NEURAL REGENERATION RESEARCH
November 2015, Volume 10, Issue 11

,

www.nrronline.org

@ PERSPECTIVE

A role for mitogen-activated protein
kinase phosphatase 1 (MKP1) in
neural cell development and survival

The mitogen-activated protein kinase (MAPK) pathways are a
group of conserved intracellular signalling pathways present in
most cells including neurons and glia. These pathways respond to a
variety of stimuli including growth factors, cytokines and oxidative
stress to generate appropriate cellular responses such as modulation
of gene expression, cell proliferation, differentiation and survival
as well as the stress response (Korhonen and Moilanen, 2014). The
details of the cascades have been discussed elsewhere (Dickinson
and Keyse, 2006; Korhonen and Moilanen, 2014) but usually follow
a three-tier structure; an MAP3K activates an MAPK kinase (MAP-
KK), which in turn activates an MAPK, that can in turn regulate
the activity of its cellular target by phosphorylation of specific
amino acid residues. Three groups of MAPK have been identified;
the extracellular signal-regulated kinases of which extracellular sig-
nal-regulated kinase (ERK)1/2 and ERK5 form two distinct classes,
¢c-JUN N-terminal kinases (JNK1, JNK2 and JNK3), and the p38
kinases (p38 o, B, y and §) (Wancket et al., 2012). The ERK1/2 and
ERKS5 pathways respond to both mitotic and stress signals provid-
ed by growth factors, hormones and inflammatory cytokines. The
other MAPK, p38 and JNK, are activated in response to growth fac-
tors, cytokines, viral proteins, lipopolysaccharides as well as cellular
stress conditions. Collectively, the MAPK pathways play import-
ant roles in regulating cellular ageing, cell division, cell survival/
apoptosis, neuronal activity, insulin signalling, inflammation and
the immune response (Dickinson and Keyse, 2006; Korhonen and
Moilanen, 2014).

In addition to transcriptional and translational regulation,
MAPK activity is tightly controlled at the post-transcriptional level
by phosphorylation and de-phosphorylation of key threonine and
tyrosine amino acids. The dephosphorylating enzymes include ty-
rosine, serine/threonine and the dual-specificity phosphatases (ty-
rosine and threonine, dual-specificity phosphatase (DuSP)), which
are often referred to as MAPK phosphatases (MKPs) (Korhonen
and Moilanen, 2014). In mammalian cells, the ten conserved MKPs
are the principal phosphatases responsible for dephosphorylation
and thus inactivation of MAPKs (Dickinson and Keyse, 2006).
While MKPs vary in cellular localization, expression patterns and
substrate specificity, they share a highly conserved C-terminal cat-
alytic domain, a kinase interaction motif which confers individual
substrate specificity, and two Cdc25/rhodanese-homology domains
near the N-terminus (Figure 1) (Wancket et al., 2012).

MKP1I, the original member of the family, is a stress- and growth
factor-inducible protein with the capacity to bind and dephosphor-
ylate ERK, and subsequently p38 and JNK kinases (for review see
(Collins et al., 2015)). Studies have shown that under physiological
conditions, where MKP1 levels are relatively low, MKP1 has a weak
binding affinity for ERK kinases and exerts little effect on their func-
tion. MKP1 has also been shown to have a higher binding affinity
for p38 and JNK kinases than ERK kinases under physiological con-
ditions (Dickinson and Keyse, 2006; Wancket et al., 2012). However,
when MKP1 levels are high, it also inhibits ERK kinases, although
to a lesser extent than p38 and JNK, and thus provides a negative
feedback loop on many cellular processes. The interplay between the
MAPK pathways and MKP1also influences MKP1 gene expression,
protein stability and catalytic activity (reviewed in Wancket et al.,
2012; Lawan et al., 2013; Korhonen and Moilanen, 2014).

Recent studies have yielded important insights into the physi-
ological functions of MKP1, particularly its role in regulating re-
sponses in immunological and metabolic diseases, cancer and more
recently in the nervous system (reviewed by Wancket et al., 2012;
Lawan et al., 2013). For example, MKP1 has been shown to inhibit
MAPK-mediated inflammatory responses in macrophages and
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dendritic cells and to protect mice from endotoxic insult (Collins et
al,, 2015). In this regard, MKP1 knock-out mice show higher levels
of inflammation, autoimmunity and metabolic defects than their
wild-type littermates. Conversely a pathophysiological involvement
of MKP1 has been suggested in obesity and metabolic syndrome
(reviewed by Lawan et al., 2013; Korhonen and Moilanen, 2014;
Collins et al., 2015). Increased expression of MKP1 has also been
reported in various cancers, suggesting that it may be involved
in the inhibition of apoptotic pathways through its regulation of
MAPK, and could ultimately lead to excess cell proliferation (for
review see Wu, 2007). Emerging data also shows that MKP1 par-
ticipates positively in the regulation of neuronal development,
plasticity and survival as well as learning and memory (reviewed
by Collins et al., 2015). Thus, while researchers are exploring ways
of preventing up-regulation of MKP1 in cancer cells as it impedes
pro-apoptotic drug therapies, the opposite is required to preserve
the integrity of neuronal cells. Current research therefore positions
MKP1 as a potential new drug target not only for the regulation of
the immune response, metabolic function and cell proliferation in
tumour cells, but also for diseases of the nervous system.

There is accumulating evidence to suggest that MKP1 may be
an important regulator of neural cell development. It is expressed
in the developing nervous system of mice and rats as well as in
cultured embryonic neuronal precursor cells where its activity and
expression can be stimulated by various agents such as retinoic acid
or brain-derived neurotrophic factor (Collins et al., 2015). MKP1
has been specifically implicated in neuronal axonal development
in rat cortical and ventral midbrain dopaminergic neurons (Jean-
neteau et al., 2010; Collins et al., 2013). These studies demonstrated
that MKP1 overexpression during embryonic development or in
cultured neurons resulted in increased dendritic morphological
complexity (Jeanneteau et al., 2010; Collins et al., 2013). Conversely,
inhibition of MKP1 by expression of siRNA resulted in decreased
dendritic arborisation complexity (Jeanneteau et al., 2010). It has
further been shown that MKP1 interaction with the JNK pathway
is essential for axonal development in cortical neurons and that the
activity of p38 is essential for dopaminergic neurons development
(Jeanneteau et al., 2010; Collins et al., 2013). Treatment with the
dopaminergic neurotoxin 6-hydroxydopamine (6-OHDA) led to
a reduction in dendritic complexity which was accompanied by
a selective decrease in MKP1 expression. Moreover, in the same
6-OHDA-treated neurons, overexpression of MKP1 prevented the
decrease in neurite length (Collins et al., 2013). As the morpho-
logical development of neural cells is critical for successful gen-
eration and integration of cells aimed at cell replacement therapy
for neurodegenerative diseases such as Huntington’s disease (HD)
and Parkinson’s disease (PD), the results from these studies study
suggest that MKP1 may be a promising growth promoting media-
tor of neuronal processes and a potential neuroprotective protein.
Further work will be needed to determine how its interaction with
the MAPK signalling may be modulated to maximize its beneficial
effects in vivo.

While extensive research supports a role for MAPKSs in neuronal
cell survival and/or intrinsic apoptotic (mitochondrial) cell death
following injury or degenerative stimuli, little, and sometimes
conflicting, information is available on the involvement of MKP1
in these processes. Some evidence shows that in neuronal models
where the intrinsic apoptotic pathway is triggered by stimuli such
as hypoxia, ischemia, or oxidative death, either up-regulation or
knockdown of MKP1 can increase cell sensitivity to insult, or even
trigger cell death. Conversely, neuroprotection has generally been
associated with higher endogenous expression and activity levels
of MKP1 (reviewed by Collins et al., 2015). A down-regulation of
Mkpl mRNA expression has been reported in human post-mortem
HD brain samples, as well as in the striatum and cortex of R6/2 mice
(a transgenic mouse model of HD) and in cultured neurons express-
ing expanded polyglutamine fragments of huntingtin (Taylor et al.,
2013). Mkp! expression was also transiently increased at the onset
of neurodegeneration in the substantia nigra of 6-OHDA treated
rats (a model of PD) where it returned to basal levels as cell death
progressed (Collins et al., 2014). Thus for the most part it appears
that MKP1 plays a protective role in neurons, but variations in tissue
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type, the nature, timing and duration of insult and injury, as well as
the transient nature of MAPK signalling may account for the dis-
crepancies reported. Therefore, while a substantial number of reports
point to an up-regulation of MKP1 as a potential therapeutic strate-
gy to reduce neuronal loss as a result of apoptotic activation through
injury, hypoxia, ischemia or degeneration (Collins et al., 2015), much
work has yet to be done to establish distinct mechanisms of endoge-
nous MKP1 activity in the various cell death paradigms.

In addition to exerting direct roles in neuronal development and
survival, a role for MKP1 has been established in a variety of neu-
roinflammatory processes involving glial cells (reviewed in Collins
et al., 2015). Neuroinflammation has been well documented in PD
and other neurodegenerative disorders. For example, evidence of
the accumulation of activated microglial cells and increased expres-
sion of pro-inflammatory cytokines in damaged brain areas due
to toxic insults or neuronal death has been consistently reported
(reviewed by Collins et al., 2012; Ward et al., 2015). A substantial
body of evidence indicates that MKP1 is expressed in glial cells, and
that its regulation may impact upon neuroinflammatory processes
(reviewed by Collins et al., 2015). Indeed, MKP1 overexpression in
cultured glial cells has been shown to block MAPK activity and the
release of pro-inflammatory cytokines (Ndong et al., 2012). Several
compounds, including dexamethasone, costunolide, dehydroglyas-
perin C, anandamide, and the peroxisome proliferator-activated
receptor (PPAR) agonists 5,8,11,14-eicosatetraynoic acid (ETYA)
and 15-Deoxy-A12,14-Prostaglandin J2 (15d-PGL2) have all been
reported to reduce microglial activation and the associated release of
pro-inflammatory cytokine through the promotion of glial MKP1
expression and activity (Collins et al., 2015). While their effect may
be indirect through a reduction of the neuroinflammatory processes,
these molecules could prove beneficial in neurodegenerative diseases
by reducing glial activation and maintaining brain homeostasis.

Increasing evidence suggests that MKP1 plays definite roles in a
number of central nervous system (CNS) diseases. The complexity
of the cellular mechanisms underlying its action in the brain is also
starting to be revealed, although much work remains to fully under-
stand the specific role that MKP1 plays in disease states, especially
in the clinical setting. It is also clear that MKP1 is a key player in the
regulation of glial cell-mediated neuroinflammatory processes, and
its manipulation represents a promising target to limit neuronal
damage which occurs as a result of neuroinflammation. A number
of molecules have been shown to stimulate MKP1 activity in CNS
disease models and several others are being developed for other pa-
thologies such as arthritis, asthma, and chronic obstructive pulmo-
nary disease, where MKP1 is involved (Doddareddy et al., 2012). The
manipulation of MKP1 expression and activity alone or in conjunc-
tion with inhibition of specific MAPK pathways may broaden the
therapeutic spectrum in CNS disorders. Considering the current lack
of therapeutic molecules targeting the neurodegenerative process in
neurological disorders, and based on the central regulatory role of
MKP1 in the pathophysiology of these disorders, the development of
therapeutic strategies targeting MKP1 should be a high priority.

The authors acknowledge support from Science Foundation Ireland
under grant No. SFI/IA/1537. The authors declare no conflicts of interest.

Figure 1 MKP1 attenuates the detrimental effects of p38 and Jnk kinases.
Cellular stress, inflammation or apoptosis may lead to the phosphorylation
and activation of p38 and Jnk MAP kinases which contribute to decreased
neural development, increased stress response, increased neuroinflamma-
tion and increased neuronal cell death in the nervous system (red box).
Growth factor signalling leads to Erk activation which stimulates gene
transcription and increases MKP1 protein stability and availability. The
resulting increase in MKP1 activity leads to a decrease in p38 and Jnk
activity, contributing to improvements in neural development, decreased
neuroinflammation and reduced neuronal cell death (green box). Activated
MAP kinases are bound by MKP1’s kinase interaction motif (KIM) with
decreasing preference (p38 > Jnk > Erk) and dephosphorylated by the dual
specificity phosphatase (DuSP) domain. Erk: Extracellular signal-regulated
kinase; Jnk: c-Jun N-terminal kinase; MAP: mitogen-activated protein;
MKP1: mitogen-activated protein kinase phosphatase 1; p38: 38 kDa
protein; pJnk: p-c-Jun N-terminal kinase; pp38: 38-kDa phosphorylated
protein.
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