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Abstract The mitogen activated protein kinase (MAPK) fam-
ily, consisting of the extracellular signal regulated protein
kinase, c-Jun amino terminal MAPK and p38 subfamilies, is
conserved in evolution throughout the plant and animal king-
doms. These proteins have been implicated in diverse cellular
processes including cell growth, migration, proliferation, differ-
entiation, survival and development. Gene-targeting approaches
in mice, chickens, frogs and zebrafish revealed crucial roles of
MAPK in vertebrate development. Gene-disruption or -silencing
often lead to lethal effects, therefore the zebrafish ex utero devel-
opment provides an excellent in vivo model to study the function
of MAPK in early embryogenesis. In this review, we summarize
the current understanding of the MAPK family function in ver-
tebrate-development and place this into the perspective of possi-
bilities for future research.

© 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.

Keywords: Mitogen activated protein kinase; Extracellular
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1. Introduction: The MAPK pathway

The mitogen activated protein kinase (MAPK) family is con-
served in evolution and is involved in diverse cellular processes
including cell growth, proliferation, differentiation, survival,
innate immunity and development [1-3].
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Abbreviations: ASK1, apoptosis signal-regulating kinase 1; A-Rafl, V-
RAF murine sarcoma 3611 viral oncogene homolog 1; B-Raf, V-RAF
murine sarcoma viral oncogene homolog B1; BMKI1, big MAP kinase
1; CLIC3, chloride intracellular channel 3; Cot, Cancer Osaka Thyroid
Oncogene (=Tpl-2); ERK, extracellular signal regulated protein kina-
se; JNK, c-Jun amino terminal MAPK; MEK, MAPK/ERK kinase;
MEKK, MEK kinase; MAPK, mitogen activated protein kinase; MK,
MAPK-activated protein kinases; MKK, MAPK kinase; MKKK,
MAPK kinase kinase; MLK2,3, mixed-lineage protein kinase 3; Mos,
V-MOS moloney murine sarcoma viral oncogene homolog; Myf5,
myogenic activator 5; POSH, plenty of SH3s; Rafl, V-RAF murine
leukemia viral oncogene homolog 1; SAPK, stress activated protein
kinase; Tpl-2, tumor progression locus 2; TAO1,2,3, thousand and one
amino acids; TAKI1, TGFp activated kinase; v-src, avian Sarcoma
(Schmidt-Ruppin A-2) viral oncogene

MAPKSs transmit signals in the form of sequential phosphor-
ylation events. The phospho-relay system is composed of three
kinases: a MAPK kinase kinase (MAPKKK), a MAPK kinase
(MAPKK) and a MAPK. Phosphorylation of the MAPKs
occurs on a conserved dual-phosphorylation domain (Thr-Xxx-
Tyr) leads to activation of the protein (Fig. 1) and the subse-
quent formation of dimers which translocate into the nucleus
to activate downstream targets [1-3]. Three major subfamilies
of MAPK proteins have been defined: extracellular signal
regulated kinases (ERK), the c-Jun amino-terminal kinases
(JNK), and the p38 MAP kinases. The middle amino-acid
residue of the conserved Thr-Xxx-Tyr dual-phosphorylation
domain designates a MAPK protein to one of these
subfamilies. In general, the ERK subfamily (TEY) is mainly
activated by growth factors, p38 (TGY) by stress factors and
JNK (TPY) are activated by stress-, differentiation- and
growth-factors [4-6]. It should be stressed here that scaffold
proteins play an important role in the spatial-temporal organi-
zation of signaling complexes leading to activation of a specific
cascade [1,6,7].

To illustrate the evolutionary conservation of the
MAPK family, we constructed a phylogenetic tree of the
vertebrate MAPKSs by the neighbor-joining method (Fig. 2)
[8]. This analysis was performed by multiple alignments with
the amino acid sequences of the different vertebrate MAPKSs
from human, rat, mouse, Xenopus and zebrafish. As expected
from the evolutional point of view the different vertebrate
MAPKSs cluster with their corresponding orthologs, which
are also indicated by their MAPK-family number (MAPK1-
15).

Currently, based on phosphorylation consensus, sequence
identity, signaling profile and functions, six different MAPK
cascades have been identified in mammals: ERK1/2, ERK3/
4, ERKS, ERK7/8, JNKI1/2/3, and p38-isoforms o/p/
Y(ERK6)/6 [1-3] (Fig. 3). The best studied ERK1 and ERK?2
are activated by the upstream MAPKKs MEK1 and MEK2,
while MEK1-2 are in turn activated by their upstream MAP-
KKKs or Raf protein kinases. Interestingly, ERK3 is a ubi-
quitously active MAPK and its activity is regulated by
protein stability. The mechanisms of regulation for ERK4
are still largely unclear. In addition, ERKS is exclusively acti-
vated by MEKS, which can be phosphorylated by the MAP-
KKKs MEKK?2 and MEKK3. ERK7 is similar to ERK3 in
that it is constitutively activated, presumably by the C-termi-
nus of the protein. ERK7 activity is not regulated by extracel-
lular stimuli. Despite intensive efforts, the activators for ERK8
are yet unknown, although ERKS is shown to be activated
after long stimulations with serum and in cells expressing the
oncogene v-src, suggesting that ERKS is involved in long term
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Fig. 1. The mitogen activated protein kinase module. The MAPK
module consists of three kinases: a MAPKKK, a MAPKK and a
MAPK. Different MAPK cascades can be activated by various signals.
Upon activation the upstream kinase activates the downstream kinase
by phosphorylation and leads to a response.

signaling. Similar to ERKs, the p38-MAPK module includes a
range of MAPKKKSs such as MEKK1-4, MLK2-3, apoptosis
signal-regulating kinase 1 (ASK1) and TGFp activated kinase
(TAK1). These activate the MAPKKs MEK3 and MEKS6,
resulting in the activation of the p38 a, B, y, d isoforms. The
JNK MAPKSs are activated by the MAPKKs MEK4 and 7,
which are in turn activated by the MAPKKKs MEKK1-4,
MLK2-3, TAOI1-2, TAK1 and ASK1-2 [2,6,9,10]. Details of
the molecular mechanisms governing the developmental func-
tions of different MAPK-cascades in vertebrate models are
beginning to emerge and will be discussed in the following sec-
tions (Figs. 2 and 3).

2. ERK1/2

ERK1 (MAPK3, p44MAPK) was the first identified MAPK
[11]. Until now, homologs for erk! have been reported for
human, mouse, rat and zebrafish genomes. ERK1 and ERK?2
are the most intensively studied MAPKs in developmental
processes. Detailed immuno-histochemical analysis revealed
localized spatio-temporal patterns of ERK1/2 phosphorylation
during mouse [12], chicken and zebrafish development, with
FGF as most predominant activator during development.
Erkl—/— mice are viable, fertile and of normal size [13]. The
proliferation and maturation of the thymocytes is affected,
despite expression of ERK2. Mice lacking ERK1 also manifest
abnormal signaling responses, which are linked to an upregu-
lation of ERK2 activity in the brain. ERK1 has a critical reg-
ulatory role in brain long-term adaptive changes underlying
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striatum-dependent behavioral plasticity and drug addiction
[14]. Furthermore, ERK1 is an important modulator of synap-
tic plasticity. The existence of the distinct scaffold MP1 for
ERKI1-MEKI1 indicates specific functions and location for
MEKI1/ERK1 complex [15]. The MP1 scaffold was initially
identified by its capability to bind to the proline-rich region
of MEK1 and to be involved in the activation of ERK1, but
not ERK2 signaling [1,15].

ERK2 (MAPKI1, p42MAPK) is found in human, mouse,
rat, frog, chicken and zebrafish genomes. Importantly, mouse
embryos lacking exon 2 of the erk2 gene die in utero before
embryonic day (E) 8.5 due to a defect in trophoblast develop-
ment [16]. Erk2-deficient mice fail to form the ectoplacental
cone and the extra-embryonic ectoderm, which gives rise to
mature trophoblasts in the fetus. In addition Erk2—/— em-
bryos also fail to form mesoderm, based on histological criteria
at E6.5 and E7.5 [17,18]. Significantly, ERK1 is incapable of
compensating for ERK2 function in erk2—/— mice, suggesting
that the observed effect is ERK2 specific and cannot be rescued
by ERKI.

Despite effort, in frog and chicken no erk! gene has been
found until now. However, the ERK1 protein has been de-
tected by Western-blot analysis in chicken, where p-ERK1/2
expression was observed in motor axons, but not in sensory
axons. In a follow up study Kato and co-workers have also
demonstrated specific activation of ERK1/2 in growing motor
axons suggesting that p-ERK1/2 may be involved in outgrowth
and/or guidance of this subset of axons [19]. In contrast, mod-
ulation of ERK?2 activity affects mesoderm differentiation in
Xenopus embryos, whereas inhibition of the ERK?2 activation
prevents animal caps to differentiate into mesoderm tissues
[20]. Elevated ERK activation is also detected by immuno-
histochemistry during segmentation in mouse, chicken and
zebrafish [21].

In zebrafish, the presence of the ERK-MAPK cascade was
first shown by Western-blot analysis, where insulin-like growth
factors (IGFs) stimulates zebrafish cell proliferation by activat-
ing MAPK and PI3-kinase signaling pathways [22]. Subse-
quently it was shown that chitin oligosaccharides, activate
ERKI1 and ERK2 in zebrafish cells, via the Ras-Raf-MEK
module [23]. The developmental roles of ERK1 and ERK2
in zebrafish development have mostly concentrated on the
functions of the FGF/MAPK pathway, which also contains
the inhibitors Sef [24,25], Sprouty2/4 and the MAPK phospha-
tases MKP1 and MKP3 [26]. Overactivation of the Fgf/ERK-
pathway leads to dorsalized embryos by inhibiting expression
of bmp genes [27]. Overexpression of ERK-MAPK phospha-
tase MKP3 or injection of a high dose of mRNA of the inhib-
itor Sef also results in an opposite ventralization [24,28]. This
implies that manipulation of ERK-MAPK activation affects
zebrafish development. It can therefore be suggested that
ERK1/2 in zebrafish are regulated via canonical pathways,
but precise regulation and distinguished developmental func-
tion for ERK1 and ERK2 remain to be defined. Recently, a
developmental role for ERK1 in axial mesoderm formation
was demonstrated and the absence of active ERK?2 in the blas-
tula-margin blocked the initiation of epiboly cell migration,
disturbed the microtubule organization and led to an arrest
of embryogenesis, preventing further differentiation of epiblast
and hypoblast (unpublished data). Similarly to mice also in
zebrafish ERK1 is not able to rescue developmental pheno-
types caused by ERK?2 knock-down.
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Fig. 2. Phylogenetic tree of the vertebrate MAPKs. The phylogenetic tree was constructed by the neighbor-joining method of the amino acid
sequences of the different vertebrate MAPKSs using Clustal W, available at the web server of the DNA Data Bank of Japan (DDBJ, http://
hypernig.nig.ac.jp). Clustal W analysis was done using default settings, without Kimura’s correction. Bootstrap sampling was reiterated 10000 times.
For the matrix table ‘blosum’ was used. The gap extension penalty was set at 0.2 and the gap distance was set at 8. Trees were printed using the
program Treeview (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html). The phylogenetic tree illustrates the evolutionary conservation of the
MAPK family members in human (h), rat (r), mouse (m), Xenopus laevis (x) and zebrafish (z). The different MAPKs cluster together and are indicated
by their MAPK-family number (MAPK1-15). Black text = previously annotated and shown to be expressed; gray text = translation of genomic
prediction. The predicted sequences were found in the following versions of the genomes of the Sanger Ensembl: Rattus norvegicus = v38,

Xenopus = v38; zebrafish = Zv6.

3. ERK3/4

Interestingly, ERK3 and ERK4 are the only ERK-MAPKs
that lack the characteristic TEY activation motif, but display a
SEG activation domain (Fig. 3). Only the serine residue in this
SEG-motif can be phosphorylated. ERK3 has a characteristic
400 amino acid C-terminus, which is partly homologous to
ERK4 (170 amino acids). The stimulants for ERK3 and
ERK4 have not been identified, so far.

ERK3 (MAPKG6, p97MAPK) has been reported for human,
mouse, rat, zebrafish and gene-predictions were also found in
the frog and chicken genomes (Fig. 2). ERK3 seems to be
mainly regulated by its protein stability and auto-phosphoryl-
ation. Human ERK3 interacts with MAPK-activated protein
5 (MKS5 or PRAK) and spatio-temporal expression of ERK3
and MKS5 suggest co-expression of both kinases [29]. In mice,
deletion of mk5 leads to strong reduction of ERK3 protein lev-
els and is lethal around E11, the time-point where expression
levels of erk3 are maximal in wildtype mouse embryos
[29,30]. This suggests an universal role of this MK5-ERK3

module in development. Erk3—/— mice have been made,
although their phenotypes are not described in literature yet
(Turgeon B and Meloche S, manuscript in preparation) [29].

ERK4 (MAPK4, ERK3-related, ERK3-beta, p93MAPK),
closely related to ERK3 [31], was first identified in human
[32], and subsequently described for mouse, rat, and zebrafish.
A predicted ORF was also found in the chicken (Fig. 2). Its
spatio-temporal expression-pattern is predominantly localized
in the brain during zebrafish development [33]. However, a
developmental function of this MAPK remains to be deter-
mined.

4. ERKS (MAPK7, BMK1)

ERKS, also referred to as big MAP kinase 1 (BMK1), is
found in human, mouse, rat, frog and zebrafish. Activation
of ERKS5 is mediated by MEKS. The ERKS5 pathway is acti-
vated by oxidative stress, hyper-osmolarity and growth factors
[34]. ERKS has a unique carboxy-terminal domain, which

85UB017 SUOWWOD BAI8.D 3|qeoljdde ayy Aq peusencb ae 3ol VO '8sN JO S9|nJ 10} A%iqiTauljuO AB[IA UO (SUOTHPUOO-PUR-SWBI LD A3 1M AeIq 1 U1 |UO//SdNL) SUORIPUOD pue swie 1 8y} 88s *[£202/TT/80] U0 Akidiauluo Ao|im ‘Uep JO AIseAIUN A] 520809002 B8RS [/9TOT 0T/I0p/A0D" A8 1M Ae.q 1 |Bu JUO'SGR//:SANY WOy pepeojumod ‘Tz ‘9002 ‘89vEELST


http://hypernig.nig.ac.jp
http://hypernig.nig.ac.jp
http://taxonomy.zoology.gla.ac.uk/rod/treeview.html

S.F.G. Krens et al. | FEBS Letters 580 (2006) 4984—4990

4987

Growth factors Differentiation factors Stress
A;A A*A A’;A
MAPKKK | | A-Raf,B-Raf,Raft,Mos, Tpl2 | | MEKK1234 TAO123  ASK12 TAKI  MLK23 |
v-Src
MAPKK [ mexs | ?

B

.

MAPK _/\ ERK5/BMK1 | ERKS | [p3sa] [p3sg| [onk1| [unks
‘ K2 | K5 ERK7* | p38y/ERK6 | | p38s L JNK2 |
| | - | | | | i et ks
i 4w b 4 b4 4 b bl
dP-c: Is| TEY TEY SEG SEG TEY TEY TEY TGY TGY TGY| TGY [ TPY | TPY [ TPY | TPY
: £ . —
Function / £ -E % ) @ ug: g
phenotype £128 .2 2 = I3 335
5|l2g2%h g Ew g |82 5 125 B |k
~ol2ez235| B =3 .0 o5 = [3S| £ | §
EN|§ESEE| EF o E§ 2% 3 S S (S22 =
@ ool @ hT) p=] ] = c 20 1= =
E5|528-5| gy 5ES 35 S o |82 o |g
8% |og<88| 3w 08X Ee | 225 8 (35| & |8
BE|S288c o 8¢ e o %e = |2 B |l
>E | @38 = = S sl b —op z +2] =
> 6 @2 2 E 5 " 55-; c N5 = c = 32| = =
SE|EEEEQ| &= o 3% |2s8| 2| 2| T (25| 8 |2
sE|lg=ss52| 23 EofEiE == gEN| 2 £ SIEZ[ 2 |5e
82 |a=z588| By 238 &8s |SEs| 8| &8 | & |3¥|E |¥%
Fo |l ags e o s 8 ol Zd—~| 2@ g = = be =) L= || s
o @ o ES S > O @ = 8@ B e ° o = o L i= b
22 | 282xE| 5E =50 S5o3| 238| 5| 5| 2|28« |§2
SE|Beosxs| 54 28w ££5| 8e2| 2| 8| B [B2| T |8®
g3 |d2508 49 13 SSS|2E3| 5| 5| £ (882 |55
82 |88%5%8| &3 adz SSX|0EB| 2| 2| &8 |8&E| S |28
Lethality No tE.85 N.D.| tE.10 ND. | ND. No | tE.12 | No| No | No |[tE.7] No | No

Fig. 3. The mitogen activated protein kinase module and the developmental functions of the MAPK proteins. MAPK-modules can be activated by
various stimuli: mitogens (growth factors, cytokines), differentiation and stress factors (UV, osmolarity). The MAPK module consists of a
MAPKKK, a MAPKK and a MAPK. Two MAPKs (ERK3 and ERK?7) are not activated by an upstream MAPKK, but are constitutive active and
are regulated by protein stability (indicated by an asterisk x). The MAPKSs are subdivided into their corresponding subfamily, based on their dual
phosphorylation domain (dP-consensus). The functions, obtained by gene-targeting or -silencing studies, but also immuno-histochemistry, are
described for each MAPK. The lethality-index indicates if gene-disruption in mice resulted in a lethal developmental phenotype and at what day of
development (1 = lethal, No = not lethal, ND = not determined). For erk3—/— mouse the results are not published yet. The indicated lethality shown

for ERK3 (in white) is for MK5—/— mice, a direct target of ERK3.

interacts with the transcription factor myocyte enhancer factor
2 (MEF2).

Genetic studies with ERKS5- or MEKS5-deficient mice re-
vealed that the MEK5-ERKS pathway is essential for blood
vessel development and cardiovascular development [35-40].
Mice that lack erk5 or mek5 die around E.10 due to defects
in placental development, angiogenesis and cardiovascular
development. Studies with conditional knockout, using the
inducible promoter Mx1 to direct Cre expression, revealed that
ablation of ERKS in adult mice was lethal within 24 weeks
after induction of the Cre recombinase [41]. Histological and
in vitro analysis revealed that endothelial cells lost their integ-
rity, became round and eventually apoptotic. The loss of these
functional endothelial cells resulted in abnormally leaky blood
vessels and hemorrhages in multiple organs. These findings
indicate that survival of endothelial cells is MEKS5 and
ERKS5 dependent, and that the cardiovascular defects observed
in erk5—/— and mek5—/— embryos are due to the loss of endo-
thelial cells [41].

In Xenopus knockdown of ERKS5 by antisense morpholino
injection inhibits neural differentiation and leads to growth
retardation in the head and eventually to reduced head struc-
tures [36]. In this system the activation of the MEK5-ERKS
pathway is necessary for neural differentiation in early embry-
onic development. It is likely that the observed inhibition of

neural differentiation may be one of the reasons for growth
retardation in the head region.

Controversially, studies with conditional brain specific
knockout mice, with Cre-expression controlled by the neuron
specific synapsin I or nestin promoters revealed that these mice
develop normally [37]. This might be due to species differential
functions for ERKS5, the use of an inappropriate promoter in
the mouse model, or that a more global effect is responsible
for the observed phenotypes in the brain after ERKS knock-
down in the Xenopus. Furthermore, expression of erk5 is also
mainly localized in the zebrafish brain and possibly a follow-up
study in zebrafish will clarify developmental functions of
ERKS [33].

5. ERK7, ERK8 (MAPK15)

ERK7 (MAPK15) is found in rat, mouse and zebrafish and
recently the Dictyostelium erk B (ERK2) has been characterized
as an erk7-ortholog [42,43]. Genome-based analyses revealed
that human erk8 and rodent erk7 are orthologs [44]. Further-
more, gene-predictions for erk7 were found within the chicken
and Xenopus genomes.

Like ERK3 and ERKS, the size of ERK7 and ERKS is sig-
nificantly larger than ERK1 and ERK?2. Presumably, ERK7 is
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kept in a constitutively active conformation by its characteris-
tic C-terminus [44]. Studies to determine their function in ver-
tebrate development have not yet been reported.

6. JNK1,2,3 (MAPK9,10,11; SAPKYy,a,p)

Activated JNKs phosphorylate the N-terminus of the c-Jun
protein and increases activity and stability of c-jun as a tran-
scription factor [45,46]. Both JNK activation and c-Jun phos-
phorylation regulate cell growth, whereas sustained JNK and
c-Jun activation following stress induces cell apoptosis, indi-
cating that the role of JNK in cell survival and death is com-
plex [47]. Mouse jnkl and jnk2 are expressed ubiquitously
during development, whereas jnk3 is primarily expressed in
the brain and to a lesser extent in the heart and testis. Mice
lacking individual members of the juk family are viable
[48,49]. The Jnkl—/— knockout mice exhibited an affected
T helper type-2 response, while T-cells from jnk2—/— mice
showed impaired T helper type-1 differentiation. Both knock-
outs demonstrated defects in T cells activation and apoptosis
of thymocytes [50]. Mice lacking both of the ubiquitously ex-
pressed jnk isoforms (jnkl and jnk2) die during mid-gastrula-
tion (around E.7) with neural tube closure and brain defects
[51]. Recently, it was shown that mice with a single allele of
jnk2 (jnkl—/— jnk2—/+), can survive to birth, but fail to close
the optic fissure (retinal coloboma), a morphogenetic process
that resembles dorsal and thorax closure in Drosophila by reg-
ulating BMP expression [52]. Localization of p-JNK in the
spinal cord changes dramatically from cell-axons to the cell
nuclei during development in the chicken, suggesting physio-
logical functions of JNK during neuronal development [51].
In Xenopus oocytes initially two JNK isoforms, p40 JNK
and p49 JNK, were shown [53], but until now only one jnk-
gene (jnkl) is cloned in Xenopus. The ensemble genome project
of Xenopus tropicalis does predict a jnk3-gene. INK activity
increases abruptly just prior to germinal vesicle breakdown
and is shown to be involved in the non-canonical Wnt pathway
to regulate Xenopus convergence and extension cell-move-
ments [54]. Furthermore, the active JNK signaling complex
formed by the scaffold protein POSH (Plenty of SH3s) and
the INK-module is essential for the expression of anterior neu-
ral genes and apoptosis in Xenopus anterior development [55].
In zebrafish also only one jnk-gene is described, which is
expressed throughout development and shows distinct tempo-
ral and spatial expression patterns [33], but the latest release of
the zebrafish genome (Zv6) predicts a second jnk gene (Fig. 2).

7. p38a,B,v,6 (MAPK14,11,12,13)

The p38 family includes p38a (MAPK14, SAPK2a, CSBP),
p38p (MAPK11, SAPK?2b), p38y (MAPK12, ERK6, SAPK3)
and p385 (MAPK12, SAPK4). Both p38a and p38p are widely
expressed isoforms that are involved in regulation of cell pro-
liferation, differentiation, development, and response to stress.
The p38a knockout mice are lethal due to defects in placental
angiogenesis [56,57]. In some genetic backgrounds, p38a dele-
tion results in a decrease of erythropoietin (Epo) production,
leading to anemia [58].

In Xenopus, the p38 MAPK signaling pathway is essential
for skeletal muscle differentiation in tissue culture models.

S.F.G. Krens et al. | FEBS Letters 580 (2006) 4984-4990

Knockdown of p38 MAPK causes distinct defects in myogen-
esis in Xenopus laevis, showing that p38 MAPK is involved in
myogenesis during early development [59]. The zebrafish p38a
otholog, p38a (MAPK14a), is asymmetrically activated on one
side of the blastodisc during the early cleavage period in zebra-
fish embryos. The use of a dominant negative form of p38a
revealed that asymmetric p38a activation is required for
symmetric and synchronous cleavage, and may be regulated
by the same machinery that controls the initiation of dorsaliza-
tion signals [60].

By screening with the rat erk3 gene, an erk6-clone was iso-
lated from a human skeletal muscle cDNA library, that
appeared to function as a signal transducer during differentia-
tion of myoblasts to myotubes [61]. Later it was found that
SAPK3 was identical to ERK6 [62,63]. Based on the phos-
phorylation domains and function, ERK6 is now classified
as p38y MAPK.

Mouse lacking p38p, p38y or p385 survive normally and do
not show any obvious phenotypes [9,64,65]. Also the p38y and
p386 double knockout mice was viable and fertile and had no
obvious health problems [65]. Despite the suggested role for
p38 MAPKSs in inflammatory responses, these knockout mice
do not show pathological changes, indicating dispensable
physiological functions for p38p, p38y and p385.

In frog, overexpression of a constitutively active mutant of
the p38 activator MKK6 accelerates progesterone-induced
maturation of Xenopus oocytes and was therefore suggested
to be involved in the meiotic maturation. Phosphorylation of
Cdc25C by p38y/SAPK3 is important for the meiotic G2/M
progression of Xenopus oocytes [66].

Information has been particularly limited regarding the
functional role of p385 (SAPK4). Eckert and coworkers de-
scribe p386 as a regulator of surface epithelia differentiation
and apoptosis [67]. Until now p38d is found to be expressed
in human, mouse and rat, but is not yet found in other verte-
brates. However, a genome search in zebrafish (Zv6) and Xeno-
pus (v38) does predict a possible p38J-gene.

8. Conclusions and perspectives

There is an increased understanding about the different
MAPK pathways and their crucial roles in vertebrate develop-
ment. One of the striking observations is that some MAPKs
(ERK3 and ERK?7) are not regulated by the dogmatic MAPK
module, but by protein stability. A major unresolved question
is why such a variety of MAPKSs is needed. Gene-disruption
and -silencing experiments already showed central roles for
most of these proteins. These approaches often resulted in
early lethal effects, but also revealed redundancy (Fig. 3).
The occurrence of redundancy can be addressed and overcome
by targeting multiple genes at the same time. Also further con-
ditional and tissue specific gene-targeting experiments will help
to understand the functions of the different MAPKSs. The use
of different vertebrate model organisms and their specific ben-
eficial characteristics will be helpful to achieve this goal. The
recent characterization of the zebrafish mapk gene-family [33]
and its advantage to study early embryogenesis ex utero pro-
vides an excellent system for further investigation of the func-
tions of MAPKs in early development in vivo. The
transparency of zebrafish embryos is of particular advantage
to explore the link of MAPKSs to cell migration processes. This

85UB017 SUOWWOD BAI8.D 3|qeoljdde ayy Aq peusencb ae 3ol VO '8sN JO S9|nJ 10} A%iqiTauljuO AB[IA UO (SUOTHPUOO-PUR-SWBI LD A3 1M AeIq 1 U1 |UO//SdNL) SUORIPUOD pue swie 1 8y} 88s *[£202/TT/80] U0 Akidiauluo Ao|im ‘Uep JO AIseAIUN A] 520809002 B8RS [/9TOT 0T/I0p/A0D" A8 1M Ae.q 1 |Bu JUO'SGR//:SANY WOy pepeojumod ‘Tz ‘9002 ‘89vEELST



S.F.G. Krens et al. | FEBS Letters 580 (2006) 4984—4990

has already resulted in the identification of the role for ERK2
in developmental cell migration, additive to the well estab-
lished proliferation and differentiation functions.
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References

[1] Johnson, G.L., Dohlman, H.G. and Graves, L.M. (2005) MAPK
kinase kinases (MKKKs) as a target class for small-molecule
inhibition to modulate signaling networks and gene expression.
Curr. Opin. Chem. Biol. 9, 325-331.

[2] Bogoyevitch, M.A. and Court, N.W. (2004) Counting on mito-
gen-activated protein kinases — ERKs 3, 4, 5, 6, 7 and 8. Cell.
Signal. 16, 1345-1354.

[3] Roux, P.P. and Blenis, J. (2004) ERK and p38 MAPK-activated
protein kinases: a family of protein kinases with diverse biological
functions. Microbiol. Mol. Biol. Rev. 68, 320-344.

[4] Weston, C.R. and Davis, R.J. (2002) The JNK signal transduc-
tion pathway. Curr. Opin. Genet. Dev. 12, 14-21.

[5] Nebreda, A.R. and Porras, A. (2000) p38 MAP kinases: beyond
the stress response. Trends Biochem. Sci. 25, 257-260.

[6] Garrington, T.P. and Johnson, G.L. (1999) Organization and
regulation of mitogen-activated protein kinase signaling path-
ways. Curr. Opin. Cell Biol. 11, 211-218.

[7] Kolch, W. (2005) Coordinating ERK/MAPK signalling through
scaffolds and inhibitors. Nat. Rev. Mol. Cell. Biol. 6, 827-837.

[8] Saitou, N. and Nei, M. (1987) The neighbor-joining method — a
new method for reconstructing phylogenetic trees. Mol. Biol.
Evol. 4, 406-425.

[9] Kuida, K. and Boucher, D.M. (2004) Functions of MAP kinases:
insights from gene-targeting studies. J. Biochem. 135, 653-656.

[10] Kyriakis, J.M. and Avruch, J. (2001) Mammalian mitogen-

activated protein kinase signal transduction pathways activated

by stress and inflammation. Physiol. Rev. 81, 807-869.

Boulton, T.G., Yancopoulos, G.D., Gregory, J.S., Slaughter, C.,

Moomaw, C., Hsu, J. and Cobb, M.H. (1990) An insulin-

stimulated protein-kinase similar to yeast kinases involved in cell-

cycle control. Science 249, 64-67.

Corson, L.B., Yamanaka, Y., Lai, K.M.V. and Rossant, J. (2003)

Spatial and temporal patterns of ERK signaling during mouse

embryogenesis. Development 130, 4527-4537.

[13] Pages, G., Guérin, S., Grall, D., Bonino, F., Smith, A., Anjuere,

F., Auberger, P. and Pouysségur, J. (1999) Defective thymocyte

maturation in p44 MAP kinase (Erk 1) knockout mice. Science

286, 1374-13717.

Mazzucchelli, C., Vantaggiato, C., Ciamei, A., Fasano, S.,

Pakhotin, P., Krezel, W., Welzl, H., Wolfer, D.P., Pages, G.

and Valverde, O. (2002) Knockout of ERKI MAP kinase

enhances synaptic plasticity in the striatum and facilitates

striatal-mediated learning and memory. Neuron 34, 807-820.

Schaeffer, H.J., Catling, A.D., Eblen, S.T., Collier, L.S., Krauss,

A. and Weber, M.J. (1998) MP1: A MEK binding partner that

enhances enzymatic activation of the MAP kinase cascade.

Science 281, 1668-1671.

Saba-El-Leil, M.K., Vella, F.D.J., Vernay, B., Voisin, L., Chen,

L., Labrecque, N., Ang, S.L. and Meloche, S. (2003) An essential

function of the mitogen-activated protein kinase Erk2 in mouse

trophoblast development. EMBO Rep. 4, 964-968.

[17] Yao, Y., Li, W., Wu, J., Germann, U.A., Su, M.S.S., Kuida, K.
and Boucher, D.M. (2003) Extracellular signal-regulated kinase 2
is necessary for mesoderm differentiation. Proc. Natl. Acad. Sci.
USA 100, 12759-12764.

[18] Ornitz, D. and Itoh, N. (2001) Fibroblast growth factors. Genome
Biol. 2, reviews 3005.1-3005.

[19] Kato, T., Ohtani-kaneko, R., Ono, K., Okado, N. and Shiga, T.
(2005) Developmental regulation of activated ERK expression in
the spinal cord and dorsal root ganglion of the chick embryo.
Neurosci. Res. 52, 11-19.

[20] Gotoh, Y., Masuyama, N., Suzuki, A., Ueno, N. and Nishida, E.
(1995) Involvement of the Map kinase cascade in Xenopus
mesoderm induction. EMBO J. 14, 2491-2498.

[11

[12

[14

[15

16

4989

[21] Sawada, A., Shinya, M., Jiang, Y.J., Kawakami, A., Kuroiwa, A.
and Takeda, H. (2001) Fgf/MAPK signalling is a crucial
positional cue in somite boundary formation. Development 128,
4873-4880.

[22] Pozios, K.C., Ding, J., Degger, B., Upton, Z. and Duan, C. (2001)
IGFs stimulate zebrafish cell proliferation by activating MAP
kinase and PI3-kinase-signaling pathways. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 280, R1230-R1239.

[23] Snaar-Jagalska, B.E., Krens, S.F.G., Robina, I., Wang, L.X. and
Spaink, H.P. (2003) Specific activation of ERK pathways by
chitin oligosaccharides in embryonic zebrafish cell lines. Glyco-
biology 13, 725-732.

[24] Furthauer, M., Lin, W., Ang, S.L., Thisse, B. and Thisse, C.
(2002) Sef is a feedback-induced antagonist of Ras/MAPK-
mediated FGF signalling. Nat. Cell Biol. 4, 170-174.

[25] Tsang, M., Friesel, R., Kudoh, T. and Dawid, 1.B. (2002)
Identification of Sef, a novel modulator of FGF signalling. Nat.
Cell Biol. 4, 165-169.

[26] Shinya, M., Koshida, S., Sawada, A., Kuroiwa, A. and Takeda,
H. (2001) Fgf signalling through MAPK cascade is required for
development of the subpallial telencephalon in zebrafish embryos.
Development 128, 4153-4164.

[27] Furthauer, M., Van Celst, J., Thisse, C. and Thisse, B. (2004) Fgf
signalling controls the dorsoventral patterning of the zebrafish
embryo. Development 131, 2853-2864.

[28] Tsang, M., Maegawa, S., Kiang, A., Habas, R., Weinberg, E. and
Dawid, 1.B. (2004) A role for MKP3 in axial patterning of the
zebrafish embryo. Development 131, 2769-2779.

[29] Seternes, O.M., Mikalsen, T., Johansen, B., Michaelsen, E.,
Armstrong, C.G., Morrice, N.A., Turgeon, B., Meloche, S.,
Moens, U. and Keyse, S.M. (2004) Activation of MK5/PRAK by
the atypical MAP kinase ERK3 defines a novel signal transduc-
tion pathway. EMBO J. 23, 4780-4791.

[30] Schumacher, S., Laass, K., Kant, S., Shi, Y., Visel, A., Gruber,
A.D., Kotlyarov, A. and Gaestel, M. (2004) Scaffolding by ERK3
regulates MKS5 in development. EMBO J. 23, 4770-4779.

[31] Turgeon, B., Lang, B.F. and Meloche, S. (2002) The protein
kinase ERK3 is encoded by a single functional gene: genomic
analysis of the ERK3 gene family. Genomics 80, 673—680.

[32] Gonzalez, F.A., Raden, D.L., Rigby, M.R. and Davis, R.J. (1992)
Heterogeneous expression of four MAP kinase isoforms in human
tissues. FEBS Lett. 304, 170-178.

[33] Krens, S.F.G., He, S., Spaink, H.P. and Snaar-Jagalska, B.E.
(2006) Characterization and expression patterns of the MAPK
family in zebrafish. Gene Exp. Patterns, in press. PMID: 16774848.

[34] Wang, X. and Tournier, C. (2006) Regulation of cellular functions
by the ERKS5 signalling pathway. Cell. Signal. 18, 753-760.

[35] Regan, C.P., Li, W., Boucher, D.M., Spatz, S., Su, M.S. and
Kuida, K. (2002) Erk5 null mice display multiple extraembryonic
vascular and embryonic cardiovascular defects. Proc. Natl. Acad.
Sci. USA 99, 9248-9253.

[36] Nishimoto, S., Kusakabe, M. and Nishida, E. (2005) Requirement
of the MEKS5-ERKS5 pathway for neural differentiation in
Xenopus embryonic development. EMBO Rep. 6, 1064-1069.

[37] Hayashi, M. and Lee, J.D. (2004) Role of the BMKI1/ERKS5
signaling pathway: lessons from knockout mice. J. Mol. Med. 82,
800-808.

[38] Yan, L., Carr, J., Ashby, P., Murry-Tait, V., Thompson, C. and
Arthur, J.S. (2003) Knockout of ERKS5 causes multiple defects in
placental and embryonic development. BMC Dev. Biol. 3, 11.

[39] Sohn, S.J., Sarvis, B.K., Cado, D. and Winoto, A. (2002) ERK5
MAPK regulates embryonic angiogenesis and acts as a hypoxia-
sensitive repressor of vascular endothelial growth factor expres-
sion. J. Biol. Chem. 277, 43344-4335]1.

[40] Wang, X., Merritt, A.J., Seyfried, J., Guo, C., Papadakis, E.S.,
Finegan, K.G., Kayahara, M., Dixon, J., Boot-Handford, R.P.,
Cartwright, E.J., Mayer, U. and Tournier, C. (2005) Targeted
deletion of mek5 causes early embryonic death and defects in the
extracellular signal-regulated kinase 5/myocyte enhancer factor 2
cell survival pathway. Mol. Cell. Biol. 25, 336-345.

[41] Hayashi, M., Kim, S.W., Imanaka-Yoshida, K., Yoshida, T.,
Abel, E.D., Eliceiri, B., Yang, Y., Ulevitch, R.J. and Lee, J.D.
(2004) Targeted deletion of BMK1/ERKS in adult mice perturbs
vascular integrity and leads to endothelial failure. J. Clin. Invest.
113, 1138-1148.

85UB017 SUOWWOD BAI8.D 3|qeoljdde ayy Aq peusencb ae 3ol VO '8sN JO S9|nJ 10} A%iqiTauljuO AB[IA UO (SUOTHPUOO-PUR-SWBI LD A3 1M AeIq 1 U1 |UO//SdNL) SUORIPUOD pue swie 1 8y} 88s *[£202/TT/80] U0 Akidiauluo Ao|im ‘Uep JO AIseAIUN A] 520809002 B8RS [/9TOT 0T/I0p/A0D" A8 1M Ae.q 1 |Bu JUO'SGR//:SANY WOy pepeojumod ‘Tz ‘9002 ‘89vEELST



4990

[42]

[43]

[44

[43]

[46

[47]

(48]

[49]

(50]

[51]

(52]

(53]

[54]

Ray, D., Dutta, S., Banerjee, S., Banerjee, R. and Raha, S. (2005)
Identification, structure, and phylogenetic relationships of a
mitogen-activated protein kinase homologue from the parasitic
protist Entamoeba histolytica. Gene 346, 41-50.

Abe, M.K., Kuo, W.L., Hershenson, M.B. and Rosner, M.R.
(1999) Extracellular signal-regulated kinase 7 (ERK7), a novel
ERK with a C-terminal domain that regulates its activity, its
cellular localization, and cell growth. Mol. Cell. Biol. 19, 1301-
1312.

Saelzler, M.P., Spackman, C.C., Liu, Y., Martinez, L.C., Harris,
J.P. and Abe, M.K. (2006) ERK8 down-regulates transactivation
of the glucocorticoid receptor through Hic-5. J. Biol. Chem.
M512418200.

Fuchs, S.Y., Dolan, L., Davis, R.J. and Ronai, Z. (1996)
Phosphorylation-dependent targeting of c-jun ubiquitination by
Jun N-kinase. Oncogene 13, 1531-1535.

Derijard, B., Hibi, M., Wu, L.H., Barrett, T., Su, B., Deng, T.,
Karin, M. and Davis, R.J. (1994) JNKI1: A protein kinase
stimulated by UV light and Ha-Ras that binds and phosphory-
lates the c-Jun activation domain. Cell 76, 1025-1037.

Ip, Y.T. and Davis, R.J. (1998) Signal transduction by the c-Jun
N-terminal kinase (JNK) — from inflammation to development.
Curr. Opin. Cell Biol. 10, 205-219.

Dong, C., Yang, D.D., Wysk, M., Whitmarsh, A.J., Davis, R.J.
and Flavell, R.A. (1998) Defective T cell differentiation in the
absence of Jnkl1. Science 282, 2092-2095.

Yang, D.D., Conze, D., Whitmarsh, A.J., Barrett, T., Davis, R.J.,
Rincon, M. and Flavell, R.A. (1998) Differentiation of CD4(+) T
cells to Thl cells requires MAP kinase JNK2. Immunity 9, 575-
585.

Sabapathy, K., Kallunki, T., David, J.P., Graef, 1., Karin, M. and
Wagner, E.F. (2001) c-Jun NH2-terminal kinase (JNK)1 and
JNK2 have similar and stage-dependent roles in regulating T cell
apoptosis and proliferation. J. Exp. Med. 193, 317-328.

Kuan, C.Y., Yang, D.D., Roy, D.R.S., Davis, R.J., Rakic, P. and
Flavell, R.A. (1999) The Jnkl and Jnk2 protein kinases are
required for regional specific apoptosis during early brain
development. Neuron 22, 667-676.

Weston, C.R., Wong, A., Hall, J.P., Goad, M.E.P., Flavell, R.A.
and Davis, R.J. (2003) JNK initiates a cytokine cascade that
causes Pax2 expression and closure of the optic fissure. Genes
Dev. 17, 1271-1280.

Bagowski, C.P., Xiong, W. and Ferrell Jr., J.E. (2001) c-Jun N-
terminal kinase activation in Xenopus laevis eggs and embryos. A
possible non-genomic role for the JNK signaling pathway. J. Biol.
Chem. 276, 1459-1465.

Yamanaka, H., Moriguchi, T., Masuyama, N., Kusakabe, M.,
Hanafusa, H., Takada, R., Takada, S. and Nishida, E. (2002)
JNK functions in the non-canonical Wnt pathway to regulate
convergent extension movements in vertebrates. EMBO Rep. 3,
69-75.

(53]

[56]

(571

(58]

[59]

[60]

[61]

[62]

[63]

[64]

(6]

[66]

[67]

S.F.G. Krens et al. | FEBS Letters 580 (2006) 4984-4990

Kim, G.H., Park, E. and Han, J.K. (2005) The assembly of
POSH-JNK regulates Xenopus anterior neural development. Dev.
Biol. 286, 256-269.

Mudgett, J.S., Ding, J., Guh-Siesel, L., Chartrain, N.A., Yang, L.,
Gopal, S. and Shen, M.M. (2000) Essential role for p38alpha
mitogen-activated protein kinase in placental angiogenesis. Proc.
Natl. Acad. Sci. USA 97, 10454-10459.

Adams, R.H., Porras, A., Alonso, G., Jones, M., Vintersten, K.,
Panelli, S., Valladares, A., Perez, L., Klein, R. and Nebreda, A.R.
(2000) Essential role of p38[alpha] MAP kinase in placental but
not embryonic cardiovascular development. Mol. Cell 6, 109-116.
Tamura, K., Sudo, T., Senftleben, U., Dadak, A.M., Johnson, R.
and Karin, M. (2000) Requirement for p38[alpha] in erythropoi-
etin expression: a role for stress kinases in erythropoiesis. Cell 102,
221-231.

Keren, A., Bengal, E. and Frank, D. (2005) p38 MAP kinase
regulates the expression of XMyf5 and affects distinct myogenic
programs during Xenopus development. Dev. Biol. 288, 73-86.
Fujii, R., Yamashita, S., Hibi, M. and Hirano, T. (2000)
Asymmetric p38 activation in zebrafish: its possible role in
symmetric and synchronous cleavage. J. Cell Biol. 150, 1335-
1347.

Lechner, C., Zahalka, M.A., Giot, J.F., Moller, N.P.H. and
Ullrich, A. (1996) ERK6, a mitogen-activated protein kinase
involved in C2C12 myoblast differentiation. Proc. Natl. Acad. Sci.
USA 93, 4355-4359.

Li, Z., Jiang, Y., Ulevitch, R.J. and Han, J. (1996) The primary
structure of p38[gamma): a new member of p38 group of MAP
kinases. Biochem. Biophys. Res. Commun. 228, 334-340.
Mertens, S., Craxton, M. and Goedert, M. (1996) SAP kinase-3, a
new member of the family of mammalian stress-activated protein
kinases. FEBS Lett. 383, 273-276.

Beardmore, V.A., Hinton, H.J., Eftychi, C., Apostolaki, M.,
Armaka, M., Darragh, J., Mcllrath, J., Carr, J.M., Armit, L.J.,
Clacher, C., Malone, L., Kollias, G. and Arthur, J.S.C. (2005)
Generation and characterization of p38 beta (MAPK11) gene-
targeted mice. Mol. Cell. Biol. 25, 10454-10464.

Sabio, G., Simon, J., Arthur, C., Kuma, Y., Peggie, M., Carr, J.,
Murray-Tait, V., Centeno, F., Goedert, M., Morrice, N.A. and
Cuenda, A. (2005) P38 gamma regulates the localisation of SAP97
in the cytoskeleton by modulating its interaction with GKAP.
EMBO J. 24, 1134-1145.

Perdiguero, E., Pillaire, M.J., Bodart, J.F., Hennersdorf, F.,
Frodin, M., Duesbery, N.S., Alonso, G. and Nebreda, A.R.
(2003) Xp38 gamma/SAPK3 promotes meiotic G(2)/M transition
in Xenopus oocytes and activates Cdc25C. EMBO 1J. 22, 5746
5756.

Eckert, R.L., Efimova, T., Balasubramanian, S., Crish, J.F.,
Bone, F. and Dashti, S. (2003) p38 Mitogen-activated protein
kinases on the body surface — a function for p38[delta]. J. Invest.
Dermatol. 120, 823-828.

85UB017 SUOWWOD BAI8.D 3|qeoljdde ayy Aq peusencb ae 3ol VO '8sN JO S9|nJ 10} A%iqiTauljuO AB[IA UO (SUOTHPUOO-PUR-SWBI LD A3 1M AeIq 1 U1 |UO//SdNL) SUORIPUOD pue swie 1 8y} 88s *[£202/TT/80] U0 Akidiauluo Ao|im ‘Uep JO AIseAIUN A] 520809002 B8RS [/9TOT 0T/I0p/A0D" A8 1M Ae.q 1 |Bu JUO'SGR//:SANY WOy pepeojumod ‘Tz ‘9002 ‘89vEELST



	Functions of the MAPK family in vertebrate-development
	Introduction: The MAPK pathway
	ERK1/2
	ERK3/4
	ERK5 (MAPK7, BMK1)
	ERK7, ERK8 (MAPK15)
	JNK1,2,3 (MAPK9,10,11; SAPK gamma , alpha , beta )
	p38 alpha , beta , gamma , delta  (MAPK14,11,12,13)
	Conclusions and perspectives
	Acknowledgements
	References


