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Mitogen-activated protein kinases (MAPKs), which are found in all eukaryotes, are signal transducing enzymes playing a central
role in diverse biological processes, such as cell proliferation, sexual differentiation, and apoptosis. The MAPK signaling pathway
plays a key role in the regulation of gene expression through the phosphorylation of transcription factors. Recent studies have
identified several RNA-binding proteins (RBPs) as regulators of MAPK signaling because these RBPs bind to the mRNAs encoding
the components of the MAPK pathway and regulate the stability of their transcripts. Moreover, RBPs also serve as targets of MAPKs
because MAPK phosphorylate and regulate the ability of RBPs to bind and stabilize target mRNAs, thus controlling various cellular
functions. In this review, we present evidence for the significance of the MAPK signaling in the regulation of RBPs and their target
mRNAs, which provides additional information about the regulatory mechanism underlying gene expression. We further present
evidence for the clinical importance of the posttranscriptional regulation of mRNA stability and its implications for drug discovery.

1. Introduction

Cells need to respond to a variety of signals including extra-
cellular stimuli, environmental stresses, and developmental
signals as well as intrinsic information, to properly regulate
gene expression and thereby execute biological functions.
Given the multiplicity and complexity of the regulation
of gene expression, failure to coordinate these regulatory
mechanisms can contribute to the onset and progression of
diseases such as cancer. Gene transcription and its regulatory
mechanisms, together with recent genome-wide approaches
for gene transcription analysis, have attracted the most atten-
tion with regard to gene regulation. However, it has become
clear that additional stages in the gene expression cascade,
including posttranscriptional events such as the control of
mRNA degradation, stability, location, and translation, are
equally crucial and require sophisticated regulation by var-
ious intracellular signaling pathways [1]. RNA-binding pro-
teins have been shown to control the expression of numerous
proteins by binding to the respective mRNA species encoding

proto-oncogenes, growth factors, cytokines, transcription
factors, and other proteins in various cell types [2]. In
particular, the phosphoregulation of RNA-binding proteins
by MAPKs and/or kinases downstream of MAPKs, which
can control the degradation or translation of target mRNAs,
has attracted increasing attention. One of the most well-
studied model systems for the study of MAPK regulation
is the fission yeast Schizosaccharomyces pombe (S. pombe).
S. pombe, with its powerful genetics, is an excellent model
system for the study of the mechanisms of signaling pathways
in higher eukaryotes. In S. pombe, homologs of many
signaling molecules involved in tumorigenesis, such as Ras,
Rho, Protein kinase C, and MAPK, as well as drug targets,
including TOR (target of Rapamycin) and the phosphatase
calcineurin (target of the immunosuppressant drug FK506),
are highly conserved. Spc1/Sty1/Phh1 and Pmk1 in S. pombe
are homologs of mammalian p38 and ERK, respectively.
The purpose of this review is to highlight the significance
of several data using the fission yeast model system as well
as other studies in higher eukaryotes that uncovered the
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cross-talk mechanism between MAPKs and RNA-binding
proteins (RBPs) in the regulation of posttranscriptional gene
expression, biological phenomena, and signal transduction
[3].

2. RNA-Binding Proteins as Regulators of
MAPK Signaling

Sugiura et al. developed a genetic approach to identify reg-
ulators of MAPK signaling on the basis of the antagonistic
relationship between calcineurin phosphatase and MAPK
Pmk1 in the regulation of Cl− homeostasis in fission yeast
(Figure 1) [4]. By utilizing this genetic interaction, Sugiura et
al. identified several negative regulators of MAPK signaling,
including pmp1+, pek1+, and rnc1+ (Figure 1). Pmk1 MAPK
is a homologue of ERK/MAPK in mammals and regulates cell
morphology, cytokinesis, ion sensitivity, and cell integrity in
fission yeast [5]. The first gene identified encodes a dual-
specificity MAPK phosphatase Pmp1 that dephosphorylates
Pmk1 MAPK, thereby inhibiting Pmk1 signaling (Figure 1)
[4]. The second gene identified was pek1+, encoding an
MAPK kinase (MAPKK), which phosphorylates and acti-
vates Pmk1 in its phosphorylated form, thus acting as an
upstream MAPKK for Pmk1 (Figure 1) [6]. Surprisingly,
Pek1 in its unphosphorylated state binds phosphorylated
Pmk1, thereby inhibiting Pmk1 MAPK signaling. Hence,
Pek1 acts as a phosphorylation-dependent molecular switch.
The third identified gene encodes a novel KH-type RBP
(Figure 1), which shares significant amino acid similarity
with human Nova-2, human FMR-1, and Caenorhabditis
elegans GLD-1. The third gene was designated as rnc1+

(RNA-binding protein that suppresses calcineurin deletion
1) because overexpression of the rnc1+gene suppressed Cl−

hypersensitivity of calcineurin-knockout cells (Figure 1).

2.1. MAPK Phosphatase mRNA as a Target of RNA-Binding
Proteins. Rnc1 turned out to be a negative regulator of Pmk1
MAPK since Pmk1 MAPK was heavily phosphorylated in
Rnc1-knockout cells but was barely phosphorylated in cells
overproducing Rnc1. Based on the hypothesis that Rnc1
affects the metabolism of specific cellular mRNAs involved
in the regulation of the Pmk1 signaling, the effects of Rnc1
on the mRNA stability of the MAPK phosphatase Pmp1
were examined, because Pmp1 was identified in the same
genetic screen. The hypothesis is correct since Rnc1 binds
and stabilizes an otherwise unstable Pmp1 mRNA, thus
providing a novel functional link between MAPK signaling
and an RBP through the mRNA stabilization of MAPK
phosphatase (Figure 2) [7]. These findings are particularly
important since Rnc1 directly affects the expression of
MAPK phosphatase, thereby controlling the strength and
duration of MAPK signaling pathway.

Pmp1 is highly similar to members of the dual-specificity
MAPK phosphatase MKP-1 (MAPK phosphatase or DUSP1;
dual-specificity phosphatase1), which plays a critical role in
the negative regulation of MAPK signaling by dephosphory-
lating and inactivating ERK MAPK, JNK, and p38 [8–12].
Notably, Rnc1 recognizes and binds to the UCAU repeats

in the 3′-UTR (untranslated region) of the Pmp1 mRNA
(Figure 2) [7]. Mutations in the UCAU sequences greatly
destabilize Pmp1 mRNA owing to the lack of binding of
Rnc1 to Pmp1 mRNA [7]. Interestingly, the Nova-1 KH-
type RNA-binding protein, which has been implicated in
the pathogenesis of paraneoplastic opsoclonus-myoclonus
ataxia (POMA), a disorder associated with breast cancer and
motor dysfunction, binds to an element containing repeats
of the tetranucleotide UCAU [8]. It would be intriguing
to speculate that the mRNA stability of human MAPK
phosphatase might also be regulated by an RNA-binding
protein with or without KH-motifs.

Cell exposure to cytokines, growth factors, cell stresses,
or activated oncogenes leads to the activation of MAPK
and to the upregulation of mRNAs encoding a subset of
MAPK phosphatase genes [9–18]. This induction of MAPK
phosphatase expression has been extensively documented,
and it is considered to involve transcriptional induction by
various transcription factors, such as CREB and AP-1, via
both MAPK-dependent and MAPK-independent pathways
[19]. However, as shown in the study of Pmp1 in fission
yeast, MAPK phosphatase gene expression is regulated not
only by its transcription rate but also by its rate of mRNA
degradation in higher eukaryotes. Wong et al. reported that
heat shock increases MKP-1 gene expression at both the
transcriptional and posttranscriptional levels and the latter
involves increased mRNA stability of MKP-1 [20]. Moreover,
It has been shown that DUSP1/MKP-1 mRNA is stabilized by
oxidative stress-induced binding of RBPs HuR and NF90 [21,
22]. In addition, HuR promotes MKP-1 mRNA recruitment
to translation machinery and its translation efficiency.

Recently, Lin et al., Emmons et al., and Bros et al. sug-
gested the importance of TTP, a zinc finger-AU-rich elements
(AREs) RBP, in the regulation of MKP-1 mRNA [23–25].
TTP has been shown to bind to AREs located in the 3′-
UTR of unstable mRNAs and to direct its target mRNAs
for degradation. By utilizing RIP-Chip analysis in human
dendritic cells, Emmons et al. identified 393 messages as
putative TTP targets, 33 of which contained AREs, including
dual specificity phosphatase1 (DUSP1/MKP1) mRNA. They
further confirmed that the wild-type TTP significantly
inhibits DUSP1/MKP1 expression by utilizing luciferase-
DUSP 3′-UTR reporter, which contains repeats of the
AUUUA sequences. Bros et al. revealed the role of TTP in the
degradation of MKP-1 mRNA. They showed elevated expres-
sion of TTP target mRNAs, including MKP-1, in TTP−/−

dendritic cells. Lin et al. also showed that biotinylated MKP-
1 AREs could bring down HuR and TTP in preadipocytes.
Therefore, MKP1 mRNA is a target of several RBPs including
HuR and TTP, and these RBPs are involved in the mod-
ulation of MKP-levels and MAPK activity through mRNA
(de)stabilization of MAPK phosphatase, thus indicating that
MKP-1 expression is tightly regulated transcriptionally and
posttranscriptionally in many organisms, which ensures a
rigid feedback control of MAPK signaling.

2.2. Feedback Regulation of MAPK Signaling by an RNA-
Binding Protein. Interestingly, Rnc1 protein in fission yeast is
regulated by MAPK phosphorylation. There are six putative
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Figure 1: Molecular genetic approach to identify regulators of MAPK signaling using fission yeast model system. Upper panel: Calcineurin
phosphatase and Pmk1 MAPK pathway play antagonistic roles in Cl− homeostasis of fission yeast. Molecular genetic approach utilizing this
genetic interaction identified regulators of Pmk1 MAPK. Lower panel: Calcineurin deletion cells (CN KO) failed to grow in the presence
of 0.15 M MgCl2. Overexpression of multicopy suppressor genes, including pmp1+ (MAPK phosphatase), pek1+ (MAPK kinase), and rnc1+

(KH-type RNA-binding protein) suppressed the Cl− sensitivity of the calcineurin deletion cells.

MAPK-phosphorylation sites in Rnc1 protein and Pmk1
MAPK directly phosphorylates Rnc1 at T50 in vivo and in
vitro [7]. Notably, this phosphorylation by MAPK regulates
the RNA-binding activity of Rnc1, that is, the unphoshory-
latable T50A mutant Rnc1 failed to bind Pmp1 mRNA
while the phospho-mimic T50E mutation enhanced the
RNA-binding activity of Rnc1 [7]. Therefore, when Pmk1
signaling is activated, Pmk1 MAPK phosphorylates Rnc1 and
the phosphorylated Rnc1 protein more potently binds and
stabilizes Pmp1 mRNA, resulting in upregulation of Pmp1
MAPK phosphatase, followed by the inactivation of Pmk1
signaling (Figure 2) [7]. Thus, the identification of Rnc1 as
a target of the MAPK signaling cascade has revealed a novel
feedback mechanism for the posttranscriptional regulation
of MAPK phosphatase gene expression [7].

Similar negative-feedback mechanisms of the MAPK
signaling pathway through posttranscriptional mRNA sta-
bilization of MAPK phosphatase have been reported in
other organisms. As described above, Casals-Casas et al.
reported posttranscriptional mRNA stabilization of MKP-1
in macrophages and showed that this stabilization mecha-
nism was partly dependent on p38 MAPK [19]. Recently,
Bermudez et al. described the posttranscriptional regulation
of DUSP6/MKP-3 phosphatase by MERK/ERK signaling and
hypoxia [26]. They showed that the MEK/ERK pathway
stabilizes dusp6 mRNA levels via its 3′-UTR. Moreover,
hypoxia, a hallmark of tumor growth, increases dusp6 mRNA
stability in a MEK activity-dependent manner. Interestingly,
2 RNA-binding proteins, TTP, and PUM2, a homolog of
Drosophila pumilio protein, destabilize dup6 mRNA via its
3′-UTR. Therefore, although there is a diversity of the
MAPK pathways concerned between S. pombe and higher
eukaryotes, these studies suggest a conserved mechanism of
feedback-regulation mechanism of MAPK signaling through

the mRNA stabilization of MAPK phosphatase. Thus, it is
intriguing to speculate that some RBPs responsible for the
mRNA stability of the MAPK phosphatase gene(s) might
be regulated by p38 or ERK MAPK in higher eukaryotes.
Attractive candidates for such RBPs may include TTP, since
the well-known link between MK2 and TTP provides a
plausible explanation for posttranscriptional regulation of
MKP-1 by the p38 MAPK pathway.

3. RNA-Binding Proteins as Targets of
MAPK Regulation

The MAPK pathway is known to play an important role
in regulating gene expression, and this regulation has been
primarily attributed to the activation of transcription factors
via MAPK-dependent phosphorylation. However, since the
time p38 MAPK was found to play a major role in the
regulation of mRNA stability [27], accumulating evidence
suggests that the stability of mRNAs can be controlled
by RBPs under the regulation of various MAPK signaling
pathways in different cellular systems [28–31]. These include
tristetraprolin (TTP) [32–34], nucleolin [35], hnRNP-K [36,
37], hnRNPA0 [38], HuD [39], and the poly(A)-binding
protein PABP1 [40], as well as Rnc1, Nrd1, and Csx1 in
fission yeast [7, 41, 42].

Since the activation of p38 MAPK and its downstream
MAPK-activated protein kinase-2 (MAPKAPK-2 or MK2)
signaling pathway leads to the stabilization of AU-rich
elements (AREs)-containing transcripts including various
inflammation genes, ARE-binding proteins are likely targets
for the p38 MAPK/MK2 pathway [43]. One of the well-
characterized RBPs is TTP, which acts as a substrate of p38
MAPK/MK2. TTP binds to the ARE motifs in the 3′-UTR of



4 Journal of Signal Transduction

Active form

Pmp1

Stable Pmp1 mRNA3

5

35 Unstable Pmp1 mRNA

Inactive form

Pmk1 Pmk1

P P

P

Rnc1

Rnc1

pmp1+ gene

UCAU

UCAU

Figure 2: Negative feedback regulation of MAPK signaling medi-
ated by an RNA-binding protein Rnc1. Rnc1 binds to the UCAU
repeats located in the 3′-UTR of the Pmp1 mRNA. The activated
Pmk1 phosphorylates Rnc1, leading to the enhanced activity of
Rnc1, thereby binding to and stabilizing an otherwise unstable
Pmp1 mRNA. Upregulated Pmp1 dephosphorylates and inactivates
Pmk1, thus creating a negative-feedback loop that regulates the
MAPK signalling.

several cytokine mRNAs including TNFα mRNA and targets
them for degradation, thereby suppressing inflammation
[33]. TTP−/− mice developed severe inflammatory symp-
toms, including cachexia, spontaneous arthritis, dermatitis,
and neutrophilia, mainly because of the overproduction of
TNFα resulting from the increased stability of the TNF
mRNA and subsequent higher rates of secretion of the
cytokine [44]. Notably, macrophages derived from TTP−/−

MK2−/− double knockout mice showed highly increased
amounts of TNF almost identical to those in TTP-deficient
mice, whereas in MK2-null mice, the TNF level was dra-
matically reduced in MK2-deficient animals compared to
the wild type [45]. This genetic evidence strongly suggests
that TTP is the main downstream element of MK2 in
the posttranscriptional regulation of TNF in vivo. MK2
directly phosphorylates TTP at 2 serine residues (Ser52 and
Ser178 in mouse TTP) in vitro and in vivo (Figure 3) [46].
Furthermore, TTP can be directly phosphorylated by p38
(Figure 3) [32].

Notably, phosphorylation by MK2 inhibits TTP activity.
Several studies have described the molecular mechanisms
underlying this regulation, although this subject is controver-
sial. The phosphorylation of TTP by MK2 facilitates the dis-
sociation of TTP from the ARE motif, thereby allowing the
biosynthesis of TNFα [45]. Previous studies have also shown
that MK2 is required for the maintenance of normal TTP
levels and phosphorylation by MK2 leads to stabilization
of TTP and inhibition of its mRNA destabilization activity.
Notably, the phosphorylation of TTP at 2 serine residues
(Ser52 and Ser178) allows binding of 14-3-3 adaptor proteins
(Figure 3) [47, 48]. Furthermore, Stoecklin et al. showed
that MK2-dependent phosphorylation of TTP releases it
from stress granules and inhibits degradation of mRNAs
containing AREs (Figure 3) [48]. Interestingly, recent studies
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Figure 3: Control of ARE-containing mRNA degradation by TTP.
Unphosphorylated TTP binds to the ARE and promotes degra-
dation of the mRNAs. MK2 phosphorylates TTP at two serine
residues, and this phosphorylation allows binding of 14-3-3 adaptor
proteins and stabilization of the ARE-containing target mRNAs,
such as TNFα. TTP can also be phosphorylated by p38. Phopshory-
lation also excludes TTP from stress granules.
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Figure 4: The regulation of mRNA in MAPK signaling. MAP kinase
signaling pathways regulate both transcriptional and posttran-
scriptional gene expression in various organisms. MAPK-signaling
mediated phosphorylation regulates transcription factors and/or
RNA-binding proteins, which resulted in mRNA regulation. Precise
regulatory mechanism(s) of these proteins by MAPK signaling are
not fully understood.

by Marchese et al. and Clement et al. described a molecular
mechanism for the regulation of TTP function by MK2,
involving the inhibition of recruitment of a deadenylase
complex [49, 50]. In addition to TTP, MK2 also phospho-
rylates poly(A)-binding protein [40] and hnRNPA0 [51],
thereby regulating their mRNA-binding capacity. Moreover,
p38 MAPK phosphorylates the KH-type splicing regulatory
protein (KSRP) and inhibits its binding and destabilization
of mRNAs coding for proteins involved in the differentiation
of myoblasts into myotubes, thus indicating that p38 regu-
lates mRNA turnover by targeting KSRP [52].

Interestingly, the budding yeast p38 homolog Hog1
was shown to be essential for stabilization of these ARE-
containing mRNAs [53], thus indicating that MAPKs also
regulate mRNA stability in lower eukaryotes. In fission yeast,
there is an interesting association between p38 and Csx1,
an RBP crucial for survival following oxidative stress in
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S. pombe [42]. Csx1 is an RRM-type RBP with significant
amino acid similarity to TIA1 in higher eukaryotes. Csx1 is
phosphorylated upon oxidative stress in a Sty1-dependent
manner. Csx1 associates with and stabilizes atf1+ mRNA,
which encodes a member of the ATF/CRE-binding protein
family of transcription factors, including ATF2, in higher
eukaryotes [42]. Moreover, Csx1 controls expression of the
majority of the genes regulated by Spc1 p38 and Atf1 in
response to oxidative stress. Notably, HuR RBP in higher
eukaryotes stabilizes ATF-2 mRNA by binding to the 3′-UTR
of ATF-2 mRNA in response to polyamine concentrations
[54]. Consistently, HuR overexpression and depletion mod-
ulates ATF-2 mRNA abundance and resistance to apoptosis.
These studies reveal a highly conserved mechanism of
controlling MAPK-regulated transcription factors as well
as several physiological responses, including oxidative stress
and apoptosis through RBP.

4. Other Instances of MAPK-Mediated
Phosphoregulation of RBPs: Cell Cycle
Control Mediated by Modulation
of mRNA Stability

Recent paper by Satoh et al. revealed an interesting link
between RBP and cell cycle control mediated by modulating
myosin mRNA stability [41]. They identified Nrd1, a highly
conserved RNA-recognition motif (RRM)-type RBP, as a
regulator of Cdc4, an essential myosin light chain, a key
regulator of cytokinesis in fission yeast [55, 56]. Nrd1 binds
to Cdc4 mRNA in vivo and in vitro, thereby stabilizing
Cdc4 mRNA and regulating cytokinesis in fission yeast. Nrd1
shows significant sequence similarity with TIA-1 and the
TIA-1-related (TIAR) proteins in higher eukaryotes [57, 58].
It has been reported that both TIA-1 and TIAR bind to RNA,
with the preferred binding sequence being U-rich including
the UCUU motifs present in the mRNAs [59, 60]. Notably,
the mutation in the two UCUU sequences (cdc4M1M2)
within the Cdc4 ORF abrogated the binding between Nrd1
and Cdc4 mRNA, and the cdc4M1M2 mutant cells exhibited
cell separation defects, suggesting that the loss of Nrd1
binding affects cytokinesis.

Interestingly, Nrd1 is also phosphorylated by Pmk1
MAPK at two threonine residues (T40 and T126) and this
phosphorylation negatively regulates Nrd1 activity to bind
and stabilize Cdc4 mRNA and cytokinesis. Nrd1DD, the
phosphorylation mimic version of Nrd1, only weakly binds
to Cdc4 mRNA, while Nrd1AA, the unphosphorylatable
version of Nrd1, in which T40 and T126 are substituted by
alanine residues, strongly binds to Cdc4 mRNA [41]. The
deletion of Pmk1 MAPK, similar to Nrd1 overexpression,
stabilizes Cdc4 mRNA, thus providing the first example of
MAPK-mediated cell cycle control through mRNA stabiliza-
tion of myosin via RBP.

There are also interesting examples of cell-cycle control
by modulation of mRNA stability in higher eukaryotes,
especially with regard to DNA damage checkpoints [61].
Reinhardt et al. reported the involvement of MK2 activity
in the regulation of Gadd45α mRNA stability [38] and

showed that the p38/MK2-dependent phosphorylation of
3 key targets involved in RNA regulation-hnRNP0, TIAR,
and PARN-stabilizes an otherwise unstable Gadd45α mRNA
through its 3′-UTR, resulting in increased Gadd45α protein
levels. Gadd45α itself is then required to maintain MK2
activity, which is critical for prolonged Cdc25 inhibition and
maintenance of a G2 arrest [38]. Thus, the positive feedback
loop involving p38/MK2/Gadd45α is essential to allow cells
to recover from DNA damage, before committing to the
next mitotic cell division. These reports on RBP-mediated
cell-cycle control through mRNA stability provide further
evidence for the phosphoregulation of RBPs through MAPK,
thereby revealing an additional level of cell cycle regulation.

5. Clinical Importance of the
Posttranscriptional Regulation
of mRNA Stability and Its Implications
for Drug Discovery

Considerable number of genes that code for AU-rich
mRNAs, including cytokines, chemokines, growth factors,
RBPs, and transcription factors, are commonly involved
in both chronic inflammation and cancer [62]. Therefore,
stabilization of the ARE-mRNAs via RBP can cause pro-
longed responses that subsequently may lead to chronic
inflammatory diseases, such as rheumatoid arthritis and
cancer. Indeed, neutralizing antibodies to TNFα, one of
the most important proinflammatory cytokine containing
AREs, prevent arthritis in transgenic mice expressing ARE-
lacking stable TNFα transcripts, which produce pathological
overexpression of TNFα [63, 64]. Thus, abrogation of
posttranscriptional pathways that mediate the expression of
these proinflammatory genes may serve as a clinical target of
inflammation. Furthermore, since the expression of MAPK
phosphatase is closely linked to inflammation as well as
malignancies of various cancer cells, targeting the mRNA
expression of MKPs could represent a promising thera-
peutic target and elucidation of these mechanisms would
be highly important for understanding the mechanism of
cancer and inflammation. Since abnormal activation of the
Ras/Raf/MAPK pathway can lead to cancer and since the
p38/MK2 pathway plays a crucial role in inflammation, these
MAPKs, together with the RBPs that regulate MAPKs, are
attractive targets for new therapies for both cancer and/or
inflammatory diseases such as Crohn’s disease or rheumatoid
arthritis. A large body of evidence from preclinical studies
indicate a crucial role of p38 MAPK signaling in inflam-
mation, and drugs that target p38 or MK2 and those that
inhibit the development of inflammatory arthritis in mouse
models are being investigated for the treatment of patients
with rheumatoid arthritis and inflammatory bowel disease
[65–67].

6. Concluding Remarks

We have presented several examples of functional relation-
ships and cross talk regulatory mechanisms between RBPs
and MAPK signaling in fission yeast model system and
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have drawn some parallels with animal cells. A recent paper
by Belle et al. on the global investigation of protein half-
lives in budding yeast indicates that the protein products
of genes that are coregulated on the transcriptional level
also tend to be coregulated on the level of protein turnover
[68]. Similarly, it would be intriguing to see the correlation
between transcriptional and posttranscriptional regulation,
since ERK MAPKs and the p38/MK2 axis regulate both
the transcriptional and posttranscriptional gene expression
of various immediate early genes involved in inflammation
and stress responses [69]. Further studies are required to
clarify the complex interplay between these transcriptional
and posttranscriptional events during inflammation and
cancer, and its regulation by RBPs and various signaling
pathways including MAPKs pathways and others (Figure 4).
Moreover, it would be important to elucidate the basis for
the cooperative action of p38 MAPK and ERK pathways
for optimal ARE-mRNA stabilization [70]. To clarify these
mechanisms, the use of a simple eukaryotic model organism
such as fission yeast could contribute to the field, since many
RBPs and signaling pathways, including MAPKs and the
major pathways of mRNA degradation and transcription,
are highly conserved. Altogether, these data highlight an
emerging role for RBPs as regulators of MAPK signaling and
future targets for drug discovery.
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[19] C. Casals-Casas, E. Álvarez, M. Serra et al., “CREB and AP-
1 activation regulates MKP-1 induction by LPS or M-CSF
and their kinetics correlate with macrophage activation versus
proliferation,” European Journal of Immunology, vol. 39, no. 7,
pp. 1902–1913, 2009.

[20] H. R. Wong, K. E. Dunsmore, K. Page, and T. P. Shanley, “Heat
shock-mediated regulation of MKP-1,” American Journal of
Physiology, vol. 289, no. 5, pp. C1152–C1158, 2005.

[21] Y. Kuwano, H. H. Kim, K. Abdelmohsen et al., “MKP-1
mRNA stabilization and translational control by RNA-binding
proteins HuR and NF90,” Molecular and Cellular Biology, vol.
28, no. 14, pp. 4562–4575, 2008.

[22] Y. Kuwano and M. Gorospe, “Protecting the stress response,
guarding the MKP-1 mRNA,” Cell Cycle, vol. 7, no. 17, pp.
2640–2642, 2008.

[23] N. Y. Lin, C. T. Lin, and C. J. Chang, “Modulation of
immediate early gene expression by tristetraprolin in the
differentiation of 3T3-L1 cells,” Biochemical and Biophysical
Research Communications, vol. 365, no. 1, pp. 69–74, 2008.

[24] J. Emmons, W. H. D. Townley-Tilson, K. M. Deleault et al.,
“Identification of TTP mRNA targets in human dendritic cells
reveals TTP as a critical regulator of dendritic cell maturation,”
RNA, vol. 14, no. 5, pp. 888–902, 2008.

[25] M. Bros, N. Wiechmann, V. Besche et al., “The RNA binding
protein tristetraprolin influences the activation state of murine



Journal of Signal Transduction 7

dendritic cells,” Molecular Immunology, vol. 47, no. 5, pp.
1161–1170, 2010.

[26] O. Bermudez, P. Jouandin, J. Rottier, C. Bourcier, G. Pagès, and
C. Gimond, “Post-transcriptional regulation of the DUSP6/
MKP-3 phosphatase by MEK/ERK signaling and hypoxia,”
Journal of Cellular Physiology, vol. 226, no. 1, pp. 276–284,
2011.

[27] J. L. E. Dean, M. Brook, A. R. Clark, and J. Saklatvala, “p38
Mitogen-activated protein kinase regulates cyclooxygenase-
2 mRNA stability and transcription in lipopolysaccharide-
treated human monocytes,” Journal of Biological Chemistry,
vol. 274, no. 1, pp. 264–269, 1999.

[28] N. H. Lee and R. L. Malek, “Nerve growth factor regulation
of m4 muscarinic receptor mRNA stability but not gene tran-
scription requires mitogen-activated protein kinase activity,”
Journal of Biological Chemistry, vol. 273, no. 35, pp. 22317–
22325, 1998.

[29] S. Huang, L. New, Z. Pan, J. Han, and G. R. Nemerow,
“Urokinase plasminogen activator/urokinase-specific surface
receptor expression and matrix invasion by breast cancer cells
requires constitutive p38α mitogen-activated protein kinase
activity,” Journal of Biological Chemistry, vol. 275, no. 16, pp.
12266–12272, 2000.

[30] M. Lasa, K. R. Mahtani, A. Finch, G. Brewer, J. Saklatvala,
and A. R. Clark, “Regulation of cyclooxygenase 2 mRNA
stability by the mitogen- activated protein kinase p38 signaling
cascade,” Molecular and Cellular Biology, vol. 20, no. 12, pp.
4265–4274, 2000.

[31] K. Rutault, C. A. Hazzalin, and L. C. Mahadevan, “Combina-
tions of ERK and p38 MAPK inhibitors ablate tumor necrosis
factor-α (TNF-α) mRNA induction: evidence for selective
destabilization of TNF-α transcripts,” Journal of Biological
Chemistry, vol. 276, no. 9, pp. 6666–6674, 2001.

[32] E. Carballo, H. Cao, WI. S. Lai, E. A. Kennington, D. Campbell,
and P. J. Blackshear, “Decreased sensitivity of tristetraprolin-
deficient cells to p38 inhibitors suggests the involvement
of tristetraprolin in the p38 signaling pathway,” Journal of
Biological Chemistry, vol. 276, no. 45, pp. 42580–42587, 2001.

[33] K. R. Mahtani, M. Brook, J. L. E. Dean, G. Sully, J. Saklatvala,
and A. R. Clark, “Mitogen-activated protein kinase p38
controls the expression and posttranslational modification
of tristetraprolin, a regulator of tumor necrosis factor alpha
mRNA stability,” Molecular and Cellular Biology, vol. 21, no.
19, pp. 6461–6469, 2001.

[34] L. Sun, G. Stoecklin, S. Van Way et al., “Tristetraprolin (TTP)-
14-3-3 complex formation protects TTP from dephosphory-
lation by protein phosphatase 2a and stabilizes tumor necrosis
factor-α mRNA,” Journal of Biological Chemistry, vol. 282, no.
6, pp. 3766–3777, 2007.

[35] C. Yang, D. A. Maiguel, and F. Carrier, “Identification of
nucleolin and nucleophosmin as genotoxic stress-responsive
RNA-binding proteins,” Nucleic Acids Research, vol. 30, no. 10,
pp. 2251–2260, 2002.

[36] H. Habelhah, K. Shah, L. Huang et al., “ERK phosphorylation
drives cytoplasmic accumulation of hnRNP-K and inhibition
of mRNA translation,” Nature Cell Biology, vol. 3, no. 3, pp.
325–330, 2001.

[37] J. W. Chang, T. Koike, and M. Iwashima, “hnRNP-K is a
nuclear target of TCR-activated ERK and required for T-cell
late activation,” International Immunology, vol. 21, no. 12, pp.
1351–1361, 2009.

[38] H. C. Reinhardt, P. Hasskamp, I. Schmedding et al.,
“DNA damage activates a spatially distinct late cytoplasmic
cell-cycle checkpoint network controlled by MK2-mediated

RNA stabilization,” Molecular Cell, vol. 40, no. 1, pp. 34–49,
2010.

[39] J. L. E. Dean, R. Wait, K. R. Mahtani, G. Sully, A. R. Clark, and
J. Saklatvala, “The 3′ Untranslated region of tumor necrosis
factor alpha mRNA is a target of the mRNA-stabilizing factor
HuR,” Molecular and Cellular Biology, vol. 21, no. 3, pp. 721–
730, 2001.

[40] F. Bollig, R. Winzen, M. Gaestel, S. Kostka, K. Resch, and
H. Holtmann, “Affinity purification of ARE-binding proteins
identifies poly(A)-binding protein 1 as a potential substrate in
MK2-induced mRNA stabilization,” Biochemical and Biophys-
ical Research Communications, vol. 301, no. 3, pp. 665–670,
2003.

[41] R. Satoh, T. Morita, H. Takada et al., “Role of the RNA-binding
protein Nrd1 and Pmk1 mitogen-activated protein kinase in
the regulation of myosin mRNA stability in fission yeast,”
Molecular Biology of the Cell, vol. 20, no. 9, pp. 2473–2485,
2009.

[42] M. A. Rodrı́guez-Gabriel, G. Burns, W. H. McDonald et al.,
“RNA-binding protein Csx1 mediates global control of gene
expression in response to oxidative stress,” EMBO Journal, vol.
22, no. 23, pp. 6256–6266, 2003.

[43] M. A. E. Frevel, T. Bakheet, A. M. Silva, J. G. Hissong, K.
S. A. Khabar, and B. R. G. Williams, “p38 mitogen-activated
protein kinase-dependent and -independent signaling of
mRNA stability of AU-rich element-containing transcripts,”
Molecular and Cellular Biology, vol. 23, no. 2, pp. 425–436,
2003.

[44] G. A. Taylor, E. Carballo, D. M. Lee et al., “A pathogenetic
role for TNFα in the syndrome of cachexia, arthritis, and
autoimmunity resulting from tristetraprolin (TTP) defi-
ciency,” Immunity, vol. 4, no. 5, pp. 445–454, 1996.

[45] E. Hitti, T. Iakovleva, M. Brook et al., “Mitogen-activated
protein kinase-activated protein kinase 2 regulates tumor
necrosis factor mRNA stability and translation mainly by
altering tristetraprolin expression, stability, and binding to
adenine/uridine-rich element,” Molecular and Cellular Biology,
vol. 26, no. 6, pp. 2399–2407, 2006.

[46] C. A. Chrestensen, M. J. Schroeder, J. Shabanowitz et al.,
“MAPKAP kinase 2 phosphorylates tristetraprolin on in vivo
sites including ser, a site required for 14-3-3 binding,” Journal
of Biological Chemistry, vol. 279, no. 11, pp. 10176–10184,
2004.

[47] B. A. Johnson, J. R. Stehn, M. B. Yaffe, and T. K. Blackwell,
“Cytoplasmic localization of tristetraprolin involves 14-3-3-
dependent and -independent mechanisms,” Journal of Biolog-
ical Chemistry, vol. 277, no. 20, pp. 18029–18036, 2002.

[48] G. Stoecklin, T. Stubbs, N. Kedersha et al., “MK2-induced
tristetraprolin:14-3-3 Complexes prevent stress granule asso-
ciation and ARE-mRNA decay,” EMBO Journal, vol. 23, no. 6,
pp. 1313–1324, 2004.

[49] F. P. Marchese, A. Aubareda, C. Tudor, J. Saklatvala, A.
R. Clark, and J. L. E. Dean, “MAPKAP kinase 2 blocks
tristetraprolin-directed mRNA decay by inhibiting CAF1
deadenylase recruitment,” Journal of Biological Chemistry, vol.
285, no. 36, pp. 27590–27600, 2010.

[50] S. L. Clement, C. Scheckel, G. Stoecklin, and J. Lykke-
Andersen, “Phosphorylation of tristetraprolin by MK2
impairs AU-rich element mRNA decay by preventing dead-
enylase recruitment,” Molecular and Cellular Biology, vol. 31,
no. 2, pp. 256–266, 2011.

[51] S. Rousseau, N. Morrice, M. Peggie, D. G. Campbell, M. Gaes-
tel, and P. Cohen, “Inhibition of SAPK2a/p38 prevents hnRNP
A0 phosphorylation by MAPKAP-K2 and its interaction with



8 Journal of Signal Transduction

cytokine mRNAs,” EMBO Journal, vol. 21, no. 23, pp. 6505–
6514, 2002.

[52] P. Briata, S. V. Forcales, M. Ponassi et al., “p38-Dependent
phosphorylation of the mRNA decay-promoting factor KSRP
controls the stability of select myogenic transcripts,” Molecular
Cell, vol. 20, no. 6, pp. 891–903, 2005.

[53] S. Vasudevan and S. W. Peltz, “Regulated ARE-mediated
mRNA decay in Saccharomyces cerevisiae,” Molecular Cell, vol.
7, no. 6, pp. 1191–1200, 2001.

[54] L. Xiao, J. N. Rao, T. Zou et al., “Polyamines regulate the
stability of activating transcription factor-2 mRNA through
RNA-binding protein HuR in intestinal epithelial cells,”
Molecular Biology of the Cell, vol. 18, no. 11, pp. 4579–4590,
2007.

[55] D. McCollum, M. K. Balasubramanian, L. E. Pelcher, S. M.
Hemmingsen, and K. L. Gould, “Schizosaccharomyces pombe
cdc4+ gene encodes a novel EF-hand protein essential for
cytokinesis,” Journal of Cell Biology, vol. 130, no. 3, pp. 651–
660, 1995.

[56] C. M. Slupsky, M. Desautels, T. Huebert, R. Zhao, S. M.
Hemmingsen, and L. P. McIntosh, “Structure of Cdc4p, a
contractile ring protein essential for cytokinesis in Schizosac-
charomyces pombe,” Journal of Biological Chemistry, vol. 276,
no. 8, pp. 5943–5951, 2001.

[57] L. M. Dember, N. D. Kim, K. Q. Liu, and P. Anderson,
“Individual RNA recognition motifs of TIA-1 and TIAR
have different RNA binding specificities,” Journal of Biological
Chemistry, vol. 271, no. 5, pp. 2783–2788, 1996.

[58] N. L. Kedersha, M. Gupta, W. Li, I. Miller, and P. Anderson,
“RNA-binding proteins TIA-1 and TIAR link the phospho-
rylation of eIF-2α to the assembly of mammalian stress
granules,” Journal of Cell Biology, vol. 147, no. 7, pp. 1431–
1441, 1999.

[59] P. Förch, O. Puig, N. Kedersha et al., “The apoptosis-
promoting factor TIA-1 is a regulator of alternative pre-mRNA
splicing,” Molecular Cell, vol. 6, no. 5, pp. 1089–1098, 2000.

[60] F. D. Gatto-Konczak, C. F. Bourgeois, C. Le Guiner et al., “The
RNA-binding protein TIA-1 is a novel mammalian splicing
regulator acting through intron sequences adjacent to a 5’
splice site,” Molecular and Cellular Biology, vol. 20, no. 17, pp.
6287–6299, 2000.

[61] A. Hammet, B. L. Pike, and J. Heierhorst, “Posttranscriptional
regulation of the RAD5 DNA repair gene by the dun1 kinase
and the Pan2-Pan3 poly(A)-nuclease complex contributes to
survival of replication blocks,” Journal of Biological Chemistry,
vol. 277, no. 25, pp. 22469–22474, 2002.

[62] K. S. A. Khabar, “Post-transcriptional control during chronic
inflammation and cancer: a focus on AU-rich elements,”
Cellular and Molecular Life Sciences, vol. 67, no. 17, pp. 2937–
2955, 2010.

[63] D. Kontoyiannis, M. Pasparakis, T. T. Pizarro, F. Cominelli,
and G. Kollias, “Impaired on/off regulation of TNF biosynthe-
sis in mice lacking TNF AU- rich elements: Implications for
joint and gut-associated immunopathologies,” Immunity, vol.
10, no. 3, pp. 387–398, 1999.

[64] G. Kollias, D. Kontoyiannis, E. Douni, and G. Kassiotis,
“The role of TNF/TNFR in organ-specific and systemic
autoimmunity: implications for the design of optimized ‘anti-
TNF’ therapies,” Current Directions in Autoimmunity, vol. 5,
pp. 30–50, 2002.

[65] S. Kumar, J. Boehm, and J. C. Lee, “P38 MAP kinases: key
signalling molecules as therapeutic targets for inflammatory
diseases,” Nature Reviews Drug Discovery, vol. 2, no. 9, pp.
717–726, 2003.

[66] P. Anderson, “Post-transcriptional control of cytokine pro-
duction,” Nature Immunology, vol. 9, no. 4, pp. 353–359, 2008.

[67] M. Gaestel, A. Kotlyarov, and M. Kracht, “Targeting innate
immunity protein kinase signalling in inflammation,” Nature
Reviews Drug Discovery, vol. 8, no. 6, pp. 480–499, 2009.

[68] A. Belle, A. Tanay, L. Bitincka, R. Shamir, and E. K. O’Shea,
“Quantification of protein half-lives in the budding yeast
proteome,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 103, no. 35, pp. 13004–13009,
2006.

[69] N. Ronkina, M. B. Menon, J. Schwermann et al., “Stress
induced gene expression: a direct role for MAPKAP kinases in
transcriptional activation of immediate early genes,” Nucleic
Acids Research . In press.

[70] K. M. Deleault, S. J. Skinner, and S. A. Brooks, “Tristetraprolin
regulates TNF TNF-α mRNA stability via a proteasome
dependent mechanism involving the combined action of the
ERK and p38 pathways,” Molecular Immunology, vol. 45, no. 1,
pp. 13–24, 2008.


	Introduction
	RNA-Binding Proteins as Regulators of MAPK Signaling
	MAPK Phosphatase mRNA as a Target of RNA-Binding Proteins
	Feedback Regulation of MAPK Signaling by an RNA-Binding Protein

	RNA-Binding Proteins as Targets ofMAPK Regulation
	Other Instances of MAPK-Mediated Phosphoregulation of RBPs: Cell Cycle Control Mediated by Modulation of mRNA Stability
	Clinical Importance of the Posttranscriptional Regulation of mRNA Stability and Its Implications for Drug Discovery
	Concluding Remarks
	References

