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p38ux MAPK is an important regulator of cellular responses induced
by external cues, but the elucidation of physiological functions for
p38u has been complicated by the possible functional redundancy
in vivo with the related family member p38p. We found that mice
with combined deletion of p38a and p38p display diverse devel-
opmental defects at midgestation, including major cardiovascular
abnormalities, which are observed neither in single knockout nor
in double heterozygous embryos. Expression analysis indicates
specific functions of p38a and p38p in the regulation of cardiac
gene expression during development. By using knock-in animals
that express p38p under control of the endogenous p38a pro-
moter, we also found that p38# cannot perform all of the func-
tions of p38ux during embryogenesis. Our results identify essential
roles for p38a and p38p during development and suggest that
some specific functions may be explained by differences in expres-
sion patterns.

embryonic development | heart signaling

Proliferation and differentiation processes need to be tightly
regulated during early development. The p38 mitogen-acti-
vated protein kinase (MAPK) pathway was originally identified
as an important regulator of the stress responses, but it was later
found to play an important role in coordinating cell cycle pro-
gression and differentiation of many cell types, including skeletal
muscle, hepatocytes, and lung epithelial cells (reviewed by ref.
1). There are four p38 MAPK family members, which are en-
coded by different genes. p38a and p38f are ~70% identical in
their amino acid sequence and have similar substrate specificity,
suggesting that they may have overlapping functions. Moreover,
they are both sensitive to SB203580, a chemical inhibitor widely
used to characterize p38 MAPK functions. However, whereas
p38a is usually expressed at high levels in many cell types, the
expression levels of p38p seem to be lower in most tissues. Mice
knockout for p38a display embryonic lethality due to placental
defects (2, 3), whereas conditional deletion of p38a in embryonic
lineages results in animals that die soon after birth, probably due
to defects in lung development (4). However, p38p knockout
animals are fully viable and have no obvious phenotypes (5), ex-
cept for the reduced bone mass recently reported (6). Previous
reports using SB203580 have proposed the implication of p38a
and p38p in various developmental processes, including limb
morphogenesis (7), somitogenesis (8), and gastrulation (9). How-
ever, this inhibitor is known to target other signaling proteins in
addition to p38a and p38p (10).

To investigate specific and overlapping functions of p38a and
p38p during early development, we have generated double
knockout animals that delete p38a in embryonic tissues, as well as
knock-in animals expressing p38p under control of the endoge-
nous p38a promoter. Our results indicate that p38a and p38p
have synergistic roles during mouse development, cooperating for
example in embryonic heart development. We also found that
p38P cannot perform specific p38a functions during development.
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Results and Discussion

Developmental Defects in p38x and p388 Double Knockout Mice. To
identify new functions of p38a and p38p during development and
to circumvent the early embryonic lethality of p38a null mice, we
restricted p38a deletion to epiblast-derived tissues by crossin
p38a*) mice with the Sox2-Cre line and them with p38p/~
animals. No double knockout mice (p38a‘®*)p38p‘~=Sox2-Cre)
were observed after birth, suggesting that the elimination of both
p38 MAPKSs resulted in embryonic lethality. Moreover, we did
not find any p38a and p38p double knockout embryos further
than embryonic day (E) 16.5 in timed mating analysis (Table S1).
Interestingly, all E13.5 embryos deficient in both p38a and p38p
displayed spina bifida as well as reduced liver size compared with
wild-type littermates. In addition, 30% of the double knockout
embryos also showed exencephaly (Fig. 1 4 and B and Table S1).
Spina bifida correlated with neural hyperproliferation (Fig. 1
C-E). Haematoxylin and eosin staining of p38a and p38p-
deficient livers showed abnormal cellularity, with dissociated
hepatocytes and infiltration of hematopoietic cells (Fig. 1 F-I).
Increased apoptosis in the double knockout livers was confirmed
by TUNEL assays (Fig. 17). We also confirmed that p38a was not
detectable by immunoblotting in these embryos (Fig. 1K). The
above developmental defects were observed neither in double
heterozygous nor in p38(x(A/ YSox2-Cre embryos, in agreement
with previous work (4), indicating that p38a and p38p have
overlapping functions during mouse development (Table S1).

Histological analysis of embryos at E13.5 indicated that p38a
and p38p null hearts displayed myocardial thinning in both ven-
tricles, containing fewer myocardial cells compared with wild type
hearts (compare Fig. 2 E and I with Fig. 2 H and L). Moreover,
double knockout embryos displaXed ventricular septal defects
(Fig. 2D). The hearts of p38a®*Sox2-Cre (p38ax KO) embryos
looked pretty much the same as in the wild-type embryos (Fig.
2B). Unexpectedly, p38p~ (p38p KO) hearts displayed myo-
cardial thinning in the right ventricle (Fig. 2C), contained fewer
cell layers in the compact myocardium, and a possible excess of
trabecules, although not as much as in the double knockout (Fig.
2G). This phenotype should be compatible with the normal sur-
vival reported for p38f KO mice (5).

Analysis of Cardiac Gene Expression in p38a and p38f Null Mice.
Previous reports have implicated p38a and p38p in different
aspects of adult cardiogenesis (11), but the role of p38 MAPKs
in embryonic heart development has been less studied. To in-
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Fig. 1. Developmental defects in p38a and p38p knockout embryos. (A and B) Wild-type (WT) and p38u‘“"*)p38p~"~) Sox2-Cre (dKO) E13.5 embryos are
shown. Dashed lines outline the liver, arrows indicate spina bifida, and the arrowhead denotes exencephaly. (C and D) BrdU staining of the neural tube
sections corresponding to the areas outlined by dashed rectangles in A and B. (E) Quantification of the BrdU staining in neural tubes (three sections of each
genotype). (Scale bars: 500 um.) (F and G) Liver gross morphology. (H and /) Haematoxylin and eosin staining in liver sections. (Scale bars: 50 pm.) (J)
Quantification of TUNEL-positive cells in livers (three sections of each genotype). (K) Deletion of p38a by Sox2-Cre was analyzed by immunoblotting in whole

lysates of E13.5 embryos. Error bars indicate SD.

vestigate the basis for the cardiac defects observed in the p38a
and p38p null embryos, we analyzed the expression levels of
transcription factors that are important for normal heart de-
velopment, such as Nkx2.5, Tbx5, and the GATA, Mef2, and
Hand families (12-14). Transcription factors of the GATA and
Mef2 families can be targeted by p38 MAPKs (15, 16). Quanti-
tative RT-PCR analysis using RNA isolated from E10.5 hearts
revealed no significant differences in most of these transcription
factors, except for a reduction in Hand2 mRNA levels (Fig. 34
and Fig. S14). Interestingly, Hand2 down-regulation has been
associated with ventricular septal defects (17, 18), which agrees
with the phenotype that we observed in double knockout hearts.

The expression of structural genes involved in normal heart
function is controlled by cooperation of the above transcription
factors at the promoter level (13, 14). We observed an important
reduction in the expression level of the contractile protein myosin
heavy chain a (MHC-a) in different p38a and p38p mutants,
whereas the expression of calreticulin (CRT) was only signifi-
cantly reduced in the absence of both p38a and p38p (Fig. 3B).
However, expression of myosin heavy chain p (MHC-B) and
myosin light chain 2V (Mlc2v) was not significantly altered (Fig.
S1B). We also found that p38p KO hearts displayed a dramatic
increase in expression levels of the differentiation markers atrial
natriuretic factor (ANF) and B-type natriuretic peptide (BNP) at
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E13.5 compared with E10.5 (Fig. 3C), correlating with a possible
excess in trabecular myocardium observed in p38f mutant hearts.
This defect might be relevant for cardiac malfunction in adult p38
KO hearts as suggested by experiments using cultured cells and
a mouse model of pressure-overload hypertrophy (19, 20).

Recently, microRNAs have been postulated as key players in the
control of cardiac processes (21). In particular, the transcription
factors Mef2c and Mef2d have been shown to control the miR-1
and miR-133a families (22), which, in turn, have been implicated in
the regulation of heart development and function (23-25). Because
Mef2 transcription factors can be phosphorylated by p38 MAPKs
(16), we analyzed hearts of E10.5 embryos and observed that miR-1
and miR-133a expression levels were down-regulated in p38a and
p38p mutant hearts (Fig. 3D). Surprisingly, p38p KO hearts of
E13.5 embryos showed a dramatic reduction of miR-1-1, miR-133a-
1, and miR-133a-2 transcripts (Fig. S1C). Reduced miR-133a ex-
pression levels have been associated with heart hypertrophy and
ventricular septal defects (23, 25), and could therefore contribute
to the phenotypes observed in p38a and p38p knockout mice.

Aberrant Proliferation and Deregulation of Cell Cycle Associated
Genes in p38 MAPK Mutant Hearts. Because cardiac phenotypes are
usually associated with altered cell proliferation that results in
abnormal heart formation, we performed phospho-histone H3
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Fig. 2. Cardiac defects in p38a and p38p knockout embryos. (A-D) Hema-
toxylin and eosin staining of transverse sections of hearts from wild-type
(WT), p38a‘“’2) Sox2-Cre (p38aKO), p38p~') (p38pKO), and p38a‘2'2p38p-/~
Sox2-Cre (dKO) E13.5 littermate embryos. Note that ventricular septal
defects are observed in double KO hearts (D, arrow). (E-H) Higher magni-
fication of right ventricles showing thinner compact myocardium in p38p KO
and dKO hearts (asterisk). (/-L) Higher magnification of left ventricles
showing thinner myocardium in dKO hearts (asterisk). S, septum; RV, right
ventricle; LV, right ventricle. (Scale bars: A-D, 500 pm; E-L, 100 pm.)

staining in hearts of E13.5 embryos. We found no differences in
proliferation between p38a KO and wild-type hearts, whereas
p38p KO hearts showed increased cardiomyocyte proliferation
(Fig. 3E). However, double knockout hearts showed reduced
proliferation but normal apoptosis levels compared with wild-type
hearts (Fig. 3E and Fig. S1D). These differences in cardiomyocyte
proliferation correlated with the differential expression of cell
cycle regulators (26). Thus, the increased proliferation in p38f KO
hearts correlated with the up-regulation of Cyclin A2, Cyclin D2,
and Cdk4 (Fig. S1E), which have been reported to promote cell
cycle progression in cardiomyocytes (27, 28). Reduced expression
of miR-133a transcripts (25) may contribute to the elevated ex-
pression of cyclin D2 in p38p KO hearts. However, cyclins A and D
were generally down-regulated in double knockout hearts (Fig.
S1E), in agreement with the reduced proliferation observed. In-
terestingly, ventricular septal defects have been also reported in
Cyclin D1, D2, and D3 triple knockout hearts (29).

Generation of p38pKia Mice. To explore whether p38a and p38p
are functionally interchangeable, we generated a knock-in model
with p38p integrated in the p38a chromosomal locus (p38BKIw),
so that p38p expression was driven by the endogenous p38a pro-
moter (Fig. S2). Previous studies have reported that p38p protein
levels are high in adult brain but rather low in other adult tissues
(5). To confirm that p38p was expressed under the control of the
endogenous p38a promoter, we analyzed expression in several
tissues obtained from p38a® /*) p38p/") mice. In agreement
with the ubiquitous expression of the p38a mRNA (Fig. 44), we
found that the p38pKIa allele sufficed to recover p38p expression,
in a p38p null background, in all tissues analyzed (Fig. 4B).
Quantitative RT-PCR analysis confirmed increased p38p mRNA
levels in several tissues of the p38a®X"*) p38p~'=) mice com-
pared with wild-type animals (Fig. S34). We also detected by
immunoblotting expression of the p38f protein in adult brain and
spleen of p38a® /™) p383(~/") mice (Fig. S3B). The enhanced
p38p expression levels detected in most of the p38pKIa knock-in
tissues analyzed agrees with the fact that p38a is the p38 MAPK
family member expressed at higher levels in the majority of adult
tissues (5). Taken together, these results demonstrate that the
P38PKIw allele can express p38p under control of the endogenous
p38a promoter.
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Fig. 3. Modulation of cardiac gene expression and proliferation. Expression
of the indicated genes was analyzed by quantitative RT-PCR in biological
triplicates of the following genotypes: wild-type (WT), p38«“>) Sox2-Cre
(p38aKO), p38a‘®™) p38p~"~) Sox2-Cre (p38aKO-het), p38p~'~ (p38pKO),
38> p38p'~) Sox2-Cre (p38ahet-pKO), and p38u‘*>p38p'-) Sox2-Cre
(dKO). RNA was isolated from three individual hearts in E10.5 embryos, and
from three pools of three hearts each (nine hearts total) in E13.5 embryos.
(A) Hand2 transcription factor is down-regulated in E10.5 dKO hearts. (B)
Contractile protein MHC-a is down-regulated in all mutant hearts, whereas
the differentiation marker CRT is down-regulated in dKO hearts. (C) Up-
regulation of the hypertrophic markers ANF and BNP in p38pKO and dKO
hearts at E13.5 but not at E10.5. (D) Down-regulation of miR-1-1, miR-1-2,
and miR-133a-2 in all mutant hearts. (E) Phospho-histone H3 (P-H3) staining
of E13.5 heart sections. MHC-o, myosin heavy chain-o; CRT; calreticulin; ANF,
atrial natrium factor; BNP, B-type natriuretic protein. Error bars indicate SD.
Statistical significance (n = 3) was determined by using one-way ANOVA-
Tukey’s test. Changes are referred to the expression levels in WT hearts
(given the value of 1 for each gene) and indicated as *P < 0.05, **P < 0.01,
and ***P < 0.001.

Identification of p38x and p38p Specific Functions. To investigate
whether the p38pKIa allele was able to rescue the embryonic le-
thality of p38a knockouts, we generated p38a®*/PXD mice, We
found that none of these animals were alive at birth, and timed
mating analysis showed that E11.5 p38a®”PKD) embryos suffered
an important developmental retardation compared with p38a-
expressing littermates (Fig. S44). Histological analysis of the
placenta revealed reduced size of the labyrinthine layer, whereas
the labyrinthine trophoblast was thicker (Fig. S4 B-E), as it has
been reported for the p38a KO mice (2, 3). These results indicate
that the function of p38«x in placenta was not compensated b

enhanced expression of p38p (Fig. S4F), although p38aPKI/PKD
placentas displayed similar phospho-p38 MAPK levels as the
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of p38a and p38p. First, we confirmed by immunoblotting the
expression of the p38p protein in p38aPKI®) p383(—/7) embryos

KIp38BKO WT ! KIp38pKO WT !

E13.5 Intestine

Muscle H Kidney ! Lung
Fig. 4. Generation of mice expressing p38p under control of the endoge-
nous p38a promoter (p38pKla allele). (A) RT-PCR analysis of p38a mRNA
extracted from the indicated WT adult tissues. (B) RT-PCR analysis of p38p
mRNA extracted from the indicated adult tissues of mice wild-type (WT),
p38p7 (p38pKO), and p38uPK"Mp383" (KIp38pKO).
p38a-expressing placentas (Fig. S4 G-I). It therefore appears that
p38p cannot perform p38a functions during placental development,
most likely due to differences in downstream target activation.
We next investigated the ability of the p38pKia allele to
compensate for the development defects observed in the absence
A :
P38E M W . SR ‘:
p38a M E— | — e
Tubulin e N — —
- E13.5 embryo

(Fig. 5A4). Interestingly, the endogenous p38p protein appeared
to be significantly expressed in several embryo tissues. We then
generated the p38aPX/2) p385~/=) Sox2-Cre line, where one p38a
allele was normally expressed in placenta to preserve its function
and the other was replaced by the p38pKIia allele, in a p38p null
background. We found that expression of p38f under control of
the endogenous p38a promoter rescued the spina bifida pheno-
type, and we also observed the expected number of embryos alive
at E18.5, when all p38a and p38p double knockout embryos were
dead (Table S2). However, we could find no p38aP<"/%) p38p=/-)
Sox2-Cre animals at weaning. We confirmed that p38p was si§-
nificantly expressed in the heart, liver, and lung of p38x®X/%)
387 Sox2-Cre embryos (Fig. 5 A and B), but the heart defects
were still present in these embryos (Fig. 5C). These results in-
dicate that p38p expression driven by the endogenous p38a pro-
moter is not sufficient to support heart development in the
absence of endogenous p38a and p38p expression. One possibility
is that the p38pKIu allele cannot reconstitute appropriate levels
of p38 MAPK activity in heart cells required for ventricular septal
formation. An alternative, more interesting speculation would be
that p38a and p38p are active in different cell types required to
form a proper heart (12, 30). The later possibility is supported by
the observation that p38p KO hearts have a phenotype, which is
absent in p38a KO hearts (Fig. 2C).

We also analyzed the compensatory effect of the p38pKia al-
lele in mice where the p38a function was preserved in placenta
but not in the embryo, and the endogenous p38p expression was
also maintained. For this purpose, we generated the p38aPX//4)
P38+ Sox2-Cre line. Down-regulation of embryonic p38a has
been reported to result in perinatal death associated with severe
lung defects (4). Surprisingly, ~#30% of the expected number of
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Expression of p38p under control of the endogenous p38a promoter does not rescue cardiac defects in embryos. (A) Immunoblotting of p38p protein

in the indicated whole embryos and embryo tissues wild-type (WT), p38u‘“’~)Sox2-Cre (p38aK0), p38p~"~) (p38pKO), and p38uaPK"*)p385~"~) (KIp38pKO, one
copy p38a, and the other p38BKIw). (B) Quantitative RT-PCR analysis of p383 mRNA expression in heart, liver, and lung of E13.5 embryos p38aKO, p388KO, and
p38aKI/A p38BKO, which express p38p only under control of the p38a promoter (p38a*<"*)p388~"-)Sox2-Cre). Expression levels of p38p were referred to those
in WT tissues, which were given the value of 1. (C) Histological analysis showing that p38aKI/A p383KO embryos have similar cardiac defects as the p38a and
p38p double knockout embryos.
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Pp38aPEIR) p38BH) Sox2-Cre mice were able to survive to
adulthood, suggesting that enhanced p38p expression might
compensate, to certain extent, the essential function of p38a in
lung development.

Our genetic analysis shows that p38a and p38p play key roles
in embryonic heart development with double knockout embryos
displaying serious heart abnormalities, such as myocardial thin-
ning, trabecular disorganization, and ventricular septal defects.
Heart development is extremely sensitive to gene dosage effects,
with ventricular septal defects being the most frequent cardiac
malformation in humans (31). Expression analysis of p38x and
p38p knockout embryos revealed deregulation of important
controllers of normal heart development. For example, down-
regulation of the bHLH transcription factor Hand2 has been
implicated in ventricular development and heart septation (18),
and subtle differences in the expression levels of miRNAs have
been reported to perturb heart development (21). The GATA
and Mef2 families of transcription factors are also known to play
important roles in vertebrate heart development (13, 32). Ac-
cordingly, Mef2c is required for early heart development, but
dispensable in late development (33, 34), and Mef2a null mice
die perinatally from a spectrum of heart effects (35). Both p38a
and p38p have been reported to phosphorylate and activate the
transcription factors Mef2a and Mef2c (16). Subtle differences in
expression levels of the transcription factors GATA6 and
GATA4, which can be both targeted by p38 MAPKSs (15), have
been also reported to perturb ventricular septal formation (36).
Our analysis did not reveal deregulated expression of these
transcription factors, but we did detect altered expression of some
of their targets, such as Hand2, CRT, and members of the miR-1
and miR-133a families (13, 22, 33, 37), suggesting a reduction in
GATA and Mef2 transcriptional activities, probably due to im-
paired posttranslational modifications. In double knockout em-
bryonic hearts, Hand2 down-regulation could account for the
ventricular septal defect and reduced compact myocardium.
However, these embryonic hearts do not present the hypoplastic
right ventricule associated with Hand2 depletion (18). We spec-
ulate that the residual Hand?2 expression observed in the double
knockout hearts might compensate for the right ventricule defect
but is not sufficient to support ventricular septum formation. In
agreement with this idea, Hand2 has been reported to play a role
in cardiac neural crest cells and the formation of the ventricular
septum without affecting right ventricule size (17). Identification
of the heart cell type where Hand2 expression is regulated by
p38a and p38p will help to clarify this issue.

In summary, we have identified unique overlapping functions
for p38a and p38p that are essential during embryonic de-
velopment. We also show that placental development requires
specific p38a functions that cannot be performed by p38p, even
when expressed under control of the endogenous p38a promoter.
Intriguingly, embryos that express p38p only under control of the
p38a promoter display a similar heart phenotype as the double
knockout embryos, implying that heart development requires en-
dogenous p38p expression. Taken together, our results indicate
that the pattern of expression makes an important contribution to
the specific roles performed by p38x and p38p, although intrinsic
differences between both proteins also impinge on their functions.
Of note, we found that p38a and p38f double knockout embryos
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display no limb defects, undergoing normal somitogenesis and
gastrulation processes compatible with embryonic development
until midgestation, in contrast with previous reports based on the
use of the chemical inhibitor SB203580 (7-9).

Materials and Methods

Gene Targeting and Mouse Breeding. p38x/©/° (38, 39), p38p~ (5), and Sox2-
Cre (40) lines were bred to give rise to p38u‘“"p38p*+Sox2-Cre males and
p38a2°938p%+") females, which were interbred to obtain p38x‘“/~)p38p/"
Sox2-Cre embryos. Generation of the p383K/a targeting vector is described in
Fig. $2. Genotyping of p38a* " mice was performed by PCR on genomic tail
DNA. Primers and conditions are available upon request. p38«%#%"* mutant mice
were maintained in a C57BL/6 background. p38a®<"PK) and p38aPK’+)p38p/-)
animals were obtained crossing p38a®%" p38p*+") animals. p38a*"*Sox2-Cre
and p38aPK"2)p385"7) Sox2-Cre animals were obtained crossing p38a®<"+
p38p™") Sox2-Cre males with p38u/*"¥p383+ females. Adults, newborns,
and embryos were genotyped for p38a, p38p, and Sox2-Cre by gene-specific
PCR (5, 39, 40).

mRNA Expression. Total RNA was purified from tissues by using TRIzol reagent
according to the manufacturer’s instructions. RNA was treated with RNase-
free DNase (Roche) before the reverse transcription step. Quantitative RT-
PCRs were performed in duplicates by using SuperScript kit (Invitrogen) and
SybrGreen probes. To analyze cardiac gene expression in E13.5 embryos,
three pools of three embryonic hearts each were used for every genotype. In
the case of E10.5 embryos, RNA from three single hearts of each genotype
was extracted and amplified by using the TransPlex Complete Whole Tran-
scriptome Amplification Kit (Sigma-Aldrich). Primers are indicated in Table S3.

Histology and Immunohistochemistry. Hematoxylin and eosin staining was
carried out by using E13.5 embryos and E11.5 placentas, which were fixed
overnight in 4% paraformaldehyde, dehydrated, embedded in paraffin, and
sectioned at 6 pm (41).

For BrdU labeling, an i.p. injection (2 mg of BrdU) was administrated 2 h
before killing. BrdU staining was performed by using a mouse monoclonal
antibody (GE Healthcare; clone BU-1; dilution 1:50) and the GaM HRP sec-
ondary antibody (Dako). Phospho-histone H3 staining was performed by
using rabbit antibody against Ser10 (Millipore; dilution 1:200) together with
anti-rabbit from ABC method (Vector). Phospho-p38 MAPK staining was
performed by using a rabbit antibody (Cell Signaling no. 4631; dilution 1:50)
and the BrightVision Poly-HRP-Anti Rb secondary antibody (Immunologic).

TUNEL staining was performed on 12-mm frozen sections by using the
Apop Tag reagents (Chemicon) and rhodamine-conjugated anti-digoxigenin
antibodies. Apoptotic cells in liver sections were counted at 200x magnifi-
cation on 3-5 randomly chosen fields of 600 mm?. Statistical comparisons
were made by using the paired Student t test.

Immunoblotting. Lysates were prepared from whole E13.5 and E10.5 embryos
or from different organs and were analyzed as described (39) by using
antibodies against p38a (1:1,000; Cell Signaling no. 9218), p38p (1:30; affinity
purified home-made rabbit antiserum raised against bacterially expressed
GST-p38p), tubulin (1:1,000; Santa Cruz Biotechnologies) or GADPH
(1:10,000; Sigma).
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