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Loss of mitogen-activated protein kinase kinase
kinase 4 (MEKK4) results in enhanced apoptosis
and defective neural tube development
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Neural tube defects (NTDs) are prevalent human birth defects.
Mitogen-activated protein kinases (MAPKs), such as c-Jun N-
terminal kinase (JNK), are implicated in facilitating neural tube
closure, yet upstream regulators remain to be identified. Here, we
show that MAP kinase kinase kinase 4 (MEKK4) is strongly ex-
pressed in the developing neuroepithelium. Mice deficient in
MEKK4 develop highly penetrant NTDs that cannot be rescued by
supplementation with folic acid or inositol. Unlike most mouse
models of NTDs, MEKK4 mutant embryos display genetically co-
segregated exencephaly and spina bifida, recapitulating the phe-
notypes observed in human patients. To identify downstream
targets of MEKK4 during neural tube development, we examined
the activity of MAP kinase kinase 4 (MKK4), a signaling interme-
diate between MAP kinase kinase kinase and JNK/p38. We found
a significant reduction in MKK4 activity in MEKK4-deficient neu-
roepithelium at sites of neural tube closure. MAPK pathways are
key regulators of cell apoptosis and proliferation. Analyses of the
neuroepithelium in MEKK4-deficient embryos showed massively
elevated apoptosis before and during neural tube closure, sug-
gesting an antiapoptotic role for MEKK4 during development. In
contrast, proliferation of MEKK4-deficient neuroepithelial cells
appeared to be largely unaffected. MEKK4 therefore plays a critical
role in regulating MKK4 activity and apoptotic cell death during
neural tube development. Disruption of this signaling pathway
may be clinically relevant to folate-resistant human NTDs.

exencephaly | folate | neurulation | spina bifida

N eural tube defects (NTDs), caused by unknown genetic
predisposition in combination with unfavorable environ-
mental conditions, are prevalent birth defects in humans (1).
Direct genetic analysis of human NTDs has been difficult
because of the scarcity of useful familial cases. Accordingly, no
human genes associated with NTDs have been identified. Mu-
tant mice are valuable systems to identify candidate genes for
human NTDs, and to unravel the molecular mechanisms in-
volved. These studies have revealed that NTDs can result from
alterations in cell proliferation, cell survival, actin cytoskeletal
regulation of the developing neuroepithelium, and patterning
abnormalities that involve sonic hedgehog and planar cell po-
larity pathways (2, 3). Apoptotic cell death is present in the
developing neuroepithelium, and dysregulation in this process is
detrimental to neural tube development (2). Several mouse
strains with mutations in apoptosis-related genes develop NTDs
that are associated with changes in the extent of neuroepithelial
cell death. For example, caspase-9-deficient embryos develop
NTDs associated with reduced apoptosis (4, 5), whereas Splotch
(Pax3 deficiency) mice display NTDs and excessive neuroepi-
thelial cell death (6, 7). Thus, either decreased or increased
apoptosis leads to NTDs, indicating a specific physiological role
of neuroepithelial cell death during neural tube development.

Stress-activated MAP kinases (MAPKSs), including p38 and
c-Jun N-terminal kinase (JNK), are key regulators of apoptotic
cell death. They exert pro- or antiapoptotic effects, depending on
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a particular cellular context (8, 9). This feature is exemplified by
the alterations in the neuroepithelial cell death in mice deficient
in both JNKI and JNK2 genes that develop NTD and early
embryonic lethality. Specifically, there is a reduction in cell
death in the lateral edges of hindbrain (HB) before neural tube
closure. In contrast, increased apoptosis is prominent in the
mutant forebrain (FB), leading to precocious degeneration (10,
11). Therefore, JNK genes regulate region-specific apoptosis
during early brain development. Because JNK activity depends
on coordinated signaling of MAP kinase kinases and MAP
kinase kinase kinases (MAP3Ks) (8, 9), these upstream pathways
would be predicted to play a role in modulating regional
apoptosis during development. However, these pathways have
yet to be identified.

Our laboratory has recently generated mice deficient in MAP
kinase kinase kinase 4 (MEKK4), a MAP3K in the JNK/p38
pathway, to study the regulation of MAPK pathways in the
immune system (12). Here, we report that MEKK4—/— mice on
a C57BL/6 background develop NTDs associated with enhanced
apoptosis in the developing neuroepithelium. We further show
that activity of MAP kinase kinase 4 (MKK4, also known as
SEK1), a signaling intermediate between MAP3K and JNK/p38
(13), is significantly reduced in MEKK4— /— neuroepithelium.
Our results have identified a previously unappreciated function
of the MEKK4 and MKK4 pathway in the regulation of apoptosis
and neural tube development.

Methods

Mice and Treatment. The generation of MEKK4—/— mice on a
mixed C57BL/6 X 129/SvE background has been described
(12). In this study, MEKK4+/— mice were backcrossed onto
C57BL/6 strain (National Cancer Institute, Frederick, MD) for
six to nine generations and then intercrossed. Fetal stage was
calculated from the day when a vaginal plug was observed
[considered as embryonic day (E)0.5], and confirmed by com-
paring the morphology to characterized embryonic structures
(14). To test the responsiveness of NTDs to nutrient supple-
mentation, folic acid (Sigma, 25 mg/kg), myo-inositol (Calbio-
chem, 400 mg/kg), or PBS was administered by daily i.p.
injection to pregnant MEKK4+ /— females between gestational
days 6.5 and 9.5 as described (15, 16). Embryos were collected
between E14.5-E18.5, examined morphologically, and geno-
typed by PCR.

Abbreviations: NTD, neural tube defect; MAP, mitogen-activated protein; MAPK, MAP
kinase; MEKK4, MAP kinase kinase kinase 4; MAP3K, MAP kinase kinase kinase; MKK4, MAP
kinase kinase 4; JNK, c-Jun N-terminal kinase; PFA, paraformaldehyde; LT, lamina termi-
nalis; FB, forebrain; HB, hindbrain; EX, exencephaly; SB, spina bifida; CT, curled tail; En,
embryonic day n.
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Fig. 1. MEKK4 expression during mouse development. (A) Northern blot
analysis showed that MEKK4 mRNA is expressed in E7-E17 embryos. Actin was
used as a loading control. (B) Whole-mount in situ hybridization for MEKK4
mMRNA at E9. Three different views of the embryo surface are shown: dorsal
view (Left Upper), anterior-horizontal view (Right Upper), and lateral view
(Lower). Compared with the sense probe (S) control (Right Lower), the anti-
sense (AS) probe revealed specific MEKK4 expression. More prominent signals
were detected along the neuraxis, from the FB to HB regions and spanning the
length of the spinal cord (SC). (C) Western blot analysis of E10.5 whole-head
and E18.5 fetal-brain extracts showed that MEKK4—/— mice lack the expres-
sion of MEKK4 protein compared with MEKK4+/+ and MEKK4+/— mice.
B-tubulin was used as a loading control.

Northern and Western Blot Analyses. A Northern blot containing
mouse embryo RNAs was obtained from BD Clontech and
hybridized to a MEKK4 cDNA probe. Immunoblot analyses
were performed by using anti-MEKK4 (12), anti-phospho-JNK,
and anti-MKK4 (Cell Signaling Technology, Beverly, MA),
anti-actin (Santa Cruz Biotechnology), anti-B-tubulin (Sigma),
and anti-GAPDH (Abcam). Secondary antibodies were detected
by chemiluminescence (Pierce).

Whole-Mount in Situ Hybridization. Dissected embryos were fixed
in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer,

digested with proteinase K, fixed in PFA again, and then
hybridized to digoxigenin-labeled probes (Roche Applied Sci-
ence) at 70°C overnight. On the following day, embryos were
washed and incubated with anti-digoxigenin-AP-Fab fragment
(Roche Applied Science). Bound antibody was visualized by
using BM purple-precipitating reagents (nitroblue tetrazolium/
5-bromo-4-chloro-3-indolyl phosphate) as suggested by the man-
ufacturer (Roche Applied Science).

Histology and Immunostaining. For preparation of semithin sec-
tions, E8.5-E10.5 embryos were processed in a fixative contain-
ing 4% PFA and 1.25% glutaraldehyde in 0.1 M phosphate
buffer. Tissues were treated with 1% osmium, dehydrated,
embedded in plastic, and semithin (=1 um) sections were
stained with 1% Toluidine blue. E18.5 embryo heads were fixed
in Bouin’s solution, embedded in paraffin, and 12- to 14-um
sections were stained with 0.1% thionin.

For immunostaining, E9.5 embryos were fixed for 1 h in 4%
PFA at 4°C, rinsed in PBS, cryoprotected, and frozen over liquid
N,. Transverse sections (14 wm) of embryos were cut on a
cryostat. For phospho-JNK immunostaining, sections were pre-
treated by boiling in an antigen unmasking solution (Vector
Laboratories) in a microwave for 12 min before addition of the
primary antibody. The following primary rabbit polyclonal an-
tibodies were used: anti-phospho-MKK4 and anti-phospho-JNK
(1:200; Cell Signaling Technology), and anti-phospho-histone
H3 (1:1,000; Upstate Biotechnology, Lake Placid, NY). Sections
were incubated with biotinylated goat anti-rabbit secondary
antibody (1:200; Vector laboratories), then labeled with perox-
idase (ABC kit, Vector Laboratories), and finally visualized by
using a diaminobenzidine substrate kit (Vector Laboratories).

TUNEL Assays. For TUNEL assays, E8.5-E10.5 embryos were fixed
for 1 h in 4% PFA, cryoprotected in sucrose, and frozen over
liquid N,. For brain sections, 14-um transverse sections were
processed in accordance with the manufacturer’s instructions by
using an ApopTag apoptosis detection kit (Serologicals, Clark-
ston, GA). Sections were counterstained with TO-PRO-3 iodide
(1:1,000; Molecular Probes). E8.5 embryos used for whole-
mount TUNEL analysis were pretreated by transferring the
embryos into methanol, bleached for 5 h at 4°C in methanol/
H,0; (5:1), rinsed in PBS, and then processed by using the
ApopTag kit accordingly. However, instead of using a Cy3-
conjugated mouse monoclonal anti-digoxigenin antibody (1:100;
Jackson ImmunoResearch) as in brain sections, a biotin-SP-
conjugated mouse monoclonal anti-digoxigenin antibody was
used (1:100; Jackson ImmunoResearch). Embryos were perox-
idase-labeled (ABC kit, Vector Laboratories) and visualized by
using a diaminobenzidine substrate kit (Vector Laboratories).

Quantification of Active MKK4 and JNK Immunoreactivity. For phos-
pho-MKK4 and phospho-JNK immunoreactivity in the FB and
HB regions, color images (300-dpi resolution) of immunostained
sections were captured by using a Prog/Res/3012 camera (Kon-
tron Elektronic) attached to a Zeiss Axiophot 2 microscope.

Table 1. Genotypic and phenotypic analyses of embryos derived from MEKK4 heterozygous crosses

Genotype Phenotype
Stage +/+ +/- -/- EX EX plus SB SB/CT MEKK4—/— with NTD
E10.5 36 56 32 (26%) 22 —/—,2+/- N/A N/A N/A
E14.5-15.5 8 21 11 (28%) 4—/—1+/- 3-/— 2—/— 82%
E17.5-perinatal 41 80 45 (27%) 15 —/—, 1 +/— 7—/- 18 —/—,14/— 89%

Embryos atvarious stages were dissected, examined, and genotyped. Percentages of MEKK4— /— embryos at each stage are shown in parentheses. EX, embryos
showed exencephalic phenotype without spina bifida; EX plus SB, embryos showed exencephaly in combination with SB; SB/CT, embryos showed no obvious
cranial phenotype but had SB and/or CT; N/A, spinal/tail defects in E10.5 embryos were not determined.
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Fig. 2. Neural tube defects in MEKK4—/— mice. (A) Horizontal semithin
sections of E9.5 HBs showed an open neural tube in MEKK4—/— embryos
(Right), whereas the neural tube of wild-type littermates was closed (Left). (B)
Sagittal and coronal views of E10.5 embryos showed failed fusion of the neural
tube and structural defects spanning the HB (arrows in sagittal view) to the FB
(arrows in coronal view). (C) Horizontal semithin sections at E10.5 showed
failed neural tube closure at the LT and an open HB in MEKK4—/— mice
(Right). The FB of MEKK4— /— embryos also had ventricular stenosis, yielding
amore dense appearance of the FB (see sagittal view in B). (Bars, 100 um in A;
1,000 pwm in B.)

Images were opened in PHOTOSHOP 7.0 (Adobe Systems, San
Jose, CA) and converted to a 256 grayscale (with 0 being black
and 256 being white). To analyze the intensity of staining at the
rostral extremity of the HB neural folds, each fold had three
50-um-diameter circles placed adjacently to one another, begin-
ning at the most rostral edge and centered over the neuroepi-
thelial layer (see bracketed region in Fig. 44). Because FB
neuroepithelium surrounding the lamina terminalis (LT) was
thinner, three circles of 25 um in diameter were placed on either
side of the LT (see bracketed region in Fig. 44) For each circle,
a mean grayscale value was determined and thus a mean average
for each tissue section. To control for inherent staining variabil-
ity, we compared the intensity of staining relative to a back-
ground reference (averages of two 50-um-diameter circles

3848 | www.pnas.org/cgi/doi/10.1073/pnas.0500026102
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Fig. 3. Neural tube defects and brain malformations in later-stage
MEKK4—/— embryos. (A) An E14.5 MEKK4—/— embryo (Right) displayed
cranial EX, SB, and CT. (B) Pictures of a MEKK4+ /+ (Left) and two MEKK4—/—
(i and ii) E18.5 embryos. Both MEKK4—/— embryos developed EX, and
MEKK4—/—(ii) embryos also showed exposed eyes. (C and D) Nissl-stained
coronal (C and E) and sagittal (D) sections of E18.5 MEKK4+/+ (Left) and
MEKK4—/— (Right) brains. MEKK4—/—(i) embryo had a relatively normal-
sized FB but contained severely disrupted lateral ventricles (Iv) and bilateral
periventricular heterotopias (ph). These abnormal periventricular heteroto-
pias structures disrupted continuities of the ventricular/subventricular zones
(VZ/SVZ). In the MEKK4—/—(ii) embryo, the diencephalon (di) extended over
the FB, which was small and rudimentary, but still possessed certain structures
such as the hippocampus (hp). (E) At the level of the septal nucleus (sn),
MEKK4—/—(i) FB showed severe morphological disruptions at the interhemi-
spheric fissure (if) and corpus callosum (cc). (Bar,1 mm in C.)

placed over cephalic mesenchyme/section in HB). There was no
statistical difference between MEKK4+ /4, MEKK4+/—, and
MEKK4—/— mice in the intensity of background staining. We
then subtracted the mean background value from mean HB or
FB values and divided by the mean background. Because 0
corresponds to black in our grayscale, all values were multiplied
by —100 so that positive percentage changes relative to back-
ground reflected an increase in staining, whereas negative values

Chi et al.
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Table 2. Effects of folic acid and inositol treatment on the incidence of NTD in

MEKK4—/— embryos

Treatment Total embryos MEKK4—/— embryos EX EX plus SB SB Normal
PBS 56 1 3 3 3 2 (18%)
Folic acid 34 10 5 2 1 2 (20%)
Inositol 45 8 2 2 4 0(0%)

a decrease in staining. For quantitation and statistical analysis,
we used the following numbers of E9.5 embryos (total sections
are in parentheses): phospho-MKK4 in HB: +/+, 6 (16) +/—,
4 (6) and —/—, 6 (18) phospho-MKK4 in FB: +/+, 4 (6) +/—,
3(6) and —/—, 4 (7) phospho-JNK in HB: +/+, 6 (18) +/—, 2
(5) and —/—, 6 (24) and phospho-JNK in FB: +/+, 6 (13); +/—,
2 (3); and —/—, 6 (16).

Statistical Analysis. Group differences were compared between
MEKK4+/+, MEKK4+/—, and MEKK4—/— mice by using
ANOVA, with a P value of <0.05 being considered significant.
All data were displayed as mean = SEM.

Results

We have previously observed that on a mixed C57BL/6 X
129/SvE background, viable MEKK4—/— mice were obtained
from MEKK4+/— crosses with a reduced Mendelian ratio
(15%, rather than 25% of the progeny were MEKK4—/—) (12).
When the MEKK4 mutation was backcrossed onto C57BL/6
background for more than five generations, no MEKK4—/—
mice survived at weaning age. To investigate a role for MEKK4
in embryonic development, we analyzed the expression patterns
of MEKK4. Northern blot analysis revealed that MEKK4 mRNA
was expressed in all of the embryonic stages examined, from E7
to E17 (Fig. 14). Whole-mount in situ hybridization showed
widespread expression of MEKK4 mRNA in E9 embryos (Fig.
1B). Notably, MEKK4 expression was highest in the developing
neural tube that includes prospective brain and spinal cord
regions, suggesting a role for MEKK4 in neural development.
Accordingly, MEKK4 protein was expressed in E10.5 heads and
E18.5 brains of wild-type mice and absent in MEKK4—/—
tissues (Fig. 1C).

To examine whether loss of MEKK4 affects a particular stage
of embryonic development, we collected embryos derived from
MEKK4+/— crosses at various stages (E9.5 to EI18.5).
MEKK4—/— embryos were found at close to Mendelian ratios
at all fetal stages, indicating that MEKK4 is dispensable for
survival of embryos (Table 1). However, we found that >80% of
MEKK4—/— embryos developed NTDs (Table 1). The NTD
phenotypes in these mice included cranial exencephaly (EX),
spina bifida (SB), curled tail (CT), or any combination of these
malformations (see below). Approximately 3% of MEKK4+ /—
mice also exhibited NTDs. The incidence of NTDs was similar
between male and female MEKK4—/— embryos (data not
shown). No obvious defects outside the nervous system could be
identified in MEKK4—/— embryos. These mutants survived to
birth but died shortly afterward.

Mutant MEKK4—/— embryos could be distinguished mor-
phologically as early as E9.25-E9.5 because the cranial neural
folds did not converge at the dorsal midline, resulting in an open
neural tube (Figs. 24 and 44). At E10.5, MEKK4 — /— mice had
failed neural tube closure, spanning from the LT in the anterior
FB to the HB/spinal cord junction (Fig. 2 B and C). In addition,
the ventricles of MEKK4—/— mice appeared constricted and
filled with cells instead of ventricular space (Fig. 2C), which was
probably due to collapse of the dorsal onto ventral neuroepi-
thelium as a result of unfused FB vesicles. At E14.5,
MEKK4—/— mice could display both EX and SB/CT (Fig. 34).

Chi et al.

By E18.5, two typical brain phenotypes were observed in exen-
cephalic MEKK4—/— embryos (Fig. 3 B-E). Approximately
30% (6 of 20 embryos) of MEKK4 mutants displayed FBs of
similar size to wild-type but contained markedly deformed
ventricles and periventricular heterotopias (Fig. 3 C and E)
positive for both neuronal and proliferative cell markers (data
not shown). Approximately 70% (14 of 20 embryos) of MEKK4
mutants had FBs that were smaller and/or rudimentary and had
prominent diencephalic expansions overlying the remaining
inverted cortex (Fig. 3D). The defects observed at the LT in E9.5
MEKK4—/— mice might be expected to cause impaired corpus
callosum formation. Indeed, E18.5 MEKK4—/— embryos
showed severe disruption of corpus callosum development (Fig.
3E). Given the expression patterns of MEKK4 (Fig. 1) and the
early NTD phenotypes, it appears that MEKK4 has a critical role
in facilitating closure of the neural tube along the entire
neuraxis. Loss of this function in MEKK4—/— mice may yield
variable CNS abnormalities and midline fusion failure at later
stages, depending on the sites where the initial neural tube
closure is affected.

Clinical trials have demonstrated that dietary supplementa-
tion of folic acid in early pregnancy can prevent up to 70% of
NTDs (17). In addition, administration of inositol reduces the
incidence of spinal NTDs in curly tail, a mouse model of
folate-resistant NTDs (15). To evaluate whether NTDs in
MEKK4—/— mice respond to such treatment, we administered
these agents to pregnant dams according to established protocols
(15, 16). Compared with control saline treatment, folate or
inositol had no significant effects on the occurrence of NTDs in
MEKK4—/— embryos (Table 2). Thus, MEKK4 deficiency
affects a molecular pathway that is resistant to folate- and
inositol-mediated rescue effects.

To determine the molecular mechanism of NTDs in
MEKK4—/— embryos, we examined the expression and activity
of molecules downstream of MEKK4. MKK4/SEK1 is a direct
target of MEKK4 in vitro and serves as a signaling intermediate
between MAP3K and JNK/p38 pathways (13, 18). Immuno-
staining for phospho-MKK4, the activated form of MKK4, in
E9.5 wild-type embryos showed that the levels were enriched in
cells lining the CNS ventricles, the rostral portions of the HB
neural folds, and the anterior FB neuroepithelium surrounding
the LT (Fig. 44). In contrast, in MEKK4—/— embryos with
cranial NTDs, the intensity of phospho-MKK4 staining was
significantly reduced in both the HB and FB neuroepithelium
(Fig. 4 A and B). The reduction of active MKK4 was not due to
decreased MKK4 expression (Fig. 4C). MEKK4 is therefore
required for MKK4 activation at sites of neural tube closure. The
residual phospho-MKK4 staining in mutant embryos, for exam-
ple, in cells lining the CNS ventricles, could result from MKK4
activation through alternative MAP3K pathways.

Dysregulated apoptosis is detrimental to neural tube closure
(2). Using TUNEL assays, we found that at E8.5, MEKK4—/—
embryos showed massively elevated cell death in the entire
neuroepithelium (Fig. 54). In addition, Toluidine blue staining
of semithin sections revealed increased occurrence of pyknotic
nuclei within the HB/midbrain neuroepithelium (Fig. 5B). En-
hanced neuroepithelial apoptosis was also observed in E9.5 (Fig.
5C) and E10.5 embryos (data not shown). Thus, loss of MEKK4
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Fig.4. Reduced active MKK4 during neural tube closure in MEKK4—/— mice.
(A) Immunostaining for phospho-MKK4 at E9.5 in the HB (Upper) and FB
(Lower). Wild-type mice (Left) had strong staining in the neuroepithelial layers
of dorsal HB and FB surrounding the LT. MEKK4—/— mice (Right) showed
reduced staining in these areas. Bracketed regions were areas analyzed for
quantification in Fig. 3B. Enriched staining in cells lining the HB and FB
ventricles (arrows) was observed in both genotypes. (B) Quantification (de-
scribed in Methods) of phospho-MKK4 staining in the HB and FB. MEKK4—/—
mice showed significant decreases in the intensity of staining in both the HB
and FB neuroepithelium compared with MEKK4+/+ or MEKK4+/— mice. *,
P <0.05(ANOVA). (C) Western blot for total MKK4 at E9.5 showed comparable
levels between MEKK4+/+4+ and MEKK4—/— mice. GAPDH was used as a
loading control. (Bar, 50 um in A.)

results in enhanced apoptosis before, during, and after neural
tube closure periods. These observations strongly suggest that
the excessive cell death is unlikely to be a consequence of failed
neural tube closure, but rather, a direct event induced by
MEKK4 deficiency that may contribute to development of
NTDs. Taken together, our studies have revealed an antiapo-
ptotic role of MEKK4 during development.

Altered cell proliferation in the neural tube has also been
associated with NTDs (2). To compare the number of dividing
cells in the HBs of E9.5 MEKK4+/+, MEKK4+/—, and
MEKK4—/— embryos, we stained and quantified cells positive
for phospho-histone H3, a marker of cells in M phase (Fig. 6,
which is published as supporting information on the PNAS web
site). The number of positive cells was normalized to the
neuroepithelial area, which was found to be comparable between
normal and mutant embryos. We did not find any dramatic
change in the number of phospho-histone H3-positive cells
relative to the neuroepithelial area between control
(MEKK4+/+ and MEKK4+/—) and MEKK4—/— embryos.
Therefore, loss of MEKK4 does not appear to have a major
effect on proliferation in the neuroepithelium at the time of
neural tube closure.

3850 | www.pnas.org/cgi/doi/10.1073/pnas.0500026102
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Fig. 5. Enhanced apoptotic cell death in MEKK4—/— neural tube. (A)
Whole-mount TUNEL staining of E8.5 MEKK4+/+ (Left) and MEKK4—/—
(Right) mice. In MEKK4+ /+ mice, TUNEL-positive cells were largely restricted
to the leading edges (arrows) of the cranial neural tube. In MEKK4—/— mice,
TUNEL positivity was observed in the entire neural folds. (B) E8.5 horizontal
semithin sections stained with Toluidine blue. Higher magnification of the
boxed areas revealed limited pyknotic nucleiin MEKK4+ /4 embryos (arrows),
whereas MEKK4—/— embryos showed more numerous pyknotic nuclei
throughout the neuroepithelium. (C) TUNEL staining of E9.5 embryos showed
increased TUNEL-positive cells (red; arrows) in MEKK4—/— HB neuroepithe-
lium (Right) compared with MEKK4-+/+ (Left). Apoptosis was also observed in
adjacent neural crest tissue (asterisks) in both genotypes. Sections were coun-
terstained with TOPRO-3 for all nuclei (blue). (Bars, 100 um in A; 50 um in B.)

Discussion

We demonstrate that MEKK4 function is critical for neural tube
closure. NTDs also result from deficiency in the MEKK4 up-
stream activator GADD45« (19, 20) and deletion of two down-
stream targets, JNK1 and JNK2 (10, 11). The increased apopto-
sis and degeneration in the FB of many MEKK4—/— mice is
similar to that observed in JNK1/JNK2 double mutants. How-
ever, the enhanced HB apoptosis in MEKK4—/— embryos
differs from JNK1/JNK2 mutants that show reduced HB apo-
ptosis (10, 11). Thus, it appears unlikely that the antiapoptotic
function of MEKK4 occurs entirely through JNK during neural
tube closure. Accordingly, we did not detect alterations in JNK
activity in E9.5 MEKK4—/— embryos by immunostaining and
Western blot analyses (Fig. 7, which is published as supporting
information on the PNAS web site). However, because the three

Chi et al.
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JNK proteins have distinct functions in various physiological
processes (9), we cannot rule out the possibility that altered
activity of one JNK isoform in MEKK4—/— mice is masked by
compensatory changes of other isoforms. To identify potential
downstream targets of MEKK4, we also examined phosphory-
lation of p38 and c-jun, expression of p53, and actin cytoskeletal
organization, but observed no consistent changes in
MEKK4—/— embryos (data not shown). Significantly, we found
a marked reduction of MKK4 activity in the neuroepithelium of
MEKK4—/— embryos. Like MEKK4, MKK4 has a crucial
antiapoptotic function during embryonic development, although
MKK4—/— mice are not reported to develop NTDs (21, 22).
This result could be due to genetic redundancies of MAP kinase
kinases downstream of MEKK4, or the influence of particular
genetic backgrounds (note that NTDs in MEKK4—/— mice
depend on genetic backgrounds). In any event, the finding that
active-MKK4 is decreased as a result of MEKK4 deficiency
provides strong evidence that MKK4 is a physiological target of
MEKKH4 in vivo.

NTDs remain prevalent birth defects despite folate supple-
mentation in early pregnancy, indicating that the majority of the
residual cases are folate-resistant (17). Because no human genes
associated with NTDs have been identified, genetically modified
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mice are valuable systems to study NTDs (2, 3). However,
current mouse models have two major limitations. First, unlike
NTD patients that are usually nonsyndromic, most mutant mice
show complex phenotypes involving other tissues that cause early
embryonic lethality; the occurrence of NTDs may be secondary
to abnormalities in other developmental systems. Second, very
few models exhibit a genetic cosegregation of EX and SB as in
NTD patients. Indeed, curly tail is considered the only mouse
strain phenocopying the common human NTD (1). With features
analogous to the human condition, MEKK4 — /— mice represent
a model for folate-resistant NTDs. Given the severe NTD
phenotypes observed in the majority of MEKK4—/— and 3% of
MEKK4+/— mice, MEKK4 is an important candidate gene for
untreatable NTDs in human patients.
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