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Abstract

Mutations in IRF6, TFAP2A and GRHL3 cause orofacial clefting syndromes in humans. However, Tfap2a and Grhl3 are also
required for neurulation in mice. Here, we found that homeostasis of Irf6 is also required for development of the neural tube
and associated structures. Over-expression of Irf6 caused exencephaly, a rostral neural tube defect, through suppression of
Tfap2a and Grhl3 expression. Conversely, loss of Irf6 function caused a curly tail and coincided with a reduction of Tfap2a
and Grhl3 expression in tail tissues. To test whether Irf6 function in neurulation was conserved, we sequenced samples
obtained from human cases of spina bifida and anencephaly. We found two likely disease-causing variants in two samples
from patients with spina bifida. Overall, these data suggest that the Tfap2a-Irf6-Grhl3 genetic pathway is shared by two
embryologically distinct morphogenetic events that previously were considered independent during mammalian
development. In addition, these data suggest new candidates to delineate the genetic architecture of neural tube defects
and new therapeutic targets to prevent this common birth defect.

Introduction
Interferon Regulatory Factor 6 (IRF6), Transcription Factor Activa-
tion Protein 2A (TFAP2A) and Grainy Head-Like 3 (GRHL3) encode
transcription factors that are required for orofacial development
in humans and mice (1–9). Mutations in IRF6 or GRHL3 cause
Van der Woude syndrome (VWS), an autosomal dominant form
of cleft lip and palate that also includes pits in the lower lip
(MIM: 119300). Mutations in TFAP2A cause branchiooculofacial
syndrome, another autosomal dominant orofacial clefting dis-
order with a phenotype that can include lip pits (MIM: 113620).
The overlap of the phenotypes caused by mutations in these
three genes is consistent with the hypothesis that TFAP2A, IRF6
and GRHL3 function in a shared genetic pathway. Genetic and
molecular studies support this hypothesis. For example, AP-
2A, the protein encoded by TFAP2A, transactivates IRF6 through
binding to MCS9.7 (10), an enhancer element with activity that
replicates much of IRF6 endogenous expression (11–13). More-
over, the derived (non-ancestral) allele of rs642961, a common
single nucleotide polymorphism (SNP) located in the MCS9.7
enhancer, disrupts binding of AP-2A and is strongly associated
with cleft lip and palate (12). It is not known why a derived allele
has become common in human populations despite harboring
risk for a congenital disease. These data suggest that AP2A
directly regulates IRF6 during orofacial development. Further-
more, studies in human keratinocytes and zebrafish showed that
IRF6 regulates GRHL3 expression (14,15), and mutations in GRHL3
cause a syndrome identical to that of IRF6 (4). Together, these
previous observations suggest that TFAP2A, IRF6 and GRHL3 com-
prise a gene regulatory network. This is supported by mouse
genetics, where knocking out any of these three genes results in
abnormal skin, limb and craniofacial development (1,5–7,16,17).
However, mice that lack either Tfap2a or Grhl3 also have neural
tube defects (6,7,16). The neural tube defects are located rostrally
(exencephaly) and caudally (kinked or curly tail) in both mutant
mice, and an open neural tube (lumbosacral spina bifida) is
observed in Ghrl3 mutant mice. Loss of Grhl3 leads to primary
failure of caudal neural tube closure prior to adhesion as a result
of neural folds that fail to elevate and remain convex, with

defects by E9.5 (16). Similar to GRHL3, loss of TFAP2A results
in delayed elevation of neural folds that also remain convex
with morphological changes apparent by E9.5 (6,7). In addition,
embryos that lack Tfap2a have an exceptional body wall defect
with thoraco-abdominoschisis. In contrast, neural tube defects
are not obvious in mouse embryos that lack Irf6. Here we used
a loss-of-function and gain-of-function allelic series to study
the role of Irf6 in neural tube morphogenesis. We observed that
homeostasis of Irf6 function is required for neurulation and this
function is mediated, in part, through a regulatory network that
includes Tfap2a and Grhl3.

Results
Homeostasis of Irf6 is required for neurulation

To test whether Irf6 is required for neural tube development,
we modulated Irf6 expression in vivo using an allelic series in
mice. To reduce Irf6 expression, we crossed mice that carried
a hypomorphic allele (Irf6neo) (18) with a null allele (Irf6gt) (1),
herein referred to as Irf6−, and examined embryos at E17.5.
Embryos heterozygous for the hypomorphic allele (Irf6neo/+;
n = 17) appeared grossly normal (Fig. 1B). However, compound
heterozygous embryos (Irf6neo/−, n = 18) had a completely
penetrant curly and shortened tail (Fig. 1A). The skin and limbs
of these embryos appeared grossly normal. These data suggest
that the tail defect in Irf6-deficient mice is not secondary to
abnormal skin development.

To study the effect of gain-of-function of Irf6 in neural
tube closure, we used the KRT14 promoter to over-express Irf6
(TgKRT14-Irf6) (19). Surprisingly, while 109 of 126 (86%) transgenic
embryos appeared grossly normal (Fig. 1D), we found that
17 (14%) embryos have rostral neural tube defects, including
11 embryos with exencephaly (Fig. 1E) and 6 embryos with
anencephaly, split face, thoraco-abdominoschisis and a kinked
tail (Fig. 1F and F′). The rostral neural tube defect in mice
demonstrates that Irf6 is required for neurulation.
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Figure 1. Homeostasis of Irf6 is required for neurulation. (A–F′), E17.5 embryos from the Irf6 allelic series, with increasing gene dosage from left to right. Compound

heterozygotes for the Irf6 hypomorphic and null alleles (A) have a completely penetrant kinked tail (N = 18). Embryos that are heterozygous for the Irf6 hypomorphic

allele (B) are not grossly different from wild-type embryos (C). Embryos that are wild type at the Irf6 locus, but carry the K14-Irf6 transgene, had one of three phenotypes;

86% (109/126) normal (D), 9% (11/126) with exencephaly (E) and 5% (6/126) with anencephaly, thoraco-abdominoschisis and kinked tail (F, lateral and F′ , ventral view

of same embryo). (G) Relative levels of Irf6, Tfap2a and Grhl3 mRNA from dorsal back skin from embryos represented in (A–D and F) (N = 5, 4, 3, 5 and 5, respectively).
Relative level of Irf6 mRNA is higher in more severely affected embryos that carry the transgene (D versus F), suggesting variable Irf6 expression from the K14-Irf6

transgene. Relative level of Tfap2a mRNA decreases as Irf6 mRNA levels increase. Relative level of Ghrl3 mRNA decreases significantly for each group of embryos except

between the embryos that carry the K14-Irf6 transgene (D versus F). (H and I) 10% (7/68) of E17.5 embryos that are singly heterozygous for the Tfap2a null allele have

exencephaly (H) while 0% (0/69) of embryos that are double heterozygotes for both Irf6 and Tfap2a null alleles have exencephaly (I). (J and K) 55% (10/18) of E15.5 embryos

that are heterozygous for the Tfap2a null allele and carry the K14-Irf6 transgene have rostral neural tube defects and appear smaller than littermates (J), whereas 9%

(1/11) of these embryos that also carry the Irf6 null allele are less severely affected and had sub-epidermal blebbing (arrowhead; K). Sub-epidermal blebbing was also

observed in embryos double heterozygotes for both Irf6 and Tfap2a (arrowhead; I).

The most severely affected TgKRT14-Irf6 embryos phenocopied
Tfpa2a knockout embryos (6,7,20). In addition, the TgKRT14-Irf6

embryos with the intermediate phenotype were similar to
embryos that are heterozygous for the Tfap2a null allele, which
is associated with incompletely penetrant exencephaly (21). We
therefore hypothesized that expression of Irf6 from the trans-
gene varies between embryos and that Irf6 negatively regulates
expression of Tfap2a. To test these hypotheses, we measured
steady-state levels of Irf6 and Tfap2a mRNA from dorsal skin
of E17.5 embryos across the allelic series. As expected, we
observed a gradient of steady-state levels of Irf6 across the
allelic series Irf6neo/− < Irf6neo/+ < Irf6+/+ < TgKRT14-Irf6 (Fig. 1G).
In addition, the level of Irf6 expression in the TgKRT14-Irf6 embryos
was variable, a phenomenon often observed with transgenes
(22), and correlated with the severity of the phenotype. Moreover,
we found a dose-dependent negative correlation between Irf6
and Tfpa2a expression, whereby the most severely affected
transgenic embryos had the highest amount of Irf6 and the least
amount of Tfpa2a. These data are consistent with the hypothesis
that Irf6 negatively regulates Tfap2a expression and provides a
rationale for how embryos that over-express Irf6 can phenocopy
embryos that are deficient for Tfap2a. The mechanism for this
negative regulation is unknown, as we were unable to detect
binding of IRF6 to the ectoderm enhancer for Tfap2a (23).
However, we did detect binding at the mesodermal enhancer
for Tfap2a (24) and binding to other known targets, including

Tfap2c, Stratifin and Grhl3 loci (Supplementary Material, Fig. S1)
(14,15).

To confirm that endogenous Irf6 functions to negatively reg-
ulate Tfap2a, we tested whether the Irf6 null allele could rescue
the exencephaly in mice that are heterozygous for Tfap2a. We
found that 10% (7/68) of the single heterozygote Tfpa2aLacZ/+
embryos had exencephaly (Fig. 1H). However, none of the 69
double-heterozygous (Irf6+/−;Tfpa2aLacZ/+) littermates had exen-
cephaly (Fig. 1I; P = 0.0063). We conclude that Irf6 and Tfpa2a
genetically interact during development of the rostral neural
tube and that the mechanism is negative regulation of steady-
state levels of Tfap2a mRNA by Irf6.

To further validate this genetic interaction, we combined the
TgKRT14-Irf6 transgene with the Tfap2a null allele. As expected,
embryos that were heterozygous for the Tfap2a null allele and
carried the TgKRT14-Irf6 transgene had an increase in the pene-
trance of anencephaly, split face and thoraco-abdominoschisis
from 5% (6/126) to 63% (10/18, P = 0.0001). However, one of these
embryos also displayed a more severe phenotype than the Tfap2a
null embryos, with a more dramatic loss of cranial structures and
a visibly shorter spinal axis (Fig. 1J). This observation suggested
that Irf6 was interacting with another gene. We tested Grhl3
because Irf6 was shown to regulate Grhl3 expression (14,15)
and loss of Grhl3 causes both rostral and caudal neural tube
defects (16). We measured levels of Grhl3 mRNA from embryos
of the allelic series, and as with Tfap2a, we observed an inverse

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz010#supplementary-data
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relationship between Grhl3 and Irf6 (Fig. 1G). Thus, reduction in
levels of both Tfap2a and Grhl3 mRNA may explain the more
severe phenotype in embryos that are heterozygous for Tfap2a
and carry the K14-Irf6 transgene. To test whether endogenous
Irf6 function could modify the effects of the K14-Irf6 transgene,
we analyzed littermates that were also heterozygous for the Irf6
null allele. The phenotype of embryos with the Irf6 null allele
(Irf6+/−;Tfap2a+/−; Tg+/KRT14-Irf6) was less severe (Fig. 1K) and less
penetrant (1/11 versus 10/18; P = 0.01). Since the null allele at
the endogenous Irf6 locus modified the effects of the K14-Irf6
transgene, we conclude that the transgene perturbs normal Irf6
function.

Tfap2a and Grhl3 interact genetically

In the allelic series, loss of Irf6 function resulted in a tail defect
but was not apparent until E17.5. We considered the role of
Irf6 in secondary neurulation and somite development. In for-
mation of the spine, secondary neurulation (formation of the
posterior neural tube) uses mechanisms distinct from those of
primary neurulation and is complete prior to E14.5 (25). On the
other hand, somite development and differentiation leads to
formation of critical supporting structures, for example tendons,
muscles and vertebra. Isolated vertebral defects are clinically
described as spina bifida occulta and have been described in
patients with Popliteal Pterygium Syndrome (PPS) (26,27). Impor-
tantly, PPS is caused by dominant negative mutations in IRF6.
We predicted the tail defect in hypomorphic Irf6 mice resulted
from loss of function of Tfap2a, Grhl3 or both. Our rationale was
that loss of function of either of these genes causes a tail defect,
and even though we observed that Irf6 negatively regulated
expression of these genes in ectoderm, we and others previously
observed that Irf6 can also positively regulate Grhl3 (14,15).

We measured expression of Tfap2a and Grhl3 mRNA in whole
tail tissue from Irf6neo/− embryos at E17.5. We observed a reduc-
tion in both Tfap2a and Grhl3 mRNA levels (Fig. 2A). However, the
decrease in expression of each gene was less than 2-fold, and
therefore the decrease in either gene alone could not be expected
to account for the kinked tail in the Irf6neo/− embryos, as mice
that are heterozygous for either Grhl3 or Tfap2a do not have a
kinked tail (6,7,16). To test whether combined reduction of Grhl3
and Tfap2a expression levels could account for the kinked tail, we
crossed mice that are heterozygous for the Grhl3 and Tfap2a null
alleles. As expected, none of the 132 single heterozygotes had a
curly tail (Fig. 2B and C) but 17 of 119 (14%) Tfpa2a+/−;Grhl3+/−
double-heterozygous embryos had a curly tail (Fig. 2D) that was
also apparent in adulthood (Fig. 2E). These data are highly sig-
nificant (P = 0.0001), suggesting a genetic interaction between
Tfap2a and Grhl3 during development of the tail. In addition,
these data are consistent with the hypothesis that coordinated
positive regulation of Tfap2a and Grhl3 by Irf6 can explain the tail
defects in Irf6-deficient embryos. Considering the association of
PPS with spina bifida occulta, e.g. vertebral anomalies, and later
manifestation of tail defects in Irf6neo/−, the most likely site of
this interaction is somite development or differentiation.

To explore the genetic interaction between Tfap2a and Grhl3,
we crossed mutant mice to generate embryos with zero, one or
two mutant alleles at each locus. In addition to the tail defect
shown above, double-heterozygous mice had an incompletely
penetrant rostral neural tube defect (Fig. 2J). However, the
frequency was not different than expected for Tfap2a+/− single
heterozygous embryos (9/119). Embryos with two null alleles of
Grhl3 and one for Tfap2a (Fig. 2M) had a phenotype similar to the

most severely affected Grhl3 knockout embryos (Fig. 2L), with
curly tail, lumbosacral spina bifida and exencephaly. However,
the penetrance of exencephaly was higher (14/16 versus 5/16;
P = 0.003), and the triple mutant embryos appeared smaller
than the Grhl3 knockout littermates. Embryos with two null
alleles of Tfap2a and one null allele of Grhl3 (Fig. 2K) were
more severely affected than Tfap2a knockout embryos (Fig. 2H),
with defects in cranial tissues, and the embryos appeared
smaller. The double knockout embryos were notable in two
ways (Fig. 2N). First, although they were the most severely
affected, smallest and most pale, surprisingly, they did not
have lumbosacral spina bifida that is characteristic of Ghrl3
knockout embryos (N = 3; Supplementary Material, Fig. S2),
suggesting that not all genetic interactions between Grhl3 and
Tfap2a are synergistic. Second, the phenotype of the Tfap2a
and Grhl3 double knockout embryos resembled embryos that
were heterozygous for the Tfap2a null allele and carried the
TgKRT14-Irf6 transgene (Fig. 1J). This observation is consistent with
the expression data in skin, where Irf6 negatively regulates both
Tfap2a and Grhl3, suggesting that the synergistic interactions
between Tfap2a and Grhl3 occur primarily in tissues derived from
ectoderm.

Irf6 is co-expressed with AP-2a

Loss of Tfpa2a leads to pathology as early as E9.5 (6). We pre-
dicted that endogenous IRF6 and the IRF6 transgene driven
by the KRT14 promoter would be expressed at or before this
timepoint to modify and phenocopy the Tfap2a phenotype. At
E8.75, we observed strong IRF6 signal in the neural plate, neural
folds and non-neural ectoderm with two different antibodies
(Fig. 3A and B). Further, we found co-localization of IRF6 and
AP-2a in the neural folds and non-neural ectoderm (Fig. 3C;
Supplementary Material, Fig. S3). At E9.5, we found that IRF6 was
expressed in the neural ectoderm and co-localized with RHOB
(Fig. 3E), a marker of migrating neural crest cells (28). However,
IRF6 expression appeared to be restricted to early migrating neu-
ral crest cells (Fig. 3G). We also observed co-localization of KRT14
with IRF6 in the neural ectoderm and early migrating neural
crest cells (Fig. 3H). Finally, we observed co-staining between
IRF6 and AP-2a in non-neural ectoderm and early migrating
neural crest cells (Fig. 3I). These protein expression data are sup-
ported by publicly available gene expression profiles for neural
and non-neural ectoderm at E8.5 (Supplementary Table S1). In
sum, these data suggest that expression of IRF6 and KRT14 is
consistent with the neurulation defects observed in TgKRT14-Irf6

embryos and those with loss-of-function alleles of the endoge-
nous Irf6 gene. As further confirmation, we performed immuno-
staining for IRF6 and RHOB in the TgKRT14-Irf6 mutant embryos.
We observed a robust IRF6 signal in the neural and non-neural
ectoderm (Fig. 3F). Moreover, a similarly strong IRF6 signal was
detected in early migrating neural crest cells with concomitant
loss of the signal for AP-2a (Fig 3I versus J). Together, these data
demonstrate that IRF6 from endogenous and transgenic loci
cooperate to repress AP-2a expression. Histological staining of
wild-type and mutant embryos further suggested an abnormal
optic vesicle and a disorganized facial mesenchyme at E9.5
(Fig. 3K versus L).

Tfap2a is required for MCS9.7 activity

MCS9.7 is a critical enhancer for IRF6 orofacial expression (11,12).
To test whether the MCS9.7 enhancer drives expression of Irf6

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz010#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz010#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz010#supplementary-data
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Figure 2. Tfap2a and Grhl3 interact genetically. (A) Levels of Grhl3 and Tfap2a mRNA decrease in whole tail tissue when Irf6 expression level is reduced, in contrast to

dorsal skin where their levels increase as Irf6 gene dosage is decreased. (B–D) Tails are normal in mice that are singly heterozygous for either Tfap2a (B) or Grhl3 (C), but a

curly tail was observed in mice that are double heterozygotes for Grhl3 and Tfap2a null alleles (D). (E) Adult mice that are double heterozygotes for Grhl3 and Tfap2a null

alleles have a curly tail and are viable and fertile. (F–N), Representative embryos for the indicated genotypes. The three columns represent Tfap2a+/+ (T+/+), Tfap2a+/−
(T+/−) and Tfap2a−/− (T−/−), respectively. The three rows represent Grhl3+/+ (G+/+), Grhl3+/− (G+/−) and Grhl3−/− (G−/−), respectively. Thus, the diagonal shows

the embryos that are wild type (F), double heterozygotes (J) and double knockouts (N). Note that embryos with at least three null alleles (K, M and N) appear smaller and

paler. Arrows point to neural tube defect (NTD), rostral NTD (red), curly tail (green) and lumbosacral spina bifida (black). Significantly, the double knockout embryos do

not have lumbosacral spina bifida (blue arrow). Histogram adjacent to each embryo represents the distribution of phenotypes for each genotype. For example, fraction

of embryos with wild-type phenotype (white), caudal NTD (green), rostral NTD (red), both rostral and caudal (yellow). The number of embryos for each genotype (N) is

shown below each histogram.

in tissues relevant to the neural tube, we analyzed embryos
that carry the MCS9.7-LacZ reporter transgene (TgMCS9.7-LacZ/+; 11).
As previously observed, the MCS9.7 enhancer was active in the
hindbrain and somites at E10 (Fig. 4A and B), and sectioning
revealed activity in the neuroepithelium of the hindbrain
(Fig. 4B′). At E12.5 we observed two stripes of MCS9.7 activity
along the neural tube beginning at the level of the hindbrain and
ending just caudal to the hind limb (Fig. 4C–E). Upon sectioning,
the two stripes were due to MCS9.7 activity at the junction of the
developing non-neural epithelium and the neural tube (Fig. 4E′).
We also observed MCS9.7 activity in the dorsal root ganglion and
somites (Fig. 4E and E′). By E14.0, the two stripes had merged into
a single faint stripe along the dorsal midline (Fig. 4F). Lateral
stripes were also observed along the tail (Fig. 4G and H), and
sectioning showed that these stripes originated from connective
tissues of the tail, including the four tendons most prominently
(Fig. 4H′).

AP-2A regulates IRF6 by directly binding to MCS9.7 (10). To test
whether MCS9.7 activity in the tail was dependent on Tfap2a,
we generated mice that carried the MCS9.7-LacZ transgene but
lacked Tfap2a. We detected no difference in MCS9.7 activity until

E14, when we observed that the continuous lateral stripes along
the tail in wild-type embryos (Fig. 4G and H) were discontinuous
in the Tfap2a mutant embryos (Fig. 4I–K). Sectioning revealed
that the MCS9.7 activity in the tendons of tail in wild-type
embryos (Fig. 4H′) was lost in Tfpa2a−/− embryos and tail tissues
were disorganized (Fig. 4K′). Thus, while MCS9.7 is active in
neural tube development, its regulation by Tfap2a is limited to
non-ectodermal tissues. Considering coordinated positive regu-
lation of Tfap2a and Grhl3 by Irf6 in the tail as described above,
this result further suggests that Tfap2a has a positive feedback
function on the Irf6 enhancer in somite development. These
data further support the role of the IRF6-TFAP2A-GRHL3 axis in
mammalian neural tube and spine development.

IRF6 is required in human neurulation

We hypothesized that rare and common DNA variants in IRF6
confer risk for human neural tube defects. In silico analysis
of the 3′UTR of IRF6 revealed a multiple species conserved
sequence we called MCS21. MCS21 contained a predicted binding
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Figure 3. IRF6, KRT14 and AP-2a expression during neurulation. (A) Illustration of E8.75 embryo with line indicating plane of section for Fig. 3B and C (A). (B)

Immunostaining shows IRF6 (red) and AP-2a (green). (C) Magnified view of neural plate (arrow) and non-neural ectoderm at E8.75 showing IRF6 (red) co-localization

with AP-2a (green) at the neural plate border (arrowhead). DAPI marks the nuclei (blue). (D) Illustration of E9.5 embryo with line indicating plane of section for Fig. 3E–L

(D). (E–J) Immunostaining of wild-type (E, G–I) and mutant littermates (F, J). Compared with wild-type embryos (E), mutant littermates (F) have ectopic IRF6 expression

(red) (arrow) and abnormal neural crest cell migration (arrowhead). IRF6 (red) and RHOB (green) are co-expressed in neural crest cells (G) (arrowhead). IRF6 (red) is

co-expressed with KRT14 (green) in both the neural ectoderm (Supplementary Material, Fig. S2) and early migrating neural crest cells (H) (arrowhead) and with AP-2a

(green) in the early migrating neural crest cells (I and J) (arrowhead). Relative to wild-type embryos (I), mutant littermates (J) have ectopic IRF6 expression (red) and

loss of AP-2a staining (green) in the neural crest (arrowhead). In contrast, AP-2a expression in the non-neural ectoderm is unaffected (I versus J) (arrow). (G and H)

Histological analysis of wild-type (K) and mutant embryos (L). Wild-type embryos have both rostral (arrow) and caudal (arrowhead) neural tube closure, with intact

optic vesicle and facial mesenchyme (K). Mutant embryos had abnormal optic vesicles (op) and disorganized facial mesenchyme (fm) (H). Scale bar: B, E, F = 100 μm.

Scale bar: C, G–J = 20 μm. Scale bar: K and L = 200 μm.

site for miR-96 and an additional binding site for miR-6767-
5p was created by the presence of the derived allele for SNP
rs17317411. MCS21 conferred instability to a reporter mRNA
and the derived allele for the SNP further destabilized IRF6
mRNA (Supplementary Material, Fig. S4) consistent with miRNA

regulation. Consequently, mutations that abrogated or enhanced
miRNA binding could alter human IRF6 mRNA leading to
rostral neural closure or tail defects as observed in the mouse.
Therefore, we sequenced MCS21 in 133 cases of anencephaly
obtained from the Hereditary Basis of Neural Tube Defects study

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz010#supplementary-data
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Figure 4. Tfpa2a is necessary for MCS9.7 activity along the posterior spinal cord. (A–K′) In vivo activity of the MCS9.7 enhancer is indicated by staining with X-gal (blue)

using mice that carry the TgMCS9.7-LacZ transgene. (A and B′) MCS9.7 is active at E10 in hindbrain neuro-epithelium. Lateral (A) and dorsal (B) views of a representative

whole-mount stained embryo at E10. Coronal section, indicated by the dashed line (A), shows activity in the neuro-epithelium (B′). At E12.5, lateral (C) and dorsal (D and
E) views of whole-mount stained embryos suggest MCS9.7 activity along the neural plate border (arrowhead) and dorsal root ganglion (arrow) (N = 3) and confirmed

using a transverse section (E′). At E14, dorsal (F, H, I and K) and ventral (G and J) views show that MCS9.7 is active along the tail of wild-type embryos (F–H) (N = 4),

but has a discontinuous, punctate pattern in Tfap2a knockout embryos (I–K) (N = 7). Sectioning reveals expression in the epithelium and the four tendons of the tail in

wild-type embryos (H′) at the plane of section (H, arrowhead). In contrast, Tfap2a knockout embryos have a dysmorphic tail (K) with loss of MCS9.7 activity in both the

dorsal epithelium and mesenchymal tail tissue (K′) at the plane of section (K, arrowhead). Scale bar: H′ and K′ = 200 μm.

(29), and we sequenced MCS21, MCS9.7 and the IRF6 protein-
coding region in 192 cases of spina bifida from the California
Birth Defects Monitoring Program (CBDMP; 30). We observed
no new DNA variants in MCS21, and none of the common
variants were over-represented in the anencephaly cohort
(Supplementary Material, Table S2). In the spina bifida cohort,
we identified 39 variants (Supplementary Material, Table S3),
including c.-3–3 C>A and c.1279 C>T. These two variants
were not found in nearly 61 000 exomes (Exome Aggregation
Consortium) nor were they found in an independent set of 198
cases of spina bifida (Supplementary Material, Table S4) that

were recruited at Children’s Memorial Hospital in Chicago, IL
(31). The first variant alters a highly conserved C nucleotide at
the −3 position of the 3′splice site and is predicted to disrupt
splicing of exon 3 (32). The second variant is a non-synonymous
substitution in exon 9 that alters a highly conserved amino
acid, Asp427Tyr (Fig. 5A and C). Structural analysis showed that
Asp427 occurs at the junction of the c-terminal alpha helix of
IRF6 (Fig. 5B and D). Prior work on IRF5, the paralog most similar
to IRF6 showed that this domain is required for dimerization and
transactivation (33). Using a recently reported in vivo zebrafish
assay (34), Asp427Tyr (D427Y) variant failed to rescue embryos

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz010#supplementary-data
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Figure 5. A missense mutation identified in a patient with spina bifida. Genomic structure for IRF6 (A). Exons 1 and 2 contain the 5′UTR (red). Exons 3 and 4 encode the

DNA binding domain (blue). Exons 7 and 8 encode the protein binding domain (green). Exon 9 encodes the predicted auto-inhibitory domain (yellow) and the 3′UTR

(red). Predicted protein structure of IRF6 (B). The aspartic acid residue at 427 is highly conserved in vertebrates (C). Based on the predicted protein structure of IRF6 (B),
this amino acid is located at the base of the C-terminal helix of IRF6. This ribbon structure is based on the crystal structures of IRF5. Sequencing in individuals with

spina bifida identified a rare variant, D427Y (D). In vivo analysis of this variant using a zebrafish model showed that D427Y, like R84C, did not rescue our zebrafish model

at various concentrations of 25, 50 and 100 picograms of mRNA per embryo. V274I did rescue our zebrafish model. Zebrafish and human IRF6 are provided as baseline.

Percent shown is the number of rescued embryos at 24 h post-fertilization, relative to the number of injected embryos. Three biological replicates were performed for

reach concentration and variant tested. Errors bars represent standard error of the mean.

that lacked IRF6 (Fig. 5E). This finding was very similar to
R84C (Fig. 5), a well-recognized mutation that can lead to both
VWS and PPS (2,35) and in contrast to V274I, a benign variant
(36). Surprisingly, we previously reported Asp427Tyr as a likely
disease-causing mutation in a patient with VWS (37). Likewise,
a recent study identified a mutation in GRHL3 in a patient
with spina bifida (38), and that same mutation had previously
been found in a patient with VWS (4). These observations are
consistent with the previously suggested hypothesis that DNA
variants in the same gene, and even the same variant, can lead
to orofacial clefting or spina bifida, depending on the genetic
background and/or environmental exposures of the individual
(38).

To test for an association between common variants of IRF6
and neural tube defects, we performed case/control analysis
with 425 cases and 447 matched controls from the CBDMP (30).
Cases were diagnosed with myelomeningocele, a severe form
of spina bifida. We also performed association studies on two
family-based cohorts, a 500 case/parent trio population from
the HBNTD study (29) and a 284 case/parent trio population
recruited by researchers from the University of Texas-Houston
(39). In these three populations, we focused on three variants;
rs642961 in MCS9.7 that impacts AP-2a binding, rs17371411
in MCS21 that altered mRNA stability and rs76145088. The
latter SNP is also located in MCS9.7, and the derived allele is
predicted to abrogate binding to a highly conserved site for
the TEAD/TEF family of transcription factors (40). These factors
mediate Hippo signaling and are essential for neural tube devel-
opment (41,42). The derived allele for each of these SNPs arose
on different haplotypes (Supplementary Material, Table S6).
In these populations (Supplementary Material, Tables S7–
S11), the only significant signal we detected was between
rs17317411 and cases of lipomyelomeningocele (N = 50; P = 0.04;
Supplementary Material, Table S10), a form of spina bifida
where failure of the neural tube closure induces surrounding
mesenchymal cells to differentiate into adipose tissue (43).

While we did not find strong statistical evidence that common
variants contribute risk for neural tube defects in humans, the
finding of two likely disease-causing alleles in IRF6 in cases
of spina bifida suggests that its function in neurulation is
conserved.

Discussion
We found that Tfap2a, Irf6 and Grhl3 are components of a gene
regulatory network required for neurulation. Since this net-
work is also required for formation of the lip, palate, limbs
and epidermis, which develop at different times and places
during embryogenesis, we suggest that the Tfap2a-Irf6-Grhl3 net-
work is a fundamental pathway for multiple morphogenetic
processes. In addition, several lines of evidence suggest that
the primary role for this network is to regulate ectodermal
development. First, while the expression of these genes is not
limited to ectoderm (44–46), they are co-expressed in tissues
derived from ectoderm throughout development. Second, Irf6
over-expression, which led to a rostral neural tube defect, was
driven in this study by the promoter for Keratin 14. Third, the
type and severity of the neurulation defects were significantly
associated with the level of Irf6 expression measured in stratified
skin at E17.5. While skin is a heterogeneous tissue, previous
expression analysis showed that AP-2a, IRF6 and GRHL3 are all
primarily expressed in the ectodermally derived keratinocytes
of the epidermis (1,16,47). However, the pleiotropic effects in
the mutant embryos suggest additional potential roles in meso-
derm and endoderm development. In support of this hypothe-
sis, the curly tail in the Grhl3 mutant embryos was previously
shown to be due to expression and function in hindgut endo-
derm (45). Furthermore, established cellular pathways suggest
that both GRHL3 and AP-2a are required for neural fold eleva-
tion and adhesion, with apparent defects by E9.5 (6,7,16). Simi-
larly, histological analysis suggests that over-expression of IRF6
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results in delay of caudal neural tube closure prior to adhesion
at E9.5. Furthermore, we found that reducing IRF6 expression
results in tail abnormalities most likely resulting from defects
in somite development or differentiation. Sub-epidermal bleb-
bing in double heterozygotes for both Irf6 and Tfap2a, irrespec-
tive of the TgKRT14-Irf6 (Fig. 1I and K), suggests that PDGFRA and
PI3K-AKT signaling is downstream of these transcription factors
(48,49).

To date, the only known murine models displaying both
anencephaly and a thoraco-abdominoschisis are Tfpa2a knock-
out embryos and those that over-express Irf6 in ectoderm. How-
ever, Palladin and Grhl2 knockout embryos also display anen-
cephaly and abdominoschisis but have an intact thoracic wall.
Considering the morphological similarity, future work should
address whether these genes are part of the same pathway as Irf6
and Tfpa2a, although prior work suggested that Tfpa2a did not
interact with Grhl2 (50). Similarly, mice that lacked Chuk (51), 14–
3-3σ (5), Ripk4 (52) or Kdf1 (53) produced embryos that phenocopy
the Irf6 knockout. Considering the shortened abnormal tail in
Irf6 knockout embryos, future work may uncover analogous roles
for these genes. Consistent with this hypothesis, mice lacking
both Chuk and Ikbkb (Ikk2) have exencephaly (54). Moreover,
mutations in CHUK can cause Cocoon Syndrome (MIM: 600664),
an autosomal recessive lethal disorder with major malforma-
tions including rostral neural tube defects (55). Taken together,
morphogenesis has gained a new unifying pathway from which
candidate genes may be tested in cases of human birth defects
(56). This is significant because, while overall infant morbidity
and mortality have decreased with the ‘health transition’, the
incidence of birth defects remains stubbornly high, accounting
for an ever greater portion of infant morbidity and mortality (57).

Materials and Methods
Ethics statement

All animal use protocols and procedures were approved by the
Institutional Animal Care and Use Committees at Michigan State
University. Use of samples from the CBDMP was approved by
the State of California Health and Welfare Agency Committee
for the Protection of Human Subjects. Use of samples from the
HBNTD was approved by the Internal Review Board (IRB) at Duke
University Medical Center. Use of samples at the University of
Iowa and the University of Texas School of Public Health were
approved by their respective IRBs.

Morphological, histological and molecular analyses of
murine tissue

All mouse strains used in this study were published previ-
ously. Irf6 KO (1), Grhl3 KO (58) and the Irf6neo hypomorphic (18)
alleles and the Tg+/KRT14-Irf6 (19) transgene were on a C57Bl/6
background. Tfap2a KO (7) and Tfap2aLacZ (20) alleles were on
a Black Swiss background. For timed matings, the presence
of a copulation plug is denoted as E0.5. Genotyping was per-
formed as described previously (1). All crosses had expected
genotype distributions (Supplementary Material, Table S12–S20).
Gross morphological, histological and molecular assessments
were performed as described previously (11). Antibodies used
were the following: Irf6 (Sigma-Aldrich, SAB2102995, St. Louis,
MO and Schutte Lab, SPEA, East Lansing, MI), AP-2a (3B5, sc-
12726, Santa Cruz, CA), Keratin 14 (Novocastra, NCL-L-LL002,

Buffalo Grove, IL), RhoB (56.4H7, University of Iowa Hybridoma
Facility), goat anti-mouse and goat anti-rabbit (Molecular Probes,
Applied Molecular Probes, Boyds, MD). Nuclei were labeled with
DAPI (Invitrogen, Gaithersburg, MD). Imaging was performed as
previously described (11).

Quantification of RNA

Total RNA was isolated from the indicated tissues as recom-
mended (TRIzol, Ambion, Waltham, MA). Steady-state levels
of mRNA were quantified using SYBR Green as recommended
(Applied Biosystems, Beverly, MA) and Polymerase chain reaction
(PCR) primers listed in Supplementary Material, Table S21 and
as previously published (63,64). We used the cycle threshold (Ct),
set within the linear range of amplification, to analyze the data.
We obtained the delta-Ct relative to Beta-Actin and the delta–
delta Ct and the fold change, relative to wild-type embryo levels
for the gene of interest.

Chromatin Immuno-Precipitation

Quantitative polymerase chain reaction and chromatin immuno-
precipitation experiments were performed as described pre-
viously (59). Experiments to measure mRNA stability were
performed as described previously (60).

Human sequencing, genotyping and analysis

Sanger sequencing and mutation analysis were performed as
described previously (61). Sequencing primers are in Supple-
mentary Material, Table S22. Samples from 425 cases and 451
matched controls from the CBDMP were genotyped and analyzed
as described previously (30). Samples from 500 case/parent trios
from the HBNTD were genotyped and analyzed as described
previously (29). Samples from 284 case/parent trios from the
University of Texas-Houston trios were genotyped on the
Infinium HumanExome BeadChip v1.1 (Illumina, San Diego, CA).
We excluded samples with >5% missing genotypes or SNVs with
>10% missing genotypes. Trios with Mendelian errors for >1% of
SNVs or Single-nucleotide polymorphism (SNPs) with Mendelian
errors in >1% of individuals were excluded. The analyses were
conducted on 284 trios to evaluate the association between
the inherited (i.e. case) genotype and NTD risk, using a multi-
nomial likelihood approach implemented using the software
EMIM (62).

Statistics

For quantitative Polymerase chain reaction (qPCR), an unpaired,
one-tailed Student1s t test was used to determine significance.
Data represent mean ± SEM. For Mendelian ratios, we used Chi-
Squared Analysis to determine if the observed and predicated
genotype distributions were significantly different. A P-value of
≤0.05 was considered significant.

Supplementary Material
Supplementary Material is available at HMG online.
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