
















SB203580 on nodal expression (Bradham and McClay, 2006). This
finding has deeply influenced the field of research on dorsal-ventral
axis formation and Nodal signalling during the past 10 years, as it
provided a potential link between the spatial regulation of nodal and
redox gradients present in the early embryo (Coffman and Denegre,
2007). As a consequence, p38 has been included as a key spatial input
in all the current models describing the early steps of dorsal-ventral
axis formation in the sea urchin embryo. However, despite intense
efforts to clarify the relation between the mitochondria, redox
gradients, p38 signalling and the transcriptional machinery
responsible for initiating nodal expression, these links have
remained largely obscure (Coffman et al., 2009; Coffman and
Denegre, 2007). Furthermore, although bZIP transcription factors are
known to mediate the transcriptional effects of p38 (Cuadrado and

Nebreda, 2010), no p38-regulated bZIP transcription factor acting
upstream of nodal has yet been identified (Nam et al., 2007; Range
et al., 2007; Range and Lepage, 2011). Finally, the mechanism
responsible for the spatial regulation of p38 has remained elusive.

In this study, we revisited the role of p38 signalling upstream of
nodal expression using a combination of pharmacological and
genetic perturbations. We show that activation or inhibition of p38
signalling does not noticeably affect specification of the dorsal-
ventral axis, raising serious doubts as to whether p38 has any
function in this process. Furthermore, by analysing the effects of
two structurally unrelated families of p38 inhibitors: the pyridinyl-
imidazole class represented by SB203580 and SB202190; and the
urea-diaryl class, exemplified by BIRB-796, we demonstrate that
although both classes of inhibitors efficiently inhibit p38 activity,

Fig. 7. Transient asymmetric phospho-p38 (P-p38) nuclearization occurs after initiation of nodal expression. (A) Time course of P-p38 and Hoechst
staining. The clearance of nuclear P-p38 staining is indicated by arrowheads. (B) P-p38 and Hoechst staining after nickel or SB431542 treatments. (C) P-p38
immunostaining, Hoechst staining and morphology of embryos after overexpression of the indicated mRNAs into one blastomere at the two-cell stage
(injected cell highlighted with a broken line). Two projections corresponding to the surface or middle confocal sections of the same embryo are shown.
Overexpression of hbox12 causes a massive epithelial-mesenchymal transition that is consistent with this gene being a regulator of PMC fate in the sameway as
pmar1 and micro1. (A-C) Images are internal projections of around 10 sections from a confocal z-series. (D) Axis orientation assay. Inhibition of p38 activity by
the SB203580 or BIRB inhibitors at 3 µM does not affect the ability of panda mRNA to orient the dorsal-ventral axis. (E) QPCR analysis of nodal and lefty
expression. Data are mean±s.e.m.
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only SB203580 and SB202190 but not BIRB-796 interfere with
dorsal-ventral axis formation when used at doses twenty to thirty
times above that required to inhibit p38 activity effectively.
Embryos treated with pyridinyl-imidazole at lower doses
(5-10 µM) or with BIRB-796 at doses that eliminated p38 activity
develop into normal pluteus larvaewith a normal dorsal-ventral axis
and a harmoniously patterned skeleton, strongly suggesting that p38
inhibition is responsible neither for the failure of dorsal-ventral axis
formation nor for the disruption of skeletogenesis observed in
embryos treated with the high doses of SB203580.

Inhibitor-resistant kinases as a means to demonstrate the
specificity of kinase inhibitors
A major concern with the use of pharmacological inhibitors is their
specificity in vivo and the spectrum of ‘off targets’ that they affect.
The crystal structure of p38 bound to SB203580 has been resolved,
revealing that the drug becomes inserted into a small hydrophobic
pocket deep in the ATP-binding pocket of the kinase, where it
interacts with three residues (Thr106, His107 and Leu108) (Tong
et al., 1997; Wilson et al., 1997). Threonine 106, also called the
gatekeeper residue, plays a particularly important role for the
binding of the inhibitor to this hydrophobic pocket; any substitution
of this threonine with a residue that has a bigger side chain, such as
methionine, reduces the hydrophobic pocket volume, causes the
loss of binding of SB203580 and makes the kinase resistant to the
inhibitor (Gum et al., 1998). These inhibitor-resistant kinases offer
an excellent tool for testing the specificity of kinase inhibitors
(Eyers et al., 1998, 1999; Gum et al., 1998; Hall-Jackson et al.,
1999; Wilson et al., 1997). We used this strategy to test the
specificity of SB203580 in developing sea urchin embryos. As
expected, overexpression of a SB203580-resistant p38 kinase
restored p38 activity in the presence of SB203580 at high
concentrations in an osmotic stress assay. However, this inhibitor-
resistant mutant p38 failed to restore nodal expression and the
dorsal-ventral axis, strongly suggesting that these drugs disrupt
dorsal-ventral axis formation indirectly, by ‘off target’ effects.
Furthermore, expression of this inhibitor-resistant p38-MAPK
mutant did not restore skeletogenesis, further suggesting that the
defects in skeletogenesis observed in SB203580-treated embryos
are not due to p38 inhibition. These findings question the strategy
used in a recent study (Piacentino et al., 2016) that tried to identify
skeletal patterning genes by screening for genes regulated in a
similar manner after treatment with NiCl2 or SB203580, as the two
treatments have diametrically opposed effects on nodal expression
and also because SB203580 strongly disrupts PMC specification
and delamination by blocking ERK signalling.

The Nodal receptor Alk4/5/7 is inhibited by pyridinyl-
imidazole inhibitors of p38
The specificity of pyridinyl-imidazole class of p38 inhibitors has
been questioned in several studies (Bain et al., 2007). In particular,
the TGFβ receptor Alk5 has been identified as a target of SB203580
inhibition (Laping et al., 2002). The mammalian TGFβ receptor
Alk5, the type I Activin/Nodal receptors Alk4 and Alk7, and the
single sea urchin Nodal receptor Alk4/5/7 all have a serine at the
position equivalent to that of Thr106 in p38-MAPK, strongly
suggesting that these receptor kinases are also inhibited by
SB203580. Indeed, several studies have already warned against
the danger of using only pyridinyl-imidazole inhibitors of p38 when
evaluating the role of this MAPK in TGFβ receptor signalling
(Eyers et al., 1998; Fu et al., 2003; Inman et al., 2002; Laping et al.,
2002). We confirmed that, in the sea urchin, SB203580 blocks the

activity of the sea urchin Nodal receptor Alk4/5/7 when used at high
concentrations. We showed that pre-treatment of embryos with
SB203580 at 30 µM eliminated the ability of exogenous Nodal
protein, of a constitutively active Nodal receptor or of nickel
treatment to induce Nodal target genes. Strikingly, we showed that
expression of a modified form of Alk4/5/7 or of ACVRII mutated on
a single position equivalent to that of Thr106 on human p38, not
only rendered these receptors resistant to the ATP-binding site
blocker SB431542 but it also rescued nodal expression in embryos
that developed in the presence of SB203580 at high doses.
Therefore, although it is widely believed that p38 acts upstream of
nodal expression in the sea urchin, our results show that this
conclusion, which was based on the use of high concentrations of
pharmacological inhibitors of low specificity, is not correct.

Because our study was performed in Paracentrotus lividus
whereas the study of Bradham and McClay was performed in
Lytechinus variegatus, it could be argued that the different results
observed in the two studies may reflect species-specific differences.
Although such differences cannot be ruled out, we think that it is
extremely unlikely that the requirement of p38 in axis specification
and skeletogenesis differs in the two species for several reasons.
First, the Nodal receptors Alk4/5/7 and ACVRII of Lytechinus
variegatus both have a serine in the gatekeeper position within the
ATP-binding pocket and therefore are predicted to be inhibited
by elevated concentrations of SB203580, exactly like their
Paracentrotus counterparts. Second, we have shown that the p38
inhibitor BIRB-796 potently inhibits p38 activity in Paracentrotus
without significantly perturbing dorsal-ventral axis formation and
morphogenesis, even when used at doses 30 times higher than the
dose required to block p38 activity. As it is very unlikely that
the three-dimensional structure of p38 from Lytechinus differs
significantly from that of Paracentrotus, we predict that BIRB-796
will also block p38 activity without perturbing morphogenesis in
Lytechinus. Finally, we have shown that a mutant p38 resistant to
SB203580 but capable of activating its downstream targets does not
rescue nodal expression in the presence of the inhibitor. Because it
is unlikely that the downstream effectors of p38 are different in
Lytechinus, we predict that a mutant p38 resistant to SB203580 will
not rescue dorsal-ventral axis formation in this species either.

Why is p38 activation spatially regulated?
Bradham and McClay reported that nuclear p38 is spatially
regulated during development, with p38 being first activated in
most cells of the blastula stage embryo then cleared from the dorsal
side before hatching. In addition, a recent study by Cavalieri and
Spinelli using an overexpressed p38-GFP reporter proposed that
the homeobox protein Hbox12/Pmar1/Micro1 acts as a repressor
of nodal expression by repressing the ‘activity’ of p38 in the
presumptive dorsal ectoderm. We have confirmed that p38
activation is spatially regulated during blastula stages. However,
our data do not support the hypothesis of Cavalieri and Spinelli on
the putative link between Hbox12/Pmar1/Micro1, p38 and nodal
expression (Cavalieri and Spinelli, 2014; Haillot et al., 2015). p38 is
dispensable for nodal expression and dorsal-ventral axis formation
and Hbox12 does not regulate p38 activation.

The rather late clearance of nuclear p38 is consistent with our
finding that p38 is not involved in the initiation of nodal expression.
However, the dorsal-ventral gradient of nuclear p38 observed as
development proceeds suggests that p38 activation may itself be
caused by Nodal signalling. Consistent with this idea, a plethora of
studies have documented that Activin, Nodal and TGFβ signalling
induce p38 signalling (Clements et al., 2011; Cocolakis et al., 2001;

2279

RESEARCH ARTICLE Development (2017) 144, 2270-2281 doi:10.1242/dev.152330

D
E
V
E
LO

P
M

E
N
T



Hanafusa et al., 1999; Ogihara et al., 2003). However, using
immunostaining and western blot analysis, we did not find any
evidence for p38 being downstream of Nodal signalling. In particular,
that this gradient of p38 activity did not disappear following treatment
with SB431542 does not support this hypothesis. Alternatively, the
gradient of p38 activationmay be a consequence of the redox gradients
caused by the asymmetrical distribution of mitochondria present in
certain batches of eggs (Coffman et al., 2009). Therefore, although we
cannot completely rule out a very minor contribution of p38 in dorsal-
ventral axis specification downstream of redox gradient, the activity of
p38 is needed neither for initiation or maintenance of nodal expression
nor for the induction of nodal target genes; therefore, it is not required
for specification of the dorsal-ventral axis.

MATERIALS AND METHODS
All the experiments described in this study have been repeated two or three
times. At least 200 wild-type and 50 injected embryos were analysed for
each condition or experiment and only phenotypes observed in more than
90% of the embryos are shown.

Animals
Adult sea urchins (Paracentrotus lividus) were collected in Villefranche-
sur-Mer, France. Embryos were cultured as described elsewhere at 18°C or
at the indicated temperature (Lepage and Gache, 1989, 1990).

Treatments
Treatments with recombinant Nodal protein (R&D, 1 µg/ml), NiCl2 (0.2-
0.3 mM), SB203580 (Calbiochem, 559389), SB202190 (Tocris, 1264),
SB431542 (Tocris, 1614, 5 µM) and BIRB-796 (Selleckchem, S1574) were
started 30 min post-fertilization or at the indicated stages. Stock solutions
were prepared in DMSO at 20 mM (SB203580), 10 mM (SB202190 and
SB431542) or 1 mM (BIRB-796). The osmotic shock was performed by
raising the concentration of NaCl to 1 M for 30 min at hatching blastula
stage. The inhibitors were added 30 min before the osmotic shock.

Western blotting
Protein samples equivalent to 600 embryos per well for controls and treated
embryos or to 200 embryos per well for injected embryos were separated by
SDS-gel electrophoresis and transferred to PVDF membranes. After
blocking in 5% dry milk and incubation with the primary antibodies (Cell
Signaling Technology) diluted at 1/1000 in 5%BSA, bound antibodies were
revealed by ECL immunodetection and imaged with a Fusion Fx7.

Antibodies used were: anti-phospho-p38MAPK(Thr180-Tyr182) (D3F9,
catalogue number 4511); anti-phospho-p38MAPK(Thr180-Tyr182)
(catalogue number 9211); anti-phospho-MAPKAPK-2(Thr334) (27B7,
catalogue number 3007); anti-MAPKAPK-2(D1E11, catalogue number
12155); anti-phospho-p44/42 MAPK(Erk1/2)(Thr202/Tyr 204) (D13.14.4E,
catalogue number 4370); anti-phospho-SAPK/JNK(Thr183/Tyr185) (G9,
catalogue number 9255); and anti-β-Actin (catalogue number 4967).

Immunostaining
Embryos were fixed with 4% formaldehyde for 15 min then briefly
permeabilized with methanol. Anti-phospho-p38-MAPK (Thr180-Tyr182)
was used at 1/50. Anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr 204)
was used at 1/500. Hoechst was used to label the nuclei. P-ERK-stained
embryos were imaged with an Axio Imager.M2. P-p38 stained embryos
were imaged with a Zeiss LSM780 or a Leica SPE confocal microscope.

In situ hybridization
In situ hybridization was performed using standard methods (Harland,
1991) with DIG-labelled RNA probes and developed with NBT/BCIP
reagent. Embryos were imaged with an Axio-Imager-M2 microscope.

Plasmid construction and synthetic mRNAs
The constitutively active version of MKK3/6 (MKK3/6-CA, containing the
mutations S207E and T211E in the activation loop) was used at 300 µg/ml.

The dominant-negative version of p38 (kinase-dead mutant K54R from the
ATP-binding site) was used at 1000 µg/ml. The p38-MKK3/6 construct
was made by fusing the wild-type MKK3/6 to p38 using a linker
GSLSQGGGGGIL sequence and injected at 300 µg/ml. The gatekeeper
mutations of p38, ACVRII and Alk4/5/7 were made by replacing threonine
105, serine 288 and serine 334, respectively, with the more bulky
methionine residue. Wild-type p38 and p38T105M were injected at
500 µg/ml. Wild-type Alk4/5/7 was injected at 800 µg/ml and Alk4/5/7
S334M at 500 µg/ml. The wild-type ACVRII and ACVRII S288M were
used at 300 µg/ml. At levels higher than these concentrations, MKK3-CA,
MKK3-p38 and p38 were toxic and induced apoptosis. All these constructs
were made in the pCS2 vector and in vitro transcribed using the mMESSAGE
mMACHINE kit from Ambion. GenBank accession numbers are: p38,
KY783932; MKK3/6, KY783933; ACVRII, KY783772; and MAPKAPK,
KY783771.

QPCR
QPCR was performed as described previously (Range et al., 2007) on a
StepOne instrument. cyclin-T was used as a reference gene (Wei et al.,
2006). RNA was extracted using Trizol and treated with DNaseI. cDNA
synthesis was performed using a mixture of random and anchored oligo-
dT20 primers.

Oligonucleotides used were: nodal-fwd, 5′-TTCTAAACGGGAGTGC-
AAGG; nodal-rev, 5′-CTCGGAGTTCAGCAAGATGG; cyclinT-fwd,
5′-ACATGATGCCAACAGGTTCC; cyclinT-rev, 5′-CAGATGCATCAA-
TGGTGGATAA; lefty-fwd, 5′-CGGCCCATGCCACAAC; and lefty-rev,
5′-CCAAAGAATGGGAGCCTGAA.
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Fig. S1 
Sequence conservation between Homo sapiens (Hsa) MAPKAPK2, and Paracentrotus lividus (Pli) 
and Strongylocentrotus purpuratus (Spu) MAPKAPK. The position equivalent to threonine 334 of 
Human MAPKAPK2 (MK2) is indicated by a red box. The alignment was generated by Clustal Omega 
(http://www.ebi.ac.uk/Tools/msa/clustalo/). The accession numbers of the sequences are NP_116584, 
XP_011680896 and KY783771 for the human, S. purpuratus and P. lividus sequences, respectively.
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Fig. S2
Genetic perturbations of the p38 pathway do not perturb specification of the germ 
layers. In situ hybridization at hatching blastula stage showing that activation or inhibition 
of the p38 pathway by genetic means do not affect the expression of chordin (ventral ecto-
derm), Delta (skeletogenic mesoderm), gcm (non-skeletogenic mesoderm), foxa (endo-
derm) and foxq2 (animal pole). Vegetal views are shown in the upper corner. LV, lateral 
view, AV, animal pole view, VV, vegetal pole view.  
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Fig. S3
High doses of SB203580 and SB202190 pyridinyl-imidazol inhibitors block 
skeletogenic cell ingression and skeleton formation. Lateral views.
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Fig. S4 
Sequence analysis predicts that in Paracentrotus lividus p38, Alk4/5/7, ACVRII, Src and VEGFR but 
not MEK, ERK , GSK3, Casein kinase (CKI) or FGFRs are inhibited by Pyridinyl-imidazole inhibitors. 
The position equivalent to threonine 105 of p38 is indicated by a red box. Note that p38, Alk4/5/7, ACVRII, 
Src and VEGFR contain a serine or a threonine at this position and are predicted to be inhibited by 
SB203580 while the other proteins contain more bulky residues and are predicted to be resistant to Pyridin-
yl-imidazoles inhibitors. The alignment was generated by Clustal Omega (http://www.ebi.ac.uk/Tools/msa/-
clustalo/ ).
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Fig. S5
Inhibitor resistant p38 does not rescue Delta expression in SB203580 treated 
embryos. Delta in situ hybridization on wild type and p38T105M mRNA injected embr-
yos in the presence and absence of SB203580 at 30 μM. VV, vegetal pole view.
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Fig. S6
Inhibitor resistant Nodal receptor but not wild type Nodal receptor rescues nodal 
and chordin expression in SB203580 treated embryos. A,  Alk4S334M inhibitor resis-
tant rescues the dorsal-ventral axis of SB431542 treated embryos. B, nodal and chordin 
in situ hybridization at hatching blastula stage (12 hours of development) on embryos 
developed in the presence and absence of SB203580 at 30μM and injected with the indi-
cated mRNAs at 50μg/ml. VV, vegetal pole view.
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