expression during apop-
tosis mediated by oxidative damage and nutritional
stress [132]. Under these stress conditions, activated
p53 binds to a palindromic binding site in the Pac-1
promoter region to activate Pac-1 gene transcription.
Pac-1 then inhibits MAPK activation to promote
apoptosis. DUSPS is also one of the target genes of
p53, and its expression is regulated by p53 [133]. In
response to adriamycin-induced DNA damage, p53
bound to the promoter region of DUSP5 to regulate
its expression.

These studies collectively indicate that multiple
mechanisms are involved in the regulation of MKP
expression in response to different stimuli. Further
studies are warranted to determine the detailed
mechanisms of MKP gene regulation.

Following an MAPK activation event, once the stimuli
are removed, MAPK activation gradually returns to
its basal level due to the action of MKPs. The action of
MKPs then should be turned off. Ubiquitin-mediated
proteolysis is probably a common mechanism to
degrade MKPs at the end of a MKP activation
event. For instance, in response to LPS stimulation,
MKP-1 expression was downregulated to its basal
level after 3—4 h [121]. The downregulation of MKP-1
protein levels is most probably due to ubiquitin-
mediated proteolysis. Lin et al. had shown that
activation of ERK promoted MKP-1 ubiquitination
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and degradation in various mammalian cell lines to
sustain ERK activation [132]. The activated ERK
docked to the MKP-1 DEF motif to phosphorylate its
Ser*%/Ser*” and to promote MKP-1 binding to SCF®*?
ubiquitin ligase, which led to MKP-1 proteolysis in
H293 T cells [121].

The stability of another MKP member, MKP-7, is also
mediated by ubiquitin-mediated proteolysis and regu-
lated by ERK [70, 134]. Activated ERK bound to the
C-terminal region of MKP-7 and phosphorylated its
Ser-446, which resulted in the increased stability of
MKP-7, probably by blocking the interaction with an
E3 ligase in these regions [70, 134]. In vitro studies
showed that in addition to MKP-1 and MKP-7, the
degradation of MKP-2 was also due to ubiquitin-
mediated proteolysis [135]. Therefore, ubiquitin-
mediated protein degradation probably is a common
mechanism for the turnover of MKPs during immune
responses. However, information on how MKPs are
induced and on turnover is still scarce.

Inflammatory

Mitogens, growth factors, 2
cytokines

hormones such as insulin
Stress PRRs,
\ (TLRs, etc.)

Gene transcription

Figure 3. Regulation of MAPKSs in immune responses. In response
to various stimulation, components of MAPK pathways, including
MAP3Ks, MAP2Ks, MAPKs, and MKPs, are assembled into a
dynamic signaling complex mediated by scaffold proteins and
docking interaction.
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Conclusion

MAPKs play fundamental roles in regulating cell
responses to internal and external changes. Multiple
mechanisms act cooperatively to regulate the initia-
tion, the strength, the duration, and the specificity of
their signaling flow so that an optimal biological
outcome can be achieved and the health of the body
can be maintained (Fig.3). Errors at any single
checkpoint within MAPK signaling could lead to
disturbed activation of MAPKs and therefore patho-
logical outcomes such as inflammatory and auto-
immune diseases. Understanding how signaling spe-
cificity is ensured in each point of the pathways could
lead to the discovery of new pharmaceutical targets.
To date, many of the studies on components, such as
scaffold proteins and MKPs, have been limited to in
vitro investigation or studies of cell lines. More in vivo
studies, such as those using gene knockout models, will
further our understanding of functions of these
components and could therefore lead to advances in
the fight against various inflammatory and metabolic
diseases.
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