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ABSTRACT

Tfap2a, Irf6 & Grhl3: ANOVEL NETWORK THAT REGULATES BOTH
NEURULATION AND CRANIOFACIAL DEVELOPMENT

By

Youssef Ayoub Adly Kousa
Interferon Regulatory Factors transcriptionally regulate development and differentiation
of the innate and adaptive immune systems. Within this family, /RF'6 is unique because it
regulates cutaneous and orofacial development in humans and mice. Common variants in
IRF6 are associated with 12% of all orofacial clefting risk. Critically, a DNA variant in
the /RF6 enhancer MCS9.7, rs642961, is found in 30% of the world’s population.
Biochemically, we know that rs642961 abrogates one of four 7FAP2a binding sites,
suggesting regulatory function. Mutations in 7FAP2a can lead to Branio-oculo-facial
Syndrome, a dominantly inherited orofacial clefting syndrome that includes upper lip
pits. However, functional studies have not shown if Tfap2a regulates MCS9.7 activity or
endogenous /rf6 expression in the mouse. In addition, rare mutations in /RF'6, located
within 1q32-g41, lead to Van der Woude and Popliteal Pterygium Syndromes,
dominantly inherited orofacial clefting disorders. Currently, 70% of VWS families have
mutations in /RF6. While the remaining 30% have unknown etiology, prior linkage

analysis suggest locus heterogeneity.

We use a mouse models to determine how common variants in /RF6 may be associated
with orofacial clefting and to investigate locus heterogeneity in VWS. We find that
knocking out Tfap2a leads to loss of MCS9.7 enhancer activity and /rf6 expression in

vivo. On the other hand, Irf6 also appears to stabilize Tfap2a protein in epidermis. The



necessity of Tfap2a for Irf6 expression contributes to our understanding of the association
between rs642961 and isolated orofacial clefting. Significantly, we also find that /rf6
transcriptionally activities GrA/3 in epithelium. Consistent with prior work showing locus
heterogeneity, we find that mutations in GRHL3 can also led to Van der Woude
Syndrome. These results suggest that 7FAP2a, IRF6, and GRHL3 share a conserved
genetic pathway that is required for proper development of the lip and palate in humans

and mice.

In the mouse, loss of Grhl3 and Tfap2a leads to skin, limb, craniofacial and neural tube
defects. Because /rf6 is an intermediate node between Tfap2a and Grhi3 in oral
epithelium, we predict and find that changes in /rf6 expression can lead to neural tube
defects. Over-expressing Irf6 leads to rostral neural tube defects, including loss of the
cranial vault, i.e. acrania, and a split face. In addition, both reducing and over-expressing
Irf6 leads to caudal neural tube defects, a curled and kinked tail, respectively. Consistent
with orofacial genetic regulation, we find that Irf6 represses Tfap2a in rostral neural tube
development. In the caudal neural tube, we find that /rf6 activates both Tfap2a and Grhl3
expression and that Tfap2a and Grhi3 interact in caudal neurulation. Consistently, human
sequencing reveals a rare /RF6 mutation in an individual with spina bifida. Finally, we
show that /rf6 expression in skin development rescues perinatal lethality but not limb, tail
and palatal development. These results suggest that Tfap2a-Irf6-Grhi3 regulate the
development of multiple ectodermal lineages. We conclude that cross-fertilization in
orofacial and neural tube development provides candidate genes and potential therapeutic

strategies for two congenital diseases with significant morbidity and mortality.
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PREFACE

In my time as a graduate student, I have often found myself responding in one of three
ways to research papers.

The first response is “Man, I wish I could have written this.”

The second is “Glad someone wrote this.”

The third, more of a question, is “Why would anyone write this?”

I have written this thesis to avoid the question.

“The dogmas of the quiet past, are inadequate to the stormy present. The occasion is
piled high with difficulty, and we must rise -- with the occasion. As our case is new,
so we must think anew, and act anew.”

Abraham Lincoln
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Chapter 1 -
Irf6 regulates development and differentiation in

multiple ectodermal lineages



Historical

Clefts of the lip and palate have afflicted humanity since the dawn of civilization (1).
According to Cervenka et al (1966) orofacial clefting with lip pits were first described in
1845 as a “very rare” congenital malformation by Demarquay (2). In 1947 Test and Falls
described lip pits, cleft lip and palate syndrome in five generations of an affected family
(3). Dr. Anne van der Woude, then at the University of Michigan, summarized the
literature in 1954 and concluded an autosomal dominant inheritance pattern (4). From
this point forth, lip pits along with orofacial clefting became known Van der Woude
Syndrome (VWS). In 1962 Dr. Levy highlighted the presence of lip pits, symmetrically
located on the medial edge of lower lips, pathognomonic feature of VWS (5). The earliest
recorded survey of VWS prevalence among all forms of cleft lip and palate took place in
1971 when Dr. Dronamraju reported that eight of 260 clefting families (3%) had VWS

(6). The incidence of VWS has been directly estimated at 3.6/100,000 live births (7).

Variable expressivity suggests that VWS is a clinical model for iCLP

Variable expressivity and incomplete penetrance continue to be important aspect of
VWS. Dr. Baker studied one affected family and concluded variable expressivity as some
presented with lip pits but not orofacial clefting (8). Cervenka et al reported 80%
penetrance in 25 VWS cases, with lip pit present in 69.6% and clefting present in 36.0%
of individuals (2). In 1980 Janku et al. (1980) (9) reported that penetrance was closer to
96.7%, with lip pit present in 88% and clefting present in 21% of individuals. Burdick et
al (1985) examined 864 individuals from 164 families and found that VWS penetrance

ranged from 89% to 99% using different methods, with cleft lip and palate occurring



more commonly than cleft palate (10). Hypodontia, bifid uvula, hypernasal voice, lip
mounds that secret mucus instead, Hirshsprung disease, congenital heart defects,
popliteal webs, limb anomalies and accessory nipples have also been associated with
VWS (4, 9, 11-13). By either estimate, a portion of VWS families has clefting but not lip
pits. As such, patients with VWS may only present with orofacial clefting, mimicking
patients with isolated cleft lip and palate (iCLP). ICLP is a common, complex disease
with multiple genetic and environmental contributing factors (14). Considering the
phenotypic overlap, Murray et al (1990) hypothesized that discovering the genetic
etiology of VWS may also elucidate the genetic architecture of iCLP(15). However,

unlike iCLP, VWS does not exhibit sex-specific differences (10, 16, 17).

Variable expressivity in Van der Woude Syndrome may result from locus heterogeneity,
different types of mutations (mis-sense vs. truncation), location of mutation (DNA
Binding Domain vs. Protein Interaction Domain vs. Activation Domain), affect on
protein location (sequestration in sub-cellular organelle), affect on protein activity or
stability (resistance to degradation/activation/turnover), regulation of expression
(enhancer, promoter), or could be environmental modifiers. Consistent with this, prior
work showed that 17p11.2-11.1 increased VWS clefting risk (18). However, a more
recent hypothesis-driven search for common variants that modify VWS did not yield a
formally significant association (19). Understanding the basis for this phenotypic
variation may provide preventative strategies to reduce disease severity. For example, if
VWS expressivity could be limited to lip pits, disease burden could be significantly

reduced.



While the phenotypic evidence suggests that VWS can be a clinical model for iCLP, is
there evidence that VWS could also be a genetic model for iCLP? As a Mendelian
disorder, family studies are a critical component in VWS research (2, 20, 21). Houdayer
et al (2001) used a family design to ask if VWS and iCLP were associated in a parametric
linkage analysis and Transmission Disequilibrium Tests (TDT) (22). While parametric
linkage was not supportive, TDT provided evidence for a genetic link between VWS and
iCLP (22). TDT measures the over-transmitted allele from parents to affected offspring

and as such is robust to population structure, e.g. population stratification.

Clinical context and impact of orofacial clefting

As a result of life-long utilization of medical resources and loss of productivity, each
individual born with a CLP will require $200,000 for medical treatment (23). Despite
these enormous resources, surgical and clinical intervention are often inadequate and
result in physical and psychological sequelae (24). In addition, individuals born with a
CLP have an increased risk for cancer (25) and neurological (11, 17, 26-31),
musculoskeletal and cardiovascular diseases (17). Importantly, individuals born with cleft
lip and palate had an increased risk of mortality between birth and 55 years of age (32).
In addition, recent studies have shown that patients with VWS have an increased risk of
surgical complications after cleft repair (33). As a result, understanding the gene
regulatory network leading to orofacial clefting and these associated phenotypes may

lead to preventative strategies and therapies for other disease.



Orofacial clefting results from defective palate and lip closure between the 6™ and 10"
week of human gestation. First, and foremost, prevention is possible in at least a subset of
cases because reduced maternal folate, alcohol consumption and maternal smoking can
contribute risk toward iCLP (34, 35). Current standard of care for children born with a
cleft lip and plate includes surgical closure of a cleft lip by 4 months and closure of the
palate by 12 months. Closure of alveolar clefts with bone grafts should be complete by 11
years of age, correction of residual abnormalities by 12 years of age and final nasal
contours and breathing problems by 17 years of age. In addition to these surgeries,
children born with CLP need to undergo speech therapy until the age of 11. According to
the American Society of Plastic Surgeons, children born with CLP require a multi-
disciplinary team to receive appropriate care. This team includes a pediatrician, pediatric
dentist, otolaryngologist, auditory specialist, speech pathologist, genetic counselor and a
social worker. Costs include surgical procedure, hospital, anesthesia, medication,
garments and devices and clinical tests. However, recent work also suggests brain
anomalies in patients with orofacial clefting, suggesting that additional resources may

still be required (11).

Despite team-based medical treatment and the enormous cost, several risks are associated
with CLP repair. These commonly include bleeding, infection, irregular healing of scars
and puckering of tissues (contractures), asymmetries and remaining deformities,
anesthesia risks, allergies to suture material and glue, damage to deep structures, such as
blood vessels, nerves and muscles, and possibility of surgery revision. In addition,

changes in nose shape and teeth alignment may result from cleft repair. Finally, teeth



abnormalities associated with CLP may require additional repair (36). Finally, because
the mouth and palate are integral tissues, CLP morbidity also includes poor feeding,
growth retardation and repeated ear infections. Considering the complications and the
number of healthcare providers need for treatment, there has been a shift of CLP repair to
teaching hospitals and an associated increase in cost (37). While ongoing clinical
investigation in CLP treatment has led to a dramatic decrease in the associated morbidity
(38), the challenges are even greater for developing countries (39). The challenges
highlighted above illustrate the need for prevention, rather than treatment of CLP. Folate

and multi-vitamin use are playing a role in reducing disease risk and burden (35, 40).

Mutations in IRF6 cause VWS

The first study into the genetic etiology of VWS was by Schneider (1973)(41). Here, the
author used the “Red Blood Cell antigen” for genetic linkage as well as several
biochemical assays, including electrophoretic studies of glucose-6-phosphate-
dehydrogenase, hapatoglobin, phosglucomutase, and haemoglobin (41). A subsequent
study examined additional genetic markers and several biochemical assays but also
reported a LOD (logarithm of odds) as a measure of linkage (42). Spence et al. (1983)
reported on VWS linkage using ten genetic markers, including three on chromosome one,
but did not find a plausible genetic link (43). Wienker et al. (1987) studied 27 informative
polymorphic markers and excluded several based on an analysis of a five-generation
kindred. Interestingly, despite a paucity of markers examined, the authors reported

positive linkage to the “VWS:Dufty” antigen, located on chromosome 1 (44).



A critical finding that further refined the VWS locus came with the discovery of a
cytogenetic anomaly by Bocian and Walker (45). In their report, an interstitial deletion of
chromosome 1 at q32-q41 was found in a 41-month-old girl of Polish-German descent
who had lip pits. Murray et al. (1990) used a candidate-gene-and-region approach to
study multiple generations in six families with VWS. The authors successful identified
linkage with the renin (REN) gene and the D1S65 locus in 1q using Restriction Fragment
Length Polymorphisms, providing a LOD score of 10.83 (15). Additional studies
confirmed linkage between REN and VWS (46). A report by Sander et al. (1994) showed
a VWS family with deletion of D1S205, a highly polymorphic microsatellite within the
1q32-41 region (47). The observed microdeletion led to refinement of the VWS locus to
an approximate 4.1 Mega base pair stretch within 1q32-41. Additional work by Houdayer
et al (1999) supported the locus homogeneity of VWS and the chromosomal location
reported previously (48). Another family allowed Schutte and colleagues to map the
VWS locus to a 1.6 Mega base pair interval between D1S491 and D1S205. Cloning of
the critical region allowed the production of a single YAC clone with an 850 Kb segment
containing the microdeletion (49). Subsequent studies expanded the region (50) and work
by Schutte et al. (2000) provided a 900 Kb gene map (51). The gene map included 11
novel and four previously described genes, along with nine putative genes (51).

Additional mapping further confirmed these findings (52, 53).

Several important twin studies have contributed to our understanding of VWS (54).
While zygosity was not determined, the VWS twins were discordant: one had lip pits and

a cleft palate while the other had preauricular skin tags (54). Dizygotic twins discordant



for the VWS were described by Levy et al (1962), with one having lip pits and cleft
palate while the other had a likely unrelated hemangioma (5). Cervenka et al (1963)
characterized the first published description of concordant twins for VWS, who were then
identified as “probably monozygotic” based on facial features and blood typing (2).
While these twins had lip pits, only one had a unilateral cleft lip. Another monozygotic
twin concordant for VWS came nearly 30 years later when Hersh and Verdi (1992)
showed siblings with unilateral cleft lip and palate, and lip pits (55). At this point, four
monozygotic twins concordant for VWS were reported (56, 57). Of these studies, Jobling
et al (2011) was significant because it showed monozygotic twins who were concordant
for VWS but had highly dissimilar features, with one twin showing lip pits only while the
other sibling also showed a cleft lip and a cleft palate (56). Thus, multiple examples of
monochorionic, diamniotic twins with variable expressivity are seen, suggesting that
somatic mutations or stochastic interactions may be a common feature of VWS

expressivity.

Nearly 150 years after Demarquay first described a clefting syndrome with lip pits,
Kondo et al (2002) used discordant monozygotic twins to discover Interferon Regulatory
Factor 6 (IRF6) as the VWS gene (21). Specifically, targeted sequencing in the twins
found mutations in /RF6 in the affected individual but not the unaffected sibling.
Prevalence screening in 45 unrelated VWS families further showed both truncation and
point mutations in IRF6. In addition, analysis of three families with popliteal pterygium
syndromes (PPS) showed linkage to the Van der Woude Syndrome locus, at 1q32-q41

(58, 59). PPS, like VWS, can include orofacial clefting, lip pits, hypodontia and skin



anomalies. However, unlike VWS, PPS also includes webbing in the back of knee
(popliteal fossa), genital anomalies (hypoplasia of the labia majora, cryptorchidism or
bifid scrotum), webbing between toes or fingers (syndactyly), triangular folds of skin
over nails and tissue connecting the upper and lower eyelids (ankyloblepharon) (60-62).
Seeing linkage to the same locus and phenotypic similarity, IRF6 was sequenced and
mutations found in 13 families with PPS (21). Both protein truncations and substitutions
were found throughout the IRF6 open reading frame in patients with VWS. In contrast,
the preponderance of mutations leading to PPS are single nucleotide substitution in exons

three and four, the DNA binding domain (21, 63).

Since identification, numerous replication studies found /RF6 mutations in Van der
Woude Syndrome families displaying a broad phenotypic spectrum and geographical
distribution (64-86). While most genetic studies identified point mutations in /RF6,
deletions as large as 2.98 Mb, involving 25 genes, have also been reported in VWS (47,
50, 84). Considering genomic deletions, haploinsufficient etiology is strongly supported.
Furthermore, phenotypic variation resulting from deletions relative to point mutations
suggests that additional genes or regulatory sequences in 1q41-q32 may be interacting
with /RF6. de Lima et al (2009) conducted a comprehensive study of /RF6 mutations
leading to VWS and found that 80% of newly discovered disease causing mutations were
found in exons 3, 4, 7 and 9 (80). This information may guide targeted sequencing for
IRF6 mutations in patients with VWS and PPS. Importantly, de Lima et al (2009) did not
find /RF6 mutations in 30% of VWS families. However, prior work suggested locus

heterogeneity, linking a large Finnish VWS family to 1p34, instead of 1q32-q41, where



IRF6 is located (87). The second VWS locus at 1p34 contains nearly 700 genes,
necessitating a targeted approach for elucidation of a second VWS gene. Rorick and
colleagues (2011) provided evidence suggesting that WDR65 was a candidate gene and
identified one disease-associated variant (88). At this point, it is not clear if this variant is

etiologic.

Variants within IRF6 are associated with iCLP

Considering that mutations in /RF6 lead to VWS, and that VWS is a clinical model for
iCLP, is it possible that IRF6 may also be contributing risk to isolated orofacial clefting?
Consistent with this rationale, three recent studies show a robust link between /RF6 and
isolated orofacial clefting (89-91). The first, by Zucchero et al (2004), show that a non-
synonymous substitution (V274I) within /RF6 is associated with 12% of all orofacial
clefting (89). Considering that V2741 is the ancestral allele, the association with cleft lip
and palate seems counter-intuitive because clefting is lethal in all non-human primates.
Furthermore, V2741 does not alter the protein-coding sequence of IRF6. Instead, the
authors predicted that V2741 is in Linkage Disequilibrium (LD) with the etiologic
variant. Consistently, sequencing of highly conserved regions within this LD block (140
Kb in length) revealed an association to a non-coding variant 9.7 Kb upstream of the
IRF6 transcription start site (91). In contrast to V2741, the single nucleotide
polymorphism (SNP), rs642961 is not ancestral. Furthermore, rs642961 lies within a 608
bp sequence that is highly conserved and has enhancer activity that highly recapitulates
endogenous /RF6 expression in vivo (92). The variant abrogates one of four binding sites

for Transcription Factor Activating Protein 2 alpha (TFAP2a). However, functional
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studies in cell culture on this associated variant did not reveal mechanistic insights.
Plausibly, but untested, the variant reduces /RF6 enhancer activity because the trans-
activating factor (TFAP2a) binds less robustly, alters endogenous IRF6 expression and
therefore increases risk for a loss-of-function disease known to result from

haploinsufficient /RF6 mutations.

Interestingly, while the pathogenic affect of rs642961 is unaltered with prenatal vitamins,
two variants within the /RF'6 locus do interact with prenatal multi-vitamin
supplementation (93-95). These data suggest that both environmental and non-
environmental pathways may be associated with /RF6 function in orofacial development.
If IRF'6 and environment interact in iCLP, they may also interact in VWS. Environmental
interaction with /RF'6 in VWS and iCLP may be leveraged to alter disease penetrance

and/or expressivity.

IRF6

Interferon Regulatory Factor 6 is a member of the IRF family of transcription factors,
which are widely known to regulate innate and adaptive immune function (96). Unlike
other members of IRF family, /RF6 regulates orofacial, skin and limb development. /RF6
is composed of nine exons, with the start codon in exon three and a stop codon in exon
nine (97). Kondo et al. (2002) detected two IRF6 transcripts (one at 4.4 Kb, the second
larger) with Northern Blot analysis from whole mouse embryos from E4.5 to E18.5, with
apparent differential regulation (21). Spatial dimension of /rf6 expression is seen in the

brain, eyes, heart, liver, lung, placenta, skin, testes and tongue but not the spleen (21).
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During palatal development, [rf6 expression is seen most robustly in the oral epithelium,
which includes the periderm, a flat epithelial layer that envelops embryos, and the basal
cell layer, a cuboidal epithelium that lies beneath periderm cells but is superficial to the
dermis (98). IRF6 protein is 467 amino acids (97, 99) and western blot analysis shows
two bands for IRF6; with one at 59 and the other at 63 kDa, a phosphorylated form of the

protein is found in cell culture and murine mammary epithelium (97, 100).

Consistent with /RF6 function in human orofacial development, /rf6 expression is seen in
murine palatal epithelium from E12.5 to E17.5 (Fig. 1). Two cell types that constitute the
early oral epithelium and express /rf6 are the periderm and the basal cell layer. The
periderm is a flat, squamous monolayer that coats the palatal shelves and may be
preventing pathological oral adhesion to surrounding oral structures, including tongue,
maxilla and mandible. Basel epithelial cells are a cuboidal monolayer early in
development (12.5-E13.5) but proliferate to give rise to the periderm and other
intermediate cell types (E12.5-E15.5) and undergo cell death to allow fusion. The palatal
shelves start as mesenchymal buds covered by epithelium at E12.5. During the next 24
hours, the palatal shelves, mesenchyme and epithelium, proliferate to expand, to inhabit
the space between the tongue and mandible bilaterally. Between E13.5 and E14.0, the
palatal shelves elevate and pivot toward midline, ultimately apposing above the tongue.
At E14.5, periderm cells along the medial contact points are lost, allowing the basal cells
to from the medial edge to adhere and then to interdigitate (adhere). Loss of the medial
edge epithelium allows a mesenchymal bridge to form, generating the nasal and oral

cavities (E15.5 - E17.5) (99).
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Unlike the fused mouse palate, Irf6 expression is not observed in the naturally cleft chick
palate (99). To date, no study has directly tested if knocking down /rf6 in the mouse or
over-expressing it in the chick is necessary and sufficient for palatal development. /rf6
expression is also seen at the fusion point of the lateral and medial nasal processes and

the maxillary processes, which fuse at E11.5 in the mouse to form the upper lip (99).

IRF6 structure-function in development and disease

Based on the crystal structure of IRF1, IRF6 appears to contain a highly conserved penta-
tryptophan winged-helix-loop-helix DNA binding domain in exons three and four (Fig. 2)
(21, 101). While /RF6 is structurally characterized as transcription factor, it is mainly
detected in the cytoplasm and rarely visualized in the nucleus with various antibodies.
Therefore, does /RF6 transcriptionally regulate downstream targets and is this activity
important for development? If so, why don’t we find /RF6 in the nucleus? Several lines
of evidence suggest that /RF6 binds DNA and transcriptionally regulates gene expression
in critical developmental pathways. First, injection of cDNA containing the /RF6 DNA
binding domain (dominant negative construct) leads to more severe developmental
defects than knocking down the whole transcript (morpholino) in zebrafish and xenopus
embryos (102, 103). These data suggest that while embryonic development is grossly
resistant to some perturbations in /RF6 dose, cDNA constructs that directly or indirectly
affect I[RF6 DNA binding result in more severe developmental defects. Furthermore, in
mice and humans, mutations in the DNA binding domain of /RF6 lead to more severe

developmental phenotypes. For example, in humans, a mutation in the DNA binding
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domain, R84C, is associated with more severe developmental defects than deletion
mutations (80). As a murine allele, R84C heterozygous embryos have more severe oral
adhesions than embryos heterozygous for the gene trap (null) allele (104, 105). Unlike
physiological adhesions or fusions between apposing surfaces of the palatal shelves,
pathological adhesions or fusions occur between the palate and mandible or palate and
tongue or mandible and maxilla. Biochemically, R84C appears to reduce /RF6 DNA-
binding affinity (101) and a concomitant reduction in transactivation of a luciferase

reporter is observed (106).

In support of transcriptional regulation, we recently showed that irf6 transcriptionally
regulates grhl3 in zebrafish embryos via a highly conserved binding element.
Consistently, grihl3 mRNA partially rescues zebrafish embryos injected with a dominant
negative irf6 (103). In primary human keratinocytes, a genome wide screen showed that
IRF6 binds within this highly conserved element and that knocking down IRF6 leads to a
reduction of GRHL3 expression (107). During palatal development, we found that /6 is
required for Grhl3 expression in the epithelium and oral periderm (103). Considering that
IRF6 is required for palatal development and that /RF6 regulates GRHL3 in oral
epithelium, we predicated that mutations in GRHL3 could also contribute to orofacial
clefting. Considering that GRHL3 is at 1p36 and linkage to a second VWS locus at 1p34,
we performed exome sequencing and examined this region for mutations. Consistently,
we found GRHL3 mutations only in the affected members of the pedigree. In addition,
screen VWS families negative for /RF6 mutations (30%, N=45) and discover seven

families with GRHL3 mutations. In vivo assays showed that VWS associated GRHL3
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mutations disrupted endogenous gene function, suggesting dominant negative function.
In the mouse, loss of Grhl3 leads to neural tube defects (108). In the oral cavity, loss of
Grhli3 leads to bi-lateral oral adhesions and palatal clefting. However, compared to loss
of Irf6 in the mouse, the oral adhesions were less severe and the cleft was less penetrant.
These results are consistent with Grh/3 working downstream of /rf6 in palatal
development. Embryos heterozygous for /rf6 had oral adhesions at the tooth germ and
embryos heterozygous for Grhl3 had oral adhesions and fusions posterior to the tooth
germ. Embryos doubly heterozygous for /7f6 and Grhl/3 had a combination of both
phenotypes at and more posterior to the tooth germ but neither was more severe,
suggesting function in the same cell types and time point if not the same location
(Chapter 2). Together, these data suggest that /[RF6 transcriptionally regulates critical

genes and tissues during development in multiple species.

While these results highlight Irf6 transcriptional activity, recent work has also shown that
IRF6 directly binds fewer than 2,200 genes (107). In contrast, 7P63, a transcription factor
co-expressed with IRF6 throughout epithelial development, binds over 7,500 targets
(109). While differences in peak threshold may account for the number of binding sites
reported, only 2.6% (56/2177) of putative downstream targets bound by IRF6 were
altered with knockdown (107). In contrast, 1,213 genes bound by TP63 are differential
expressed with knockdown studies (109). Therefore, as a transcription factor, /RF6 does
not seem to have robust transcriptional activity. Lack of nuclear staining, considering
similar results with multiple antibodies, may therefore result from relatively minor

transcriptional activity. However, more rapid /RF6 turnover via the proteasome (110) or
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cytoplasmic sequestration and exocytosis (100) may also be contributing to the
nuclear/cytoplasmic localization ratio. Examining IRF6 expression in multiple tissues and
time points along with inhibition of nuclear export with Leptomycin B may further

elucidate the tendencies and targets of /RF6.

In fact, the majority of genes affected by /RF6 perturbation are not bound /RF6 (83%,
276/332). A useful example to contrast is TP63. In humans, mutations in 7P63 can lead
to Ectrodactyly, Ectodermal Dysplasia (EEC), which includes CLP (OMIM #604292).
While TP63 drives IRF6 expression, IRF6 seems to be post-translationally targeting
TP63 for degradation via the proteasome (111), in a negative feedback loop critical for
palatal development (112). In the mouse, embryos doubly heterozygous for 7rp63 and
Irf6 can develop a cleft palate. Considering cytoplasmic localization and regulation of
TP63 protein stability, post-translational regulation by /RF6 seems increasingly
important. Protein-protein interaction by IRF6 leading to 7rp63 degradation are likely to
be mediated by a less well-conserved protein-binding domain in exons seven and eight
(97). Protein-protein interaction by IRF6 have also been shown with the Mammary
Serine Protease Inhibitor (Maspin) (97). However, in contrast to the inhibitory affect on
TP63, IRF6 cooperatively binds to Maspin to regulate differentiation in mammary
epithelium. In fact, transient re-expression of IRF6 reduced breast cancer invasiveness. In
the skin, loss of /RF6 is associated with squamous cell carcinoma (107, 113). Unlike
breast cancer, this may result from an increase in TP63, which is a proliferative factor in
the epidermis (107). IRF6 also transcriptionally regulates OVOLI, a transcription factor

regulating epithelial differentiation and a repressor of the oncogenic protein c-Myc (107,
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114). Mutations in /RF6 are also found in 5% of patients with head and neck squamous
cell carcinoma (HNSCC)(115). While epithelial origin suggests oncogenic similarity to
the epidermis, the regulatory partners and pathway of /RF'6 in HNSCC are undetermined.
Aside from 7P63 and Maspin, little is known about protein-protein interactions mediated
by IRF6. Important targets for future work include the E3 ubiquitin ligases that regulate

and are regulated by /RF6.

Skin development, like palate development, includes both epithelium (known as
epidermis in skin) and an underlying mesenchyme (known as dermis in skin). Like
palatal development, the early epidermis (E9.5 — E12.5) includes squamous periderm
cells, marked with Krt6, and cuboidal basal cells, marked with Krt14. While the periderm
persists, basal cells of the epidermis proliferate between E13.0 and E16.5, leading to four
cell types. Starting from the dermis and ending at the visible skin layers, basal cells are
marked by Krt14 and Trp63, supraspinous cells are marked by Krtl, granular cells are
marked by Loricrin, and cornified cells are marked by Krt6. As the epidermis develops,
so does the dermis, leading to embryonically mature skin that acts as a permeability
barrier by E17.5. Cells retaining periderm characteristics are found as late as E17.5, but
are eventually sloughed off prior to birth. Early in cutaneous development (E9.5-E12.5),
Irf6 is expressed in both the periderm and basal cells. From E13.0 to E16.5, Irf6
expression is also seen in the intermediate supra-spinous cells. In embryonically mature
epithelium (E17.5), Irf6 expression is primarily seen in the spinous cell layer and, to a
lesser degree, the basal and granular cells. Pathological histological and molecular

changes observed in /rf6 knockout embryos include ectopic Krt14 and Trp63 expression,
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proliferative supra-basal cells and loss of terminal differentiation (105). Consistently, loss
of IRF6 leads to reduced basal cell differentiation and results in a hyperproliferative
epidermis that may give rise to squamous cell carcinoma (107). One model to explain
these results would include either asymmetric /76 deposition into a daughter basal cells
to drive differentiation or de novo /rf6 expression in an otherwise pre-programmed
daughter cell. Together, these data suggest that [rf6 expression drives differentiation and

stratification of the epidermis from basal to spinous to granular cells.

In the c-terminus, exon nine is serine rich and appears to harbor the regulatory domain for
IRF6 in mammary epithelium (97). The generalization of an IRF6 c-terminal
activation/repression domain seems plausible considering an analogous domain in /RF3
and /RF'5 (116). In addition to biochemical and structural results consistent with a
regulatory domain, this c-terminal domain in /RF3 and /RF’5 is highly sensitive to
mutagenesis (116). Like IRF3 and IRFS, activation of IRF6 most likely results from
phosphorylation at amino acid 416 (97). In zebrafish (Rob Cornell, unpublished data) and
human keratinocytes, creation of a phosphomimetic /RF6 by converting serine and
threonine to aspartic acid leads to constitutive activation and nuclear localization (106).

The proteins regulating /RF6 post-translational activation/repression are unknown.

Exons five and six appear to encode a less conserved proline-rich region. In direct
contrast to the distribution of the DNA binding domain, of 19 etiologic mutations found
in exons five and six, 16 are protein trunctions. Underrepresentation of missense

mutations along with less conservation, suggests that most coding changes in exons five
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and six rarely led to orofacial clefting. We caution, however, against the assumption that
paucity of mutations suggests a non-functional domain. Rather, this domain may be

associated with other developmental processes and phenotypes.

Regulating IRF6 expression

Regulation of IRF6 expression is implicated in two disease processes. Rahimov and
collaborators (2008) discovered an /RF6 enhancer in a Multi-Species Conserved
Sequence 9.7 Kb upstream of the /RF'6 Transcription Start Site (MCS 9.7) (91). MCS9.7
highly recapitulates endogenous /rf6 expression in skin and oral epithelium (92). A DNA
variant, rs642961, in the /RF6 enhancer is associated with isolated cleft lip and palate
(CLP) but not cleft palate only (91). Biochemically, rs642961 abrogates one of four
TFAP?2 binding sites within MCS9.7. The Transcription Factor Activating Protein 2
(TFAP2) family of transcription factors is composed of five members that homo or
heterodimerize to repress or activate gene expression through a common, conserved
binding element. A role in palatal development is most clearly demonstrated for 7FAP2a.
Mutations in 7FAP2a can lead to Branio-Oculo-Facial Syndrome (BOFS OMIM #
113620), a dominantly inherited orofacial clefting disorder that can also include
malformation of the eyes, ears and skin (117). Like VWS, BOFS can also include lip pits.
Similar to Irf6 knockout embryos (reviewed below), loss of Tfap2a leads to severe
craniofacial, limb and skin defects (118, 119). However, Tfap2a knockout embryos are
unique in the biomedical literature for absence of a thoracic and abdominal body wall as
well as neural tube defects. Facial clefting, which results from failed neural tube closure,

precludes analysis of palatal development in Tfap2c” embryos. However, tissue-specific
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deletion of Tfap2o suggests a requirement for palatal development that is independent of

neural tube closure (120).

In vitro and in primary human keratinocytes, 7F'AP2a binds to MCS9.7 (91, 109).
TFAP2a and TP63 also appear to cooperatively regulate IRF6 expression in primary
keratinocytes (109). In vivo, Tfap2a regulates MCS9.7 and Irf6 expression in murine
epidermis (Chapter 3). As such, rs642961 may reduce TFAP2a trans-activation of IRF6,
contributing to orofacial clefting risk. Furthermore, loss of /rf6 expression in Tfap2a
knockout embryos leads to pathological molecular changes associated with loss of Irf6
(105, 107) but not Tfap2a (109). As such, Irf6 may be more important for Tfap2o
function than previously recognized. Considering numerous etiologic 7F'AP2a mutations
in the DNA binding domain, altered trans-activation of /RF'6 may also be contributing to
skin, lip pit and orofacial clefting in BOFS (Chapter 3). In addition to TFAP2a, MCS9.7
also harbors bindings sites for TP63 and MAFB, the latter recently associated with CLP
(111, 121). More recent work also suggests that IRF6 is downstream of Notch signaling
in keratinocytes. Notch appears to be acting through novel enhancers located 2.4 and 3.5

Kb upstream of the IRF6 TSS (122).

Epigenetic regulation of /RF6 expression has also been documented. Bisulfite sequencing
showed that a ~300 bp CpG island in the /RF6 promoter was methylated (107).
Methylation of the /RF'6 promoter represses expression and may increase risk for
squamous cell carcinoma (707). IRF6 expression is also found in post-utero mammary

gland development and exhibited apical localization followed by luminal secretion into
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milk (100). While regulation of this process is unknown, luminal secretion may be
involved in delivering /RF6 to the neonate, e.g. IgG, or in purging it from maternal

mammary tissue.

Irf6 knockout mice

t/+

There are three mouse lines for Irf6. A gene trap allele (Ir*""), inserted 36 base pair into
intron 1, has several splice donor/acceptor sites and stop codons, resulting in loss of Irf6
translation (105). Targeted insertion of R84C, the human mutation disrupting the DNA
binding domain and most frequently leading to PPS (Zr/***“’*), led to the second murine
allele (104). A more recent third allele (177‘60”’1/ "), resulted from a forward genetic screen
using N-ethyl-N-Nitrosourea (ENU) mutagenesis (123). Interestingly, this approach led to
a missense mutation at Proline-39, which was previously reported in a VWS pedigree

(21). IRF6 gene deletions and both mutations are found in human disease, providing

robust tools to study human pathogenesis.

Murine embryos that lack /rf6 has clubbed limbs, syndactyly, a bifid xiphoid, a shortened
fused tail, palatal clefting and a grossly smaller head (104, 105). These embryos also
have lingual (124) and mandibular defects (125). However, the most severely affected
cell type is the epithelium. Epithelial abnormalities include a hyperproliferative epidermis
that fails to differentiate, a permeable skin barrier, esophageal adhesions and pervasive
oral adhesions. Intraoral adhesions seem to prevent palatal elevation leading to a cleft
palate. While untested, the mechanical force generated by palate-tongue cohesion may be

restraining the palatal shelves vertically and preventing elevation and midline
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reorientation. That is, the force normally generated by the palatal shelves during elevation

may not be sufficient with oral adhesions.

Genotype-phenotype correlation: From morphology to molecule

Loss of Irf6 is phenocopied by four other genetic knockouts; Stratifin (14-3-3sigma),
Ikka, Kdf1, and, to a lesser extent, Rpik4 (126-129). [14-3-3sigma is a tumor suppressor
protein that interacts with 7P53 via a positive feedback loop to regulate the G2/M cell
cycle checkpoint (130, 131). /4-3-3sigma also enhances Protein Kinase C activity and
contains a Pleckstrin homology domain, critical in protein-protein interaction with
serine/threonine phosphorylation (132-134). Irf6 genetically interacts with /4-3-3sigma
in skin, limb, craniofacial and oral cavity development. If the genetic interaction is direct,
14-3-3sigma may be involved in phosphorylation and post-translational activation of /rf6.
Mutations in /4-3-3sigma have not been associated with syndromic human disease.
However, hypermethylation of a CpG regulatory island reduced /4-3-3sigma expression
in 91% of breast carcinoma cells (135), and likely constitutes an early oncogenic event

(136).

In humans, homozygous recessive mutations in Nuclear Factor Kappa-B Kinase subunit
alpha (IKKA) lead to Severe Fetal Encasement Malformation, also called Cocoon
Syndrome (OMIM # 613630), which appears to include body wall, skin, limb and neural
tube defects (137). IKKA4, also known as CHUK, is a serine/threonine protein kinase that
regulates the activation of NF-kB by marking its repressors (IkB Kinase) for ubiquitin-

mediated degradation. However, in the skin, Ikka is a tumor suppressor protein and
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functions independently of NF-kB and IkB Kinase (138). Instead, Ikka works
downstream of Tgfb signaling in a complex with Smad2/3 that allows nuclear
translocation independent of Smad4 (139). In skin, 7gfb signaling regulates Irf6 (140),
which in turn regulates OVOL1 (107), in a molecular cascade highly analogous to lkka
(139). In the palate, Tgfb signaling regulates Irf6 through Smad4 (141) but the molecular
context of /kka in this tissue are less clearly delineated. Despite the phenotypic similarity
in skin and palate, and the common upstream and downstream molecular targets,
preliminary work appears to show that /kka does not interact with /rf6 in the mouse
(104). While analyzing Irf6 expression in lkka knockout murine skin would further
elucidate this point, testing epistasis in the mouse is highly specific but not sensitive, i.e.
absence of proof is not proof of absence. As such, Ikka may be upstream of /rf6 in skin

and palate development.

Like /4-3-3sigma, the Receptor-Interacting serine/threonine Protein Kinase 4 (Ripk4)
regulates keratinocytes differentiation and interacts with the Protein Kinase C (142). Like
Ikka, Ripk4 activates NF-kB (143). However, Ripk4 knockout embryos appear to be the
least severely affected of the group (144). In contrast, human mutations in R/PK4 can
lead to a lethal type of Popliteal Pterygium Syndrome, called Bartsocas-Papas Syndrome
(BPS) (OMIM # 263650). Like PPS, caused by mutation in /RF6, BPS is associated with
popliteal webbing, ankyloblepharon, cleft lip and palate and syndactyly (145, 146). Like
Cocoon Syndrome, caused by mutations in Ikka, BPS is associated with severe
craniofacial defects, leading to superficial visualization of the nasal cavity, in what may

be a form of facial clefting. As of this writing, a test for epistasis between Ripk4 and each
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of the other three murine models that it phenocopies, i.e. Irf6, lkka, and 14-3-3sigma, has

not been reported.

A recently discovered gene, Keratinocytes Differentiation Factor 1 (Kdf1), like Irf6,
appears to interact with 7rp63 and /4-3-3sigma in skin, limb and craniofacial
development (128). While the molecular nature of KdfI is undetermined, cytoplasmic
localization and association with the cellular membrane would suggest a signaling

molecule.

Rescuing the knockout phenotype

Seeing multiple epithelial defects, several studies have tried to rescue the knockout
phenotype with epithelial specific promoters, i.e. KRT14 or KRTS5, to drive expression in
basal epithelial cells. Using the KRT'14 promoter to drive Ikka in Ikka knockout embryos
led to rescue of skin, skeletal and limb defects (147). Skeletal and limb rescue is
intriguing because it involves both cartilaginous and bony structures that lie beneath the
epidermal cells driving KRT'14, strongly suggesting /kka non-cell autonomous function.
However, unlike the skin and limbs, a curled tail persisted, suggesting additional cell
autonomous function for Zkka in neural tube development. Furthermore, pups did not
feed, as suggested by absence of a milk mark in the abdomen. Likely, esophageal
adhesions occlude the gastrointestinal tract and result from minimal KR7'74 promoter
activity in basal cells of the esophagus. In addition, using two different KRT5 transgenic
lines to drive Ikka in Ikka knockout embryos leads to rescue of skin, limb and skeletal

development. However, rescue of tail morphology, classically a consequence of neural
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tube closure, diverged more prominently between the two transgenic lines. While
physiological expression of /kka in the epidermis did not rescue tail development in one
line, a super-physiological dose of /kka completely rescues the tail in the other. First, as
KRTI14 and KRTS are co-expressed intermediate filaments, these results suggest that at a
certain dose, the KRT14 promoter may also rescue the curled tail noted above. More
importantly, how is Ikka expression in the epidermis rescuing a curled tail? Is it through
rescue of the epidermis or is it through non-cell autonomous signaling of /kka in neural
tube? Considering highly similar epidermal rescues with both doses of Tkka yet divergent

tail rescue, we favor a non-cell autonomous process.

An analogous experiment using the KR7'/4 promoter to drive Ripk4 in Ripk4 knockout
pups rescues skin defects. As seen with Ikka, KRT14 spatio-temporal regulation of Ripk4
was not sufficient to rescue esophageal adhesions (129). In a clever test for epistasis,
epithelial expression of Ripk4 using the KRT14 promoter did not rescue lkka and 74-3-
3sigma knockout embryos. Considering less severely affected knockout embryos and
failure to rescue loss of Ikka and 14-3-3sigma, Ripk4 may be in a parallel, but converging

pathway or require both /kka and 14-3-3sigma for function.

In direct contrast to non-cell autonomous Zkka function in limb and skeletal development,
using the KRT14 promoter to drive Irf6 only rescues epidermal defects. Importantly,
while the skin grossly appeared taut, both histological and molecular analysis revealed
complete rescue. Despite epidermal rescue, limb, skeletal, tail and craniofacial defects

persisted. The limb are free of adhesion to the body wall but clubbing and syndactyly
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persisted. In the axial skeleton, a bifid xiphoid remained in rescue pups as seen in Irf6
knockout pups. Despite epithelial re-expression of /rf6, palatal clefting is completely
penetrant at PO. At E15.5, oral adhesions persisted between the tongue and palate and the
mandible and maxilla but these are less severe. Dramatically, oral adhesions gripped the
midline oriented palatal shelves to the tongue, physically restraining horizontal
movement. Together, these data suggest that Irf6 functions in limb and skeletal
development through a cell autonomous mechanism (Chapter 4). In support of this
model, we recently showed /rf6 enhancer activity in limb bone and cartilage

development.

In addition to genetic rescue, experimental embryonic gene therapy protocols to prevent
disease in animal models have been developed for cystic fibrosis (148), Duchenne
muscular dystrophy (149), Herlitz junctional epidermolysis bullosa (150, 151),
Thrombotic thrombocytopenic purpura (152) and congenital blindness (153). Likewise,
gene delivery to the oral epithelium and developing epidermis is highly feasible during
development (154). In mature skin, epithelial stratification (cornified layer) and keratin
secretion forms a physical barrier, leaving viral and bacterial pathogens refractory to host
penetration. However, during early embryonic development, a cornified layer is not
present, leaving the tissue highly susceptible to transduction. As such, intra-aminotic
injection of a viral vector with tropism to epithelial tissue may provide robust targeting.
Like the epithelium covering the skin, epithelium covering the oral cavity is also highly
amenable to transduction. Considering that embryonic development of the lip and palate

occurs between the 6™ and 10" week of human gestation, such efforts could be highly
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targeted using ultrasound to visualize the structures. Circulation of amniotic fluid in and
through the embryos also ensures transduction of viral vectors into the oral cavity. Like
numerous orofacial clefting genes, Irf6 pathogenesis results from abnormal epithelial
development. As such, gene delivery approaches may provide a feasible therapeutic
modality for multiple, single gene clefting disorders. Furthermore, transduction of the
periderm layer, a cell type lost before birth, limits side effects on post-embryonic
development. Finally, immune-privileged status of amniotic fluid limits innate and

adaptive blunting of the therapy.

Neurulation: Neural tube development

Like palate development, neural tube development is a highly orchestrated process that
begins as flat epithelial layers followed by a period of proliferation to establish neural
plates (E7.5 — E8.5) (Fig. 1). Unlike the palate, convergent extension and a median hinge
point allows the bilateral neural plates to orient that growth toward a midline pivot (E8.5
—E9.5). Also like palatal development, additional growth allows midline oriented neural
plates to appose (E10.0). Adhesion of the neural plates is mediated by bilateral
lamelipodial cell protrusions. Midline cell death and epithelial remodeling ultimately
leads to fusion of the neural plates and formation of the neural tube (reviewed fully in
(155). As such, palate and neural tube development occur in a highly analogous manner.
However, unlike palate development, neural tube development is a highly complex
process that involves multiple independent closure points. Defects in the rostral closure
point can lead to anencephaly, as seen with 7fap2a knockout embryos. Defects in the

caudal closure point can lead to an open lumbo-sacral defect or a curled tail, as seen with
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Grhl3 knockout embryos (108). Defects in the intermediate closure points can lead to a
craniorachischisis, as seen with the Cadherin, EGF, LAG seven-pass G-type receptor 1

(Celsrl) knockout embryos (155).

Unexpectedly, we found that over-expressing /rf6 leads to rostral neural tube defect with
variable penetrance and expressivity (Chapter 3). While 6% of embryos over-expressing
Irf6 had exencephaly, 5% of embryos had anencephaly, phenocopying Tfap2a knockout
embryos. We further show that modulating /rf6 expression in vivo completely and
negatively correlates with Tfap2a mRNA. Despite an increase in 7fap2a transcript, we
also found that reducing Irf6 led to a reduction of Tfap2a protein. Irf6 is expressed in
both the rostral and caudal neural plates, the neural tube and the non-neural ectoderm.
Consistent with Tfap2a dose regulating neural tube development, we also found that 10%

of Tfap2a heterozygous embryos have exencephaly. Finally, we show that reducing
: A
endogenous Irf6 in Tfap2a ~ ;Irf6 = double heterozygous embryos completely rescues

rostral neural tube defects seen with Tfap2a haploinsufficiency. In addition, we found
that reducing Irf6 expression led to a completely penetrant caudal neural tube defect, a
curled tail. Like skin development, we show that Tfap2a regulates /76 in the caudal
neural tube. Transcriptional profiling shows that Irf6 positively regulates both Tfap2a and

Grhi3 in the caudal neural tube. These data suggest that Tfap2a interacted with Grhi3 via

Irf6. Consistent with this model, we found that 13% of T; fap2a+/_; Grii3"" double

heterozygous embryos have a curled.
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Conclusion

In summery, we show that Tfap2a regulates Irf6, which in turn regulates Grhl3. The link
between Tfap2a and Irf6 may explain the pathophysiological process involved in 12% of
all oral facial clefting risk. Similarly, the link between Irf6 and Grhl3 in zebrafish and
mouse led to the discovery of an additional orofacial clefting gene and to the etiology
underpinning previously documented locus heterogeneity in VWS. Similar to the
pathway in orofacial development, we further show that /rf6 regulates neural tube
development through genetic interactions with Tfap2a and Grhi3. In the caudal neural
tube, we show that Tfap2a interacts with Grhl3 (Fig. 3). Remarkably, we also show that
Irf6 expression in epithelium is not sufficient to rescue palatal development and that oral
adhesions can physically restrain mid-line oriented palatal shelves from adhesion.
Finally, despite well-documented roles for Irf6 in epithelium, we show that Irf6 rescue of
skin is not sufficient to rescue limb, skeletal and tail development. While the role of Irf6
in tail development is orthogonally discovered in this work, these data strongly suggest
multiple additional, as yet un-documented cell-autonomous roles for /76 in embryonic
development. Broadly, this work is significant because it shows that orfacial clefting
genes also play a role neural tube development, underscoring the commonality of
molecular pathways stemming from common ectodermal lineages. Considering these
results, future work should seek to identify the role of this pathway in skin caner. In
addition, considering that multiple mouse models phenocopy the Irf6 knockout, the role

of Ikka, 14-3-3sigma, Ripk4 and Kdf1 in neural tube development should be analyzed.
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APPENDIX

Flat Epithelium Proliferation Midline pivot Adhesion Fusion
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Figure 1: Analogous processes lead to palate and neural tube development. Top

Palate

Neural Tube
NP

row: palate development begins at E12.5 as a flat epithelium, in blue, with an underlying
mesenchyme, in yellow. A period of rapid proliferation leads to formation of palatal
shelves alongside the tongue (t) and mandible (m). Reorientation of the palatal shelves
leads to a midline pivot and a horizontal suspension above the tongue. Apposition of the
palatal shelves leads to adhesion, or interdigitation of the epithelial cells. Breakdown of
that epithelium leads to fusion of the shelves, forming a mesenchymal bridge that
separates the nasal from the oral cavities. Bottom row: Like palate development, neural
tube development happens through a highly choreographed progress. Flat epithelial
layers, including the non-neural superficial ectoderm (blue) and neural plate (white, NP)
undergo a period of rapid proliferation to expand. Neural tube specific processes
(including a median hinge point and convergent extension, not shown) provide direction.
Like palate development, a pivot toward midline is followed by adhesion. Breakdown of

the epithelium leads to fusion.
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Figure 2: Structure of IRF6. Exon one and two are not translated (orange). Exons
three, beginning of translation, and four are the DNA binding domain of IRF6 (blue).
Exons five and six are less highly conserved (yellow). The majority of exon seven and
eight mark the Interferon Association Domain, or the protein binding domain of IRF6
(green). Exon nine is less highly conserved and includes a c-terminal helix thought to

regulate IRF6 activation and repression (yellow). The 3’UTR of IRF6 is shown in orange.
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OROFACIAL
Tfap2aq === Irf6 ==p Grhl3

ROSTRAL
Tfap2a = Irf6

CAUDAL
Tfap2a == Irf6 == Grhl3

Figure 3: Proposed genetic network for orofacial and rostral, caudal neural tube
development. Top: Orofacial development is likely to proceed through a negative
feedback loop between Irf6 and Tfap2a that lies upstream of Grhl3. Middle: Rostral
neural tube development is likely mediated through a negative feedback loop between
Tfap2a and Irf6. A role for Grhl3 in this rostral neural tube pathway has not been

investigated. Bottom: Caudal neural tube development is mediated through a positive
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Chapter 2 -

Dominant mutations in GRHL3 cause Van der Woude

syndrome and disrupt oral periderm development
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ABSTRACT

Mutations in the interferon regulatory factor 6 (/RF6) gene account for ~70% of cases of Van der
Woude syndrome (VWS), the most common syndromic form of cleft lip and palate. In eight of
45 VWS families lacking a mutation in /RF6, we found coding mutations in the grainy head-like
3 (GRHL3) gene. Using a zebrafish-based assay, the disease-associated GRHL3 mutations
abrogated periderm development and were consistent with a dominant-negative effect, in contrast
to haploinsufficiency seen in most VWS cases caused by /RF'6 mutations. In mouse, all embryos
lacking Grhi3 exhibited abnormal oral periderm and 17% developed a cleft palate. Analysis of
the oral phenotype of double heterozygote (Irf6™;Grhi3"") murine embryos failed to detect
epistasis between the two genes, suggesting that they function in separate but convergent
pathways during palatogenesis. Taken together, our data demonstrated that mutations in two
genes, IRF6 and GRHL3, can lead to nearly identical phenotypes of orofacial cleft. They
supported the hypotheses that both genes are essential for the presence of a functional oral

periderm and that failure of this process contributes to VWS.
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INTRODUCTION

Grainy head-like 3 (GRHL3, MIM 608317) belongs to a family of three human genes that encode
transcription factor orthologs of the Drosophila gene grainy head (grh). Among multiple
conserved roles, this gene family is required for the development and repair of the epidermal
barrier layer ', In zebrafish, grhll and grhl3 were shown to be required for the development of
the periderm *, the transient layer of squamous epithelial cells located on the surface of
developing embryos. Interferon regulatory factor 6 (irf6) is also required for periderm
development in zebrafish °, and directly regulates the expression of gril3 *°. In addition, over-
expression of Grhl3 partially rescued periderm development in zebrafish embryos that expressed
a dominant-negative mutant form of irf6 *. These data suggest that Grhl3 is an important player
in the /rf6-dependent pathway of periderm development.

IRF6 belongs to the IRF family of transcription factors that are known best for their roles
in immune function ’. However, IRF6 (MIM 607199) is required for skin, limb and craniofacial
development *'°. In mice, embryos that lack Irf6 expression fail to develop the epidermal barrier
%1 While reminiscent of embryos that lack Grhl3 *, the cutaneous phenotype of Irf6 mutant
embryos appears to be more severe macroscopically. In addition, /7f6 mutant embryos have
extensive oral epithelial adhesions * '°, a phenotype not reported in the Grhl3 mutant. The oral

epithelial adhesions in /rf6 knockout embryos lead to cleft palate > '°

, and appear to stem from
periderm dysfunction * .

In humans, mutations in /RF6 cause Van der Woude syndrome (VWS, MIM 119300), the
most common syndromic form of orofacial clefting, or popliteal pterygium syndrome (PPS, MIM
119500). Individuals with VWS can have cleft lip (CL), cleft palate (CP), or cleft lip and palate

(CLP). In addition, 85% of affected individuals have pits in their lower lip '*. To date, mutations

in IRF6 have been identified in 70% of families with VWS ® **1*_ The possibility that locus
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heterogeneity accounts for some of the remaining 30% of VWS mutations is underscored by
linkage in one large pedigree from Finland to a locus on 1p33-p36 rather than to /RF6 at 1q32-
q41 . In this family, most affected individuals have an orofacial cleft and the proband has lip
pits, the hallmark of VWS. Because of the autosomal dominant inheritance pattern and the
presence of the lip pits, this family was diagnosed with VWS and the linked region was named
the VWS2 locus .

Here we report disease-causing mutations in the GRHL3 gene in the above mentioned
original Finnish family as well as in seven additional families with VWS, therefore
demonstrating that GRHL3 is the second gene for which mutations lead to VWS. While we
observed no consistently unique phenotypes in these families, individuals with a GRHL3
mutation are more likely to have CP and less likely to have CL or lip pits than individuals with an
IRF6 mutation. In addition, we used zebrafish and murine models to show that Grhl3, like Irf6,
has a conserved role in the development of the periderm. Our observations from all three species

support the conclusion that a functional oral periderm is essential for the proper palatogenesis.

RESULTS

Grainy-head like 3 is the VWS2 gene

A single large VWS family of Finnish origin (Fig. 8) showed linkage to a ~40cM region on 1p33-
36, pointing to a second VWS locus °, i.e. VWS2 (MIM 606713). From this family, we selected
eight affected individuals, including the proband who is the only one with lip pits, and three
healthy individuals, for whole-exome sequencing. We searched the ~700 genes contained in the
entire linkage region (~46 Mb) for variants common to all eight affected family members but not

seen in any of the three healthy members. This resulted in three segregating exonic variants: in

GRHL3 (1:24666175; NM_198174.2: ¢.969-970insTG), PHACTR4 (1:28806971; rs200581707;
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NM _001048183.1: c.1615G>A) and KT112 (1:52499097-52499071; NM_138417.2:

c.337 363delCCGATCGCGGGACCTCAGGTGGCGGGC). The GRHL3 and PHACTR4
variants were confirmed by TagMan genotyping and the K77/2 variant by allelic discrimination
based on differential melting temperature. The PHACTR4 variant was found in two out of 8252
European American chromosomes in the NHLBI/ESP database, and is therefore unlikely to be
the causative variant for VWS. In a set of 561 Finnish controls, the K7712 variant was found at a
frequency of 12.4%, and is therefore a common, non-causative variant. The GRHL3 variant was
not found in any of the Finnish controls nor in NHLBI/ESP, making GRHL3 a strong candidate

gene in the VWS2 locus.

To test whether mutations in GRHL3 accounted for VWS in other families, we screened 44
families of variable ethnicity where no causative /RF'6 mutations had been previously detected.
We identified GRHL3 variants in seven families, including four protein-truncating mutations and
four missense mutations (Fig. 4). All mutations except c¢.1661 A>G (coding for the p.Asn554Ser
missense mutation) were predicted by Polyphen2 and SIFT to be damaging/deleterious and two
were confirmed de novo events (Table 1). In one of the seven families (VWS-III), we found two
variants located in frans. Variant ¢.268 278delTACTACCATGG was inherited from the
proband’s affected father and from the healthy paternal grandfather, while variant ¢.1661A>G
was inherited from the proband’s healthy mother (Fig S1). In addition, one family (VWS-IV) was
previously determined to have a novel /RF6 missense variant (c.239A>G) that was not
conclusively determined to be causative for VWS >, raising the possibility that variants in both
IRF6 and GRHL3 could contribute to VWS in one family (Fig. 8).

We tested for phenotypic variation between the VWS and VIWS2 loci. The phenotypes

observed in the individuals with mutations in GRHL3 overlap with the classic VWS phenotype
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(Fig. 8). However, individuals positive for a GRHL3 mutation were significantly more likely to
have CP (70% (GRHL3) vs. 27% (IRF6), p-value = 2.0x10°) and less likely to have CL/P (CL or
CLP) (11% vs. 46%, p-value = 0.001) than individuals with /RF6 mutations (Table 2). Lip pits
were less frequent among individuals with GRHL3 mutations (52% vs. 76%), however this
difference was not statistically significant (p-value = 0.05). The presence of dental and limb

anomalies did not differ significantly between the two groups.

Affect of GRHLS3 alleles on zebrafish development

To distinguish whether the human GRHL3 alleles that cause VWS are nulls or dominant-
negative, we developed an in vivo assay to measure the function of the gene on the development
of the periderm in zebrafish *. The assay is based on the observation that over-expression of wild
type grhl3 in zebrafish or frog embryos (Xenopus laevis) is sufficient to induce, in deep cells,
ectopic expression of genes whose expression is normally restricted to the periderm, e.g. keratin
4 (krt4) ***. Also, simultaneous reduction of grhll and grhl3, or over-expression of an
engineered dominant-negative variant of frog grhll, prevents the expression of kr#4 in epithelial
cells of the zebrafish periderm, and causes embryonic death during epiboly *.

Thus, we injected wild type and mutant alleles of human GRHL3 mRNA into zebrafish
embryos and scored for embryonic viability and krt4 expression. At shield stage (6 h post
fertilization, hpf), most embryos injected with a control mRNA (lacZ) developed normally, and
krt4 expression was confined to the periderm (Fig. SA,E). In most embryos injected with wild
type GRHL3 epiboly was slightly delayed in comparison to /acZ-injected control embryos (Fig.
5B), and krt4 was ectopically expressed in deep cells (Fig. 5F). In contrast, the majority of
embryos injected with GRHL3 mRNA carrying the c.1171C>T variant from VWS-II stalled

before (4 hpf) or during epiboly stage, and then ruptured through the animal hemisphere (Fig.
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5C). This phenotype resembles that of embryos injected with the dominant-negative alleles of
Xenopus grhll or zebrafish irf6 *°. We tested four other VWS-associated alleles of GRHL3 with
this in vivo assay, including both alleles found in VWS-IIIL. For all four alleles, embryonic
development stalled and the embryo ruptured at a timepoint and frequency similar to embryos
injected with the ¢.1171C>T variant from VWS-II (Fig 2D).

To test whether the effect of these mutations was cell-autonomous, we generated mosaic
embryos by co-injecting GRHL3 mRNA and biotin into one cell at the 16-cell stage of zebrafish
development. In this assay, cells that inherited the GRHL3 mRNA were marked by biotin
staining. In embryos injected with control mRNA (LacZ), we observed normal krt4 expression in
all periderm cells, regardless of the biotin staining (Fig. 5G). In embryos injected with GRHL3
mRNA containing the ¢.893G>A variant (from VWS-1V), the cells from the periderm inheriting
the mutated mRNA (biotin-positive) lacked kr#4 expression, but biotin-negative cells expressed
krt4 (Fig. SH). We conclude that mutant GRHL3 variant interfered with the development of the
periderm in a cell-autonomous fashion. In summary, each of the five GRHL3 mutations appeared
to encode a protein with dominant-inhibitory effect that disrupted the development of the

periderm through a cell-autonomous mechanism.

Grhi3™" murine embryos have cleft palate at low penetrance

To identify a potential common mechanism for orofacial clefts in individuals with VWS, we
compared the oral phenotype of murine embryos that lack /6 (Irf6”) to embryos that lack Grhl3
(Grhi3™). Wild type embryos at E15.5 had normal oral epithelium and a fully fused palate (Fig.
6A), whereas Irf6'/ “embryos (n = 4) had extensive epithelial adhesions between the palatal

9; 10

shelves and the lingual, mandibular and maxillary surfaces (Fig. 6B) ~ . These adhesions

prevented the palatal shelves from elevating and led to a cleft palate in all embryos. Similarly, all
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Grhi3™" embryos at E15.5 had bilateral oral epithelial adhesions (n = 6) and one of these embryos
had a cleft palate (Fig. 6C). Thus, Grhl3, like Irf6, is required for palatal development.

To compare the histological changes in these two mutant strains, we immunostained with keratin
6 (Krt6), a marker for the periderm > and tumor protein p63 (p63), a marker for the basal
epithelial layer *°. We detected Krt6 in the oral periderm of wild type embryos (Fig. 6D), but
Krt6 expression was strongly reduced in the epithelium superficial to the tooth germs in both /rf6°
" and Grhi3™" mutant embryos (Fig. 6E,F). Similar results were observed for activated Notch1
(Act N1) (Fig. 10), another protein expressed in the periderm ''. Thus, we concluded that both
Irf6 and Grhl3 were required for proper development of the oral periderm in the mouse.

In addition to its potential role in the periderm, /rf6 regulates the differentiation of the
keratinocytes in the epidermis > '* and the oral cavity ''. In the oral cavity, wild type embryos had
a uniform, single layer of basal epithelium (Fig. 6D), whereas the basal layer in Irf6‘/' embryos
was disorganized and thicker, and p63 was ectopically expressed in the cells of the suprabasal
layer (Fig. 6E). In Grhi3™" embryos, the basal epithelial layer appeared grossly normal with
normal expression of p63 (Fig. 6F). We also looked at the medial edge epithelium (MEE), the
epithelium located at the medial edge of the palatal shelves that must dissolve for proper palatal
fusion. In wild type embryos (Fig. 6G) and Grhl3” (Fig. 61), the MEE dissolved to form a
confluent bridge of mesenchymal cells across the palate as shown by the loss of expression of
p63. In contrast, while we do not know the exact location of the MEE in Irf6”~ embryos,
expression of p63 persisted throughout the epithelium of the palatal shelves (Fig. 6H) ''. Thus,
Irf6"" embryos have at least two problems during palatal development: the presence of oral
epithelial adhesions and the failure of the MEE to dissolve. In contrast, Grhl3” embryos only

have oral epithelial adhesions due to the loss of periderm. Since mutations in both these genes
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cause VWS, these results are consistent with the hypothesis that abnormal periderm function

contributes to CL/P in humans.

The oral phenotypes of Irf6 and Grhi3 heterozygous murine mutants are independent
Based on ChIP-seq experiments on a human keratinocyte cell line and epistasis experiments in
zebrafish embryos, we hypothesized that Irf6 and Grhl3 function in a common pathway *°. To
test for epistasis during murine palatogenesis, we generated embryos that were heterozygous for
both Irf6 and Grhl3 (Irf6";Grhi3™"). As expected, we did not observe any oral epithelial
adhesions in wild-type embryos (Fig. 7A,D). In Irf6"" embryos we detected bilateral oral
adhesions at the tooth germ sites (Fig. 7B). We also observed bilateral epithelial abnormalities in
Grhi3"" embryos (Fig. 7E), but they differed from those seen in the /6" embryos in three
respects. First, whereas oral adhesions in Irf6"~ embryos were more prominent at the tooth germ
sites (Fig. 7B), epithelial abnormalities in Grhl3"~ embryos were located throughout the oral
cavity and most frequently posterior to the tooth germs (Fig. 7E). Second, epithelial
abnormalities included oral fusions (Fig. 7E), which do not occur in rf6" embryos. Here, we
distinguish oral epithelial adhesions from oral fusions histologically. Whereas adhesions have a
loss of periderm that allows cell interactions between two adjacent epithelial layers, fusions have
a loss of both the periderm and the basal epithelial layers that allows cell interactions between the
underlying mesenchymal cells from adjacent tissues. Finally, whereas oral adhesions in /6"
occurred most frequently between the mandible and maxilla, oral fusions in Grhl3" embryos
occurred between the mandible and either the palate or the maxilla. In the Irf6"";Grhi3"" double
heterozygous embryos, we found oral adhesions at areas superficial to the tooth germ (Fig. 7C),
similar to Irf6" . embryos, as well as oral adhesions and fusions posterior to the tooth germ (Fig.

7F), similar to Grhl3"" embryos. Thus, the oral histopathology of the Irf6™";Grhi3"" double
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heterozygote embryos provides no evidence for epistasis and suggests that Irf6 and Grhl3
function in independent but converging pathways during oral periderm development..

As previously observed in the single knockout Ir/6”" and Grhl3™ embryos, we
detected a reduction in expression of Krt6 in both heterozygous embryos (Fig. 7G vs 4H,I) and a
more apparent reduction of Krt6 in the double heterozygous embryos (Fig. 7J). At higher
magnification, the loss in Krt6 staining coincided with the loss of oral periderm cells (Fig. 7K vs
4L-N). We did not detect any change in p63 expression in the Irf6" embryos (Fig. 70 vs 4P).
However, in the Grhl3"" (Fig. 7Q) and the Irf6";Grhi3"" (Fig. 7R) embryos, we observed a loss
of expression of p63, indicating a loss of the basal epithelial cells at the sites of the oral fusions.
Again, these molecular data suggest that /7f6 and Grhl3 function independently during palatal
development.
Although we did not detect epistasis between Irf6 and Grhl3 during palatal development, we
observed a 12% (6/51) rate of resorbing embryos (Table S3). This frequency was significantly
higher than expected (3%, p-value = 0.0008) for the C57B1/6 murine strain *’. In addition, while
we observed a Mendelian distribution of pups at birth (postnatal day 0, P0), Ir/6";Grhi3™" pups
were significantly under-represented at P21 (p-value = 0.01). Thus, pre-natal and post-natal
lethality from crosses that generated the double heterozygous pups suggest positive epistasis

between Irf6 and Grhi3 at other timepoints and/or tissues during development.
DISCUSSION

Using a combination of whole-exome and Sanger sequencing methods, we identified mutations in
GRHLS3 in eight families with VWS that had no causative mutations in /RF6, thus demonstrating
that, when mutated, GRHL3 is the gene responsible for VWS at the V'WS2 locus. Although

previous studies had found /RF6 mutations in 70% of families with VWS, there had been very
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little evidence for locus heterogeneity. Despite 15 published linkage studies on 49 families from
throughout the world **, only one pedigree demonstrated linkage outside of the JRF6 locus .
Since this family originated from Finland, a relatively isolated population, and since, at that time,
only one member of the family had lip pits, the cardinal feature of VWS, the broader impact of
this family on VWS genetics was uncertain. However, the finding of causative mutations in seven
additional families from broad geographic and phenotypic spectra supports the clinical and
biological significance of this locus for VWS, and demonstrates that locus heterogeneity

contributes to the genetic architecture of VWS.

The results from our mutation screen also suggest a complex allelic architecture for
GRHL3 in VWS. Based on the precedent of /RF6, we hypothesized that VWS due to mutation at
the second locus (VWS2), would be caused by haploinsufficiency of GRHL3. Consistent with this
hypothesis, we observed both missense and protein truncation mutations. In addition, the
DECIPHER database (Database of Chromosomal Imbalance and Phenotype in Humans using
Ensembl Resources) ** includes a 1.9Mb de novo deletion encompassing GRHL3 in an individual
with CP, club foot, developmental delay, prominent forehead, and a thin upper lip. In our small
number of cases, we also observed a case of compound heterozygous alleles for GRHL3 (proband
in VWS-III) and another case with a rare variant in both /RF6 and GRHL3 (proband in VWS-1V).
However, all five GRHL3 variants used in the zebrafish assay, including both alleles of the
compound heterozygote individual, uniformally tested as dominant-negative. If VWS-associated
GRHL3 alleles also have a dominant-negative effect in human tissues, it is not clear why they
would be found in a coupled state, how the protein truncation alleles remain stable and whether
GRHLS3 participates in protein complexes. Further genetic and biochemical studies will be

required to understand the effects of these alleles in human tissues.
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The analysis of human phenotypes suggests two clinical hypotheses. First, since
individuals with GRHL3 mutations were more likely to have CP and less likely to have CL/P than
individuals with /RF6 mutations, this association may be used to prioritize these two genes for
mutation screens in VWS cases. We note that this association was made from a small number of
individuals with GRHL3 mutations (n = 27) and that 9 individuals originated from one family
(VWS-I). However, when we restricted the analysis to a family-based phenotype (n = 8), we
observed the same trends, although not achieving statistical significance due to low power.
Second, like /RF6, common DNA variants in GRHL3 may also be associated with isolated forms
of orofacial clefting *°, especially for CP, given the increased likelihood of CP in individuals with
a mutation in GRHL3. However, multiple genome-wide association studies for CL/P *' and one
for CP ** have not provided strong evidence for common variants at the GRHL3 locus. While
these studies suggest that common DNA variants in GRHL3 do no account for significant risk for

CL/P or CP, GRHL3 remains an excellent candidate gene for isolated orofacial clefts.

Finally, our analysis of phenotypes in /rf6 and Grhl3 mutant mice identified common and
distinct oral abnormalities. Previous studies revealed that /76 deficiency in mice could lead to an
orofacial cleft by at least two pathophysiological mechanisms: abnormal periderm differentiation
and failure of the medial edge epithelium (MEE) to dissolve '"**. Since the MEE was able to
dissolve normally in embryos that lack Grhl3, the common feature of /rf6 and Grhl3 mutants is
failed periderm differentiation, strengthening the previously hypothesized role of periderm in

development of the lip and palate.

In conclusion, these studies identify GRHL3 as the second gene which when mutated leads to
Van der Woude syndrome, thus confirming locus heterogeneity for this syndrome. Further, they

strengthen the connection between cleft palate and abnormal periderm development. We
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anticipate that these findings will improve the molecular diagnostic for VWS and other forms of

orofacial clefting

SUPPLEMENTAL DATA DESCRIPTION

Supplemental data include three figures and three tables.

ACKNOWLEDGEMENTS

We greatly appreciate the many individuals affected with VWS, their family members and
clinicians for participating in this study. We would like to thank Arianna L. Smith and Mager
Scientific for technical assistance; Nicole Patel for the artistic renderings of murine embryos at
E13.5 and E15.5; Péivi Lahermo for providing the Finnish controls and Dr. Pat Venta for
critiques. Financial support for this research was provided by the Swedish Research Council 521-
2007-3133 (MP-J) and 2009-5091 (JK), NIH grants DE021071 (RAC), DE13513 (BCS),
F31DE022696 (YAK), DE08559 (JCM), GM008629 (EJL), AR061586 (MD), AR44882 (BA)
and the Sigrid Jusélius Foundation (JK).

The authors do not have any conflicts of interest.

WEB RESOURCES

Online Mendelian Inheritance in Man: www.omim.org
Picard toolkit: picard.sourceforge.net

GATK: www.broadinstitute.org/gatk/

Primer3: biotools.umassmed.edu/bioapps/primer3 www.cgi
NHLBI/ESP database: evs.gs.washington.edu/EVS/

UCSC genome browser: genome-euro.ucsc.edu/cgi-bin/hgGateway

64



MATERIALS AND METHODS

Human DNA samples

DNA samples from 45 families of multiple ethnicities and who were completely sequenced for
IRF6 without identifying a causative mutation were used in this study. All subjects were
examined by clinical geneticists or genetic counselors who made diagnoses as described
previously ">, Written informed consent was obtained for all subjects and all protocols were
approved by the local ethical boards in Helsinki (Finland) or in Stockholm (Sweden), or by the
Institutional Review Boards at the University of lowa (U.S.A.). Three hundred and sixty
unrelated individuals without a history of oral cleft from the Philippines were used as controls for
the GRHL3/c.1171C>T Filipino variant, while 561 unrelated Finnish individuals (blood donors)
were used as controls for the GRHL3/¢.969-970insTG , the PHACTR4/c.1615G>A/rs200581707

and the K7712/c.337_363del CCGATCGCGGGACCTCAGGTGGCGGGC Finnish variants.

Targeted exome sequencing

Genomic DNA from eight affected and three healthy individuals from the V'WS2 Finnish family
underwent SureSelect Target Enrichment (Agilent Technologies) in order to perform sequence
capture of the exome. Enriched samples were sequenced on an Illumina HiSeq instrument. Reads
were aligned to reference sequence with the bwa read mapper '*. A high-quality variant call set
was generated based on a best-practice workflow '°, in which we utilized the Picard and Genome

analysis toolkit (GATK) for data processing and analysis.
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Genotyping

Genotyping of the GRHL3 ¢.969-970insTG (Finnish) and ¢.1171C>T (Filippino) variants, the
PHACTR4/c.1615G>A/rs200581707 (Finnish) variant, was performed using TagMan SNP
Genotyping Assays (Life Technologies, Grand Island, NY) on the ABI Prism 7900HT or ABI
7500 and analyzed with the SDS 2.3 or SDS 1.4 software (Applied Biosystems, Foster City, CA),
respectively. Family relationships for apparently de novo variants (c.1171C>T and

c.1559 1562delGGAG) were confirmed by genotyping 16 markers distributed across the genome
(Table S2). The K7112/c.337 363delCCGATCGCGGGACCTCAGGTGGCGGGC variant was
genotyped using PCR amplification using SYBR green labelling of the wild type (100 bp) and the

deleted (73 bp) alleles, and checked for their respective melting temperatures/curves.

Mutation screening by Sanger sequencing

Primers for GRHL3 were designed to amplify the exons of all isoforms of GRHL3 using Primer3.
The exons of all four GRHL3 transcript variants were screened in a total of 13 PCR amplicons
(Table S1). PCR reactions were incubated at 94°C for 5 min followed by 35 amplification cycles
(45 s at 94°C, 45 s at 60°C, 45 s at 72°C) and a final extension at 72°C for 7 min. PCR products
were sent for sequencing using an ABI 3730XL (Functional Biosciences, Inc., Madison, WI).
Chromatograms were transferred to a UNIX workstation, base-called with PHRED (v.0.961028),
assembled with PHRAP (v. 0.960731), scanned by POLYPHRED (v. 0.970312), and viewed
with the CONSED program (v. 4.0). The effects of missense variants were predicted using the

Variant Effect Predictor program *° which generates scores from Polyphen2 and SIFT.
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Phenotype Analysis

Affected individuals with GRHL3 mutations (n = 27) were assigned a phenotype classification of
cleft lip with or without cleft palate (CL/P which includes CL and CLP cases), cleft palate (CP),
lip pits only, CL/P with lip pits, or CP with lip pits based on the clinical diagnoses. Additional
phenotypic classifications described the presence of dental anomalies (hypodontia, dental aplasia,
or malocclusion), limb anomalies (syndactyly, polydactyly, club foot or contractures), or

8;13; 14; 17; 21
SIEIT 2L ffected

popliteal pterygia. From the set of families positive for /RF6 mutations
individuals were also assigned to the same phenotype classifications (n = 632). Exclusion criteria
for this analysis were individuals with a cleft but without identified familial mutation (i.e.

potential phenocopies), and individuals diagnosed with VWS without a known /RF6 or GRHL3

mutation.

Transfection of human GRHL3 mutation variants into Zebrafish embryos

Full-length, wild-type human GRHL3 cDNA variant 4 (v4) was obtained as a cDNA clone from
Open Biosystems (MHS1010-9204655) and shuttled by Gateway cloning into the CS2+
destination vector (kindly provided by Dave Turner, University of Michigan). This construct was
used for in vitro synthesis of wild type GRHL3 mRNA. Specific mutations from VWS-affected
individuals were generated in the GRHL3 mRNA (v4) using PCR-mediated mutagenesis and the
resulting cDNAs engineered into CS2+, resulting in the truncation of the first 6 bp of 5’UTR and
the last 70 bp of 3’UTR from mutant variants. These constructs were further used for in vitro
synthesis of mutant variants of GRHL3. These truncations (the first 6 bp of 5’UTR and the last 70
bp of 3’UTR from mutant variants) had no functional consequence, as we tested a similarly
truncated and cloned wild type GRHL3, and GRHL3 mRNA synthesized from this construct

behaved equivalently to full-length GRHL3 in the zebrafish-based functional assay.
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Capped mRNA was synthesized in vitro (nMESSAGE mMACHINE SP6 kit, Ambion Inc.,
Austin, TX), purified using the MEGAclear kit (Ambion Inc., Austin, TX) and approximately 1
ng of mRNA was injected into wild type zebrafish embryos (Scientific Hatcheries outbred strain,
Huntington Beach, USA), at the one cell or, for mosaic injections, at the 16-cell stage. Embryos
were fixed at 50% epiboly or corresponding time-point (5-6 hpf), and whole mount in situ
hybridization for krt4 was performed as previously described **. Plasmids used for probe
synthesis are available upon request. Embryos were injected with biotinylated-dextran
(Invitrogen, D-1956) and processed for visualization as previously described *. Animal use

protocols were approved by the Public Health Service Assurance.

Murine crosses

We crossed mice heterozygous for the Irf6 genetrap allele (Ir/6"¢'; here referred to as Irf6 ™) °
with mice heterozygous for the Grhl3 knockout allele (Grhl3™") * to generate wild type, Irf6™",
Grhi3"" and Irf6*";Grhi3"" double heterozygous embryos. Grhl3 knockout embryos were
obtained by crossing Grhl3"" mice. Presence of a copulation plug was denoted as E0.5. Pregnant
dams were injected intraperitoneally with BrdU (Sigma) two hours before euthanization at a dose
of 100 mg per gram pregnant dam body weight. Embryos were collected at indicated timepoints
and genotyped for Irf6 and Grhl3 null alleles as described previously *°. Both alleles were
maintained on a C57BL/6 background. Animal use protocols were approved by the Institutional
Animal Care and Use Committees at Michigan State University and the University of California,

Irvine, U.S.A.
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Morphological, histological and molecular analyses of mice

Gross morphological analysis of the Irf6” by Grhl3"" cross was done at E13.5, E17.5, PO and
P21. Embryos were then fixed in 4% paraformaldehyde, embedded in paraffin and sectioned at 7
mm intervals. Haematoxylin and Eosin staining was performed as described °. For
immunostaining, antigen retrieval was performed in sodium citrate, followed by blocking steps in
BSA and a Goat anti-mouse Fab fragment (Jackson ImmunoResearch Laboratories, 115-007-
003). Primary antibody was incubated overnight at 4°C and secondary antibody was incubated
for 1.5 h at room temperature. We used primary antibodies against Keratin 6 (Covance, PRB-190
169P), tumor protein p63 (Santa Cruz, 4A4, SC-8431), Irf6 (Sigma-Aldrich, SAB2102995) and
Activated Notch1 (Act N1, Cell Signaling, Vall1744, D3B8, 4147S). We used the following
secondary antibodies: goat anti-rabbit (Molecular Probes, A21429), goat anti-mouse (Molecular
Probes, A11029) and goat anti-rat (Molecular Probes, A11006). Nuclei were stained with DAPI
(Invitrogen, D3571) followed by slide mounting in ProLong Gold Antifade Reagent (Invitrogen,

P36930).

Imaging

Histological and immunostained sections were imaged with a Nikon Eclipse 901 upright
microscope using a Plan APO 10x/0.45 DIC, a CFI Plan Apo Lambda 20x/0.75 and a Plan APO
40x/0.95 DIX M/N2 objectives. A Nikon DS-Fil high-definition camera head and a DigitalSight
PC-use control unit were used for Haematoxylin and Eosin imaging. A X-Cite Series 120Q laser
and a CoolSnap HQ2 photometric camera were used to obtain immunofluorescent images. NIS
Elements Advanced Research v3.10 was used for RAW image deconvolution and Adobe

Photoshop Elements v9.0 was used for figure formation.
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Statistical analysis

Fisher’s exact test in STATA (v12.1) was used to compare the frequencies of VWS-associated
phenotypes between individuals with GRHL3 mutations and those with /RF'6 mutations. The
threshold p-value for this analysis was calculated using a Bonferroni correction (p = 0.05; 8
phenotypes = 0.006). We used Chi-Squared Analysis to compare the observed genotype
distributions of mice with the predicted Mendelian frequencies. Previous reports show that
resorption rates in C57Bl/6 mice range between 1-3%. We used a two-tailed Fisher’s exact test to

compare the upper limit of this range with the observed resorption rates.
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APPENDIX

c.1559_1562delGGAG
p.Arg391Cys p.Glu522Leufs*10

Figure 4: Mutations in GRHL3 cause Van der Woude syndrome.
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Figure 4. (cont’d)
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Figure 4. (cont’d)

(A,B) Clinical images of the proband from families VWS-II (A) and VWS-VII (B) display the cardinal feature of VWS, i.e. lip pits
(arrowhead). Sequence tracks from each individual are shown to the right with an arrow pointing to the base affected by the mutation.
Note that the sequence for ¢.1559 1562delGGAG is to be read from the reverse strand. (C) GRHL3 has four alternative transcripts
variants, v1 to v4 (UCSC genome browser), with three alternative first exon (1, 1’ and 1) and two alternative last exons (16 and 16’).
Translation starts in the first exon of each variant except for v4 where translation starts in exon 2, and stops in the last exon of each
variant. The genomic location and cDNA change of each of the nine mutations observed are indicated (according to v3,

NM 198174.2). The mutation found in the original Finnish family (VWS-I) is indicated by a filled-circle. Colors for the exons are
corresponding to their coding for the GRHL3 protein domains. (D) Schematic representation of the GRHL3 protein product v2,
(NP_937816) with at scale, the three known protein domains: the transactivation (orange), the DNA binding (green) and the
dimerization (pink) domains. The position of each change in the protein sequence is also indicated. Please note that as no mutation was
found in exon 16, the denomination for each amino acid changes is valid both in v2 and v3. More details of the v2 full protein

sequence can also be found in Fig. 9.
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Figure 5: VWS-associated alleles of GRHL3 disrupt the development of the periderm when expressed in zebrafish embryos.

75



Figure 5. (cont’d)

(A-C) Lateral views of live sibling embryos injected with indicated mRNA. Embryo shown in C, injected with the GRHL3 mRNA
carrying the c.1171C>T mutation, ruptured through the animal hemisphere shortly after the image was taken (67% [n = 48] of wild
type GRHL3-injected embryos reached at least 50% epiboly stage, while 76% [n = 115] of mutant-injected embryos burst without
initiating epiboly). (D) Histogram showing fraction of embryos that ruptured when injected with indicated mRNA. Percentage is the
average from 3-4 separate experiments of 20-40 embryos each. (E,F) Animal pole views of embryos injected with indicated mRNA
and processed to detect krt4 expression. Insets, cross sections of the same embryos showing (E) krt4 expression confined to the
periderm and (F) ectopically in deep cells. (G,H) Animal pole views of mosaic embryos injected with mRNA and biotinylated-dextran
at 16-cell stage, fixed at shield stage, and processed for krt4 expression (blue) and biotin distribution (brown). Periderm cells possessed
(black arrowhead) or lacked (white arrowhead) biotin stain, demonstrating that they were, or were not, derived from an RNA injected
cell, respectively. Daughter cells derived from the cell injected with the ¢.893G>A mutant variant of GRHL3 lack krt4 expression.

Scale bars represent 500 um (A-C,E,F), 100 um (E,F inset), and 20 um (G,H).
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Figure 6: Grhi3 is required for murine periderm and palatal development.
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Figure 6. (cont’d)
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Figure 6. (cont’d)

(A-C) Haematoxylin and Eosin staining of coronal sections of posterior palate at E15.5 (A’). Wild type embryos showed complete

fusion of palatal shelves (*) (A). In contrast, Irf6_/_ embryos have bilateral oral adhesions (arrows) and a fully penetrant cleft palate (*)

(B). Similarly, Grhlf/_ embryos have bilateral oral adhesions (arrows) (C). However, in GrhlS_/_ embryos, adhesions were restricted to

areas superficial to the tooth germ and palatal surfaces, and a cleft palate was observed in 1 of 6 embryos (*) (C). (D-F)

Immunostaining for Krt6 (red) and p63 (green). Krt6 was expressed uniformly in the periderm superficial to the tooth germ (arrow) of

wild type embryos (D) (from boxed structure in A), but was very weakly expressed in Irf6_/_ (E) and Grhi3" (F) embryos. P63 was
expressed uniformly in the basal epithelium of wild type (D) and GrhlS_/_ (F) embryos, but was expressed ectopically in suprabasal
cells in Irf6_/_ embryos (E). (G-I) Loss of p63 expression marks normal dissolution of the medial edge epithelium (MEE) (arrowhead)

in wild type (G) and GrhlS_/_ (I) embryos. In contrast, p63 expression persisted around the palatal epithelium in Irf6_/_ embryos (H).

Nuclei are counterstained with DAPI (blue) (D-I). Scale bars are 2 mm for images A-C; 20 mm for D-F; 50 mm for G-1. Labeled oral

structures are mandible (mn), maxilla (mx), palatal shelf (p), tongue (t) and tooth germ (tg).
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Figure 7: No evidence for genetic interaction between Irf6 and Grhl3 in murine palatal development.
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Figure 7. (cont’d)
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Figure 7. (cont’d)

Haematoxylin and Eosin staining of coronal sections of E13.5 palate at (A’) and posterior (D’) to the tooth germ. Compared to wild

type embryos (A,D), Irf6+/_ embryos had bilateral oral adhesions (arrowheads) at the tooth germ site (B). In contrast, Grhl3+/_

littermates had oral adhesions (arrowheads) and fusions (arrow) located predominantly posterior to the tooth germ (E). 17f6+/-;GVhl3+/_

embryos (C,F) have oral adhesions (arrowheads) at the tooth germ (C) as well as adhesions (arrowheads) and fusions (arrow) posterior
to the tooth germ (F). Krt6 immunostaining (red) of the oral periderm (G-N). Compared to wild type embryos (G and enlarged in K),
. +/- . +/- . +/- +/- .

Krt6 expression in Irf6 ~ (H, enlarged in L), Grhl3 (I, enlarged in M), and Irf6  ;Grhl3 = (J, enlarged in N) embryos was
markedly reduced along the oral surface of the palatal shelves and the mandible. Loss of Krt6 expression coincides with oral adhesions
(arrowheads) and fusions (arrow) (G-N). P63 immunostaining (green) of the basal epithelium was continuous in wild type (O) and

+/- .. +/- +/- +/- . . .
Irf6 (P) embryos. In contrast, p63 staining of Grhl3 ~ (Q) and Irf6  ;Grhl3  (R) embryos was discontinuous. Oral fusions are
seen between surfaces of the palate and mandible with mesenchymal communication (arrows) punctuating islands of p63 positive

epithelial cells (arrowheads). Scale bars are 2 mm (A-F, G-J and O-R) and 20 mm (K-N). Labeled oral structures are mandible (mn),

maxilla (mx), palatal shelf (p), tongue (t) and tooth germ (tg).
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Table 1: GRHL3 mutations in eight Van der Woude syndrome families

VWS Origin DNA change b Protein changed Genomic Exon | De novo/
pedigree positionf Familial
I Finland c.970 971insTG p.Phe324Leufs*22 1:24666175 8 Familial
11 Philippines | c.1171C>T p.Arg391Cys® 1:24668728 9 De novo
I Israel c.[268 278delTACTA | p.[Tyr90Hisfs*4];[Asn554Ser]® | 1:24662973 4 Familial
CCATGG];[1661A>G]° -24662983; 15
24676579
v Pakistan c.893G>A p.Arg298His® 1:24664534 7 N/A
\% UK. c.1419+1G>T Splice donor site 1:24669516 | IVS11 | Familial
IVS11+1
VI U.S.A. c.1559G>A p.Arg520GIn® 1:24673973 14 | N/A
A% 1 Swedish c.1559 1562delGGAG | p.Glu522Leufs*10 1:24673973 14 | De novo
-24673976
Vil | US.A/ c.1575delG p-Val526Cysfs*7 1:24673989 14 | Familial
African
American
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Table 1. (cont’d)

® Family originally studied by linkage analysis in '° and presently, by exome sequencing

® Position on GRHL3 ¢cDNA variant 3 (v3) NM _198174.2

¢ Mutations occurring in the same family but on separate chromosomes as indicated

4 Position on GRHL3 protein product NP_937817.3

¢ Missense mutation predicted to be damaging by Polyphen2 and SIFT using the Variant Effect Preditor program
"Position according to the human genome reference hg19

N/A Not applicable as parent DNA unavailable
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Table 2: Comparison of VWS phenotypes caused by mutations in /RF6 and GRHL3

Has Cleft | Lip Lip Pits Dental
CL/P*| CP Limb defects’| Pterygia®
Phenotype? onlyb Pits Only anomalies®
Yes 3 19 12 14 5 2 2 0
GRHL3
No 24 8 15 13 22 25 25 27
(n=27)
% 11 70 44 52 19 7 7 0
Yes 267 159 141 | 445 158 70 45 10
IRF6
No 365 473 491 | 187 474 562 587 622
(n=632)
% 46 27 24 76 27 12 8 2
p-value 0.001 |[2.0x10°| 0.02 | 0.05 0.65 0.76 1 1

* Includes cleft lip (CL) and cleft lip and palate (CLP)

® Includes cleft palate (CP), CL or CLP but without lip pits.
¢ Dental anomalies include hypodontia, dental aplasia, and malocclusion
4 Includes syndactyly, polydactyly, club foot, contractures and pterygium

¢ Only pterygia coun
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Figure 8: Pedigrees of the eight VWS families with GRHL3 mutation.
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Figure 8. (cont’d)
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Figure 8. (cont’d)
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Figure 8. (cont’d)
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Figure 8. (cont’d)

In each family, the corresponding GRHL3 mutation is named under each individual where it is detected. Mutations were detected by
whole-exome sequencing (* in VWS-I only), TagMan genotyping (") or Sanger sequencing (#). Mutation carriers without any detected
phenotypic characteristics of VWS are indicated with a black dot in their symbol. Phenotypical characteristics of affected individuals
are cleft palate (CP), cleft lip and palate (CLP) or unknown (?). The proband in VWS-IV has been shown to be carrier of a rare variant
in IRF6 (K80R) . VWS-I was previously described in 2, VWS-IV in ' under the denomination VWS-SM13 and VWS-VII in * under

the denomination VWS-12.
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Figure 9: Multiple alignment and protein domains of GRHL3 gene products from human,

mouse and zebrafish.
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Figure 9. (cont’d)

The alignment was done with the input protein sequences from human (NP_937816 for
H.s.GRHL3v2, Homo sapiens variant 2), Mouse (NP_001013778.1 for M.m.Grhl3, Mus
musculus) and zebrafish (XP_001332938.3 for D.r.Grhl3, Danio rerio) and using Clustal Omega
1.1.0 software (www.ebi.ac.uk/Tools/msa/clustalo). Amino acids conserved in the 3 species, are
denoted by a star below the alignment. In the human protein sequence, the corresponding coding
exons are numbered 1 to 16 and are identifiable by a blue or a black protein sequence. Amino
acids in red are encoded by two neighboring exons. In the human GRHL3 protein sequence, the
three known protein domains are underlined in orange for the transactivation domain (exons 2
and 3, amino acids 25-74), in green for the DNA-binding domain (exons 6 to 10, amino acids
230-423) and in pink for the dimerization domain (exons 13 to 16, amino acids 493-602). For
each of the exonic mutations/variants detected in our set of families, the first amino acid affected
by the mutation is labeled in red (protein truncation) or in green (missense), and a red arrow
indicates the location of the splice site mutation IVS11+1 (from VWS-V). The known repressive
and activating protein domains of the murine Grhl3 are underlined in the mouse sequence by a
continuous line (repressive, amino acids 1-102 and 296-603) or dotted line (activating, amino
acids 102-296) *. A blue arrow above human exon 2 indicates the start of the GRHL3 protein

produced by variant 4 (v4), and used in the zebrafish experiments.
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Figure 10: Molecular changes in the oral epithelium of Irf6_/_ and Grhl3_/_ embryos.
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Figure 10. (cont’d)

Comparison of expression in E15.5 wild type (A,E), Irf6_/_ (B,F) and Grhl.?_/_ (C,D,G,H) embryos. Images in columns 3 and 4 are

taken at the tooth germs sites in two different Grhl3_/_ embryos to illustrate the dynamic changes in gene expression in areas without
(C,G) and with oral adhesions (D,H), respectively. Irf6 expression is seen in epithelial cells of the tooth germ and oral epithelium in
wild type embryos (A) but absent in Irf6_/_ embryos (B). Irf6 expression is detected in the oral epithelium (arrowhead) of Grii3™"
embryos, but reduced at sites of oral adhesion (arrow) (C,D). Activated Notchl (Act N1) is seen in the oral periderm of wild type

embryos (E) while it is undetectable in Irf6_/_ littermate embryos (F). Gth—/_ embryos (G,H) show loss of Act N1 in areas of oral

adhesion (arrow) but not in adjacent healthy epithelium (arrowhead). Scale bar is 20 wm (A-H). Labeled oral structures are mandible

(mn) and tooth germ (tg).
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Table 3: Human GRHL3 primers used in Sanger sequencing mutation screening

TAGCCATCTCTTTCCAGCAGAC

16'

TTGCTTCTGATACTCCCCACTT

GRHL3 exons Primer Sequence”
land 1' F CTCACCAAGGAAGGAATTGG
R TAGCTTGAGACTGGGGCTTG
1" F GTCTTAGCCGAGCAGCCATAG
R GTAGTGGATTTGGGAACCTCCT
2 F GTGGCAGGAAGAGGCAGTTTC
R CAAAGGCCCAGAGATGAGG
3 F AAAGCTGCAGGAGGGGATT
R TCAGCACTGTGCCTCCTGT
4 and 5 F GCATGCTGGATGGACCTAAA
R TTCATCCCCCACTTCTCATT
6 and 7 F TTTTCCAAGGTCAAACAGCA
R GACAGAGGTCAGAGCCAGGT
8 F GAGTGAGGCCCAGTTTTTAATG
R CGTCGGAGCAAATGACACTA
9,10and 11 F CTTGGCAGTCTAGCGGAAAC
R GAAGCCTCCTCTTTGTGTGC
12 F CTGAGCAGAATGGGCTAGAA
R AGGCGTGTGGTTGTTTCTCT
13 and 14 F TGATGGGCTAAGGGACTCAC
R GATAACATCGCAGAGGCACA
15 F GCACACCCAGATGTTAATGG
R AGAGGTGACCAGTGGCTTTG
16 F ACCACATCCCCTCTTCCATT
R
F
R

CAGCCCTCTGCTTTTCTCTG

* All primers had a melting temperature of 61°C
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Table 4: Genomic SNPs used for confirming de novo mutations

SNP Chromosomal band

rs1051614 1g21.3

rs10204426 | 2pl1.2

rs237887 3p26.1

rs1063499 5pl3.1

rs654351 6p24.3

rs1366883 7q21.13

54458901 8p23.2

rs2515617 9q31.1

152136892 10g21.1

rs1729410 | 11q23.3

rs1053900 14q32.2

rs140685 15q12

153744262 17p13.1

152296241 20q13.2

rs1789953 21g22.3

1s2051616 22q13.31
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Table 5: Frequency of genotypes and resorbing embryos from Irf6" xGrhi3*"

Cross

E13.5 E17.5 Embryos PO P21 Pups Total
Litters 3 2 5 6 5 11 32
+/+ +/+
6 :Grhi3 5 3 8 15 5 20 28
+/- +/+
6 ;Grhi3 4 3 7 10 9 19 26
+/+ +/-
if6  Grhi3 11 4 15 12 | 12 24 39
+/- +/-
if6  ;Grhi3 5 4 9 9 1 10 19
Resorbing 3 3 6 N/A N/A NA 6 (p=0.0008)
Total 25 14 45 46 27 73 118
p-value 0.18 0.96 0.34 0.60 0.01 0.12 0.06
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Figure 5. (cont’d)

We intercrossed mice heterozygous for the Irf6 genetrap allele (Ir/6"¢ here called Irf6+/_) with mice heterozygous for the Grhl3
knockout allele (Grhl3+/_) to generate wild-type (Irf6+/+;Grhl3+/+) embryos; Irf6+/_ or Gz single mutant embryos; and Irf6+/_
;Grhl3+/_ double heterozygous embryos. We detected significant embryonic resorptions at combined E13.5 and E17.5. Furthermore,

.. . . +/- +/- . .
we found a significant reduction in /rf6 / ;Grhi3 / double heterozygous mice at weaning.
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Abstract

Mutations in IRF6 cause orofacial clefting. A DNA variant in the /RF'6 enhancer MCS9.7
is present in 30% of the world’s population, disrupts a TFAP2a binding site and
contributes 12% of all orofacial clefting risk. Here, we show that Tfap2a positively
regulates Irf6 through MCS9.7 and that Irf6 regulates Tfap2a. Moreover, we show that a
null allele of 7rf6 completely rescues haploinsufficiency of 7fap2a and that both over and
under-expressing I7f6 causes defects in neurulation. We also show that Tfap2a interacts
with Grhl3 through Irf6 in caudal neurulation. Finally, we sequence /RF6 in patients with
spina bifida and find a rare coding mutation previously identified in orofacial clefting.
This discovery illuminates a novel pathway that regulates orofacial and neural tube
defects and may contribute to our understanding of a common, derived /RF6 regulatory

variant that increases risk for orofacial clefting.

Introduction

IRF6 encodes a member of the Interferon Regulatory Factor of transcription factors.
While the IRF family widely regulates immunity', IRF6 is required for craniofacial, skin
and limb development®. Mutations in JRF6 cause two Mendelian orofacial clefting
disorders, Van der Woude syndrome (VWS; OMIM#119300) and Popliteal Pterygium
Syndrome (PPS; OMIM#119500)°. Furthermore, a DNA variant (rs642961) within the

IRF6 locus is found in 30% of the worlds population and contributes 12% of all non-
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syndromic orofacial clefting risk®. The variant is located 9.7 Kb upstream of JRF6 within
a multi-species conserved enhancer sequence (MCS9.7). MCS9.7 recapitulates
endogenous Irf6 expression™ *. Interestingly, the variant abrogates one of four binding
sites for Transcription Factor Activating Protein 2o (TFAP20)’. Mutations in TFAP2a
can lead to Branchio-oculo-facial syndrome (BOFS; OMIM#113620) which, like VWS
and PPS, can include orofacial clefting, lip pits and cutaneous abnormalities™ . Prior
work in primary kertinocytes shows that both TFAP2a and TP63 co-regulate IRF6
expression via MCS9.7°. However, in vivo regulation of MCS9.7 by TFAP2a has not

been demonstrated.

Considering developmental defects in VWS, PPS and BOFS, both /rf6 and Tfap2a
murine models illuminate pathophysiological mechanisms. In the mouse, loss of 7rf6
leads to a hyperproliferative epidermis, craniofacial defects that include a cleft palate and

9,10

appendage deformities considered secondary to skin adhesions™ . While the phenotype

is dissimilar to /6, loss of Tfap2e also leads to skin, limb and craniofacial defects'" "%,

However, loss of Tfap2a also leads to multiple neurulation defects.

Indeed, the Tfap2o knockout mouse is unique in the biomedical literature for what can be
considered whole-body clefting. Neurulation defects span the entire neural tube and
include kinked tail (closure point 1/posterior neuropore, caudal), bilateral outgrowth of
unfused mandibular bones and a bifurcated tongue (split-face malformation) and
anencephaly (closure point 2/3, rostral). Strikingly, loss of Tfap2a leads to schisis, or

extrusion, of both thoracic and abdominal cavity contents (thoraco-abdomino-schisis). A
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role for /rf6 in neurulation or abdomino-thoracic wall closure has not been shown in
mouse or man, even in cases where disrupted gene function leads to VWS and PPS. Also,
a role for TFAP2a in human neural tube development has not been in BOFS or isolated

spina bifida.

Many of the biological functions attributed to 7fap2a and Irf6 are derived from their
function in skin, an abundant and accessible tissue. Among epidermal transcription
factors, Irf6 is unique because it has been reported to have both transcriptional and post-
translational regulation of down-stream targets. One prominent transcriptional target of
Irf6 in zebrafish is Grhl3". Like Tfap2a, loss of Grhl3 leads to skin, limb, craniofacial
and both rostral and caudal neural tube defects'*. Significantly, we recently showed that
mutations in GRHL3 can also lead to Van der Woude Syndrome (VWSII; OMIM#
606713) (Peyrard, 2013). On the other hand, TP63 drives Irf6 expression via MCS9.7 °
and IRF6 down-regulate TP63 via the proteasome'®. Importantly, mutation in 7P63 also
lead to dominantly inherited orofacial clefting in Ectrodactyly, Ectodermal Dysplasia

(EEC; OMIM#604292)"7.

In this work, we dissect the nature of Tfap2a-Irf6-Grhi3 genetic interaction in vivo. We
show that Tfap2o is necessary for MCS9.7 enhancer activity in the mouse, a genetic
relationship that may explain orofacial clefting risk within the /RF'6 locus. We titer Irf6
dose in vivo and find that reducing Irf6 expression leads to a curly tail, a caudal neural
tube defect, through regulation of Tfap2a and Grhl3. Furthermore, we find that 11% of

embryos over-expressing /76 have craniofacial and neural tube defects (NTD) that
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phenocopy Tfap2a heterozygous and knockout embryos. Moreover, while loss of Irf6 has
multiple pathophysiological consequences, we report here that a null allele of Irf6
completely rescues craniofacial and neural tube defects in 7fap2a haploinsufficiency.
Finally, to assess the role of /RF6 in human neurulation, we sequenced 92 individuals
with spina bifida. We found a rare missense mutation at a highly conserved amino acid in
exon 9 of IRF6 (D427Y), previously reported in orofacial clefting but not in any control
database. However, sequencing of the /RF6 3°’UTR shows no association with spina
bifida risk. Our discovery illuminates Tfap2a-Irf6-Grhl3 as a novel gene regulatory

network in both orofacial and neural tube development.

Results

Tfap2a is necessary for MCS9.7 activity and Irf6 expression

We previously showed that Tfap2a binds MCS9.7 in vitro. Additional work in primary
keratinocytes shows that Tfap2a and Trp63 co-regulate Irf6 expression via MCS9.7.
Here, we predict that Tfap2a is necessary for MCS9.7 expression in vivo. We analyzed
changes in MCS9.7 activity with a LacZ reporter construct crossed into the Tfap2a
knockout mouse (N=66; genotype distribution based on Mandelian genetics, not
statistically significant, p-value = 0.71; Supp Table 9). At E17.5, we found gross changes
in B-Gal staining, most prominently differing from wildtype littermates in limb, skin and
craniofacial structures (Fig. 11a,b). At E13.5, we detected more subtle differences in 3-
Gal activity (Fig. 11c,d). Specifically, as opposed to the linear, evenly stained tail of Wt
embryos, Tfap2a”” embryos either lacked or had punctuate staining near the distal

segments of the closed posterior neuropore. Unlike E17.5 embryos, the intensity of the
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LacZ stain at E13.5 did not differ in cutaneous and limb structures. Combined, these

results suggest that Tfap2a is necessary for MCS9.7 activity in vivo.

We predict that loss of Tfap2a trans-activation at MCS9.7 would result in altered Irf6
expression. As shown previously, MCS9.7 is active and Tfap2a, Irf6 are co-expressed in
the spinous layer. Histologically, loss of Tfap2a leads to a disorganized basal cell layer
with a hypertrophic epidermis at E17.5 (Fig. 11e-g). We marked the basal cell layer with
Tfap2a and Trp63 (Fig. 11i,j), the spinous layer with Krtl (Fig. 11m,n), the cornified and
granular layer with Loricrin (Fig. 110,p) in wild type and Tfap2a knockout embryos.
Despite morphological changes, we detected the epidermal cell layer Tfap2a” embryos.
In wildtype skin, 7rp63 is restricted to the basal cell layer and Tfap2a is expressed in
both the basal and spinous cells. Conversely, is Irf6 expressed in the basal layer but
emerges more robustly in the spinous and granular cells. Consistent with our prediction,
we did not detect Irf6 expression in the spinous layer of Tfap2a knockout embryos. This
pattern is in direct contrast with the adjacent granular and cornified layers, where a

different cohort of Irf6 trans-factors are active '> "

. Loss of Tfap2a also lead to
persistence of Krt6 (Fig. 11u,v), a marker of stress, and altered desmocolin expression,

perhaps contributing to epidermal folding(Fig. 11w,x).

We previously found that Irf6 restricts Krt14, Trp63, and proliferation to the basal cell
layer'®. We predict here that loss of Irf6 in the spinous layer would lead to ectopic Krt14,
Trp63 and, as a measure of cellular proliferation, Ki-67. Importantly, previous work

shows that loss of Tfap2a was not sufficient to alter Trp63 expression®. Consistent with
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our prediction, loss of Irf6 expression in the spinous layer coincided with ectopic cellular
proliferation (Fig. 11h,i) and spinous-cell expression of both 7rp63 and Krt14 (Fig.
11s,t). This data suggests that loss of Irf6 can uniquely contribute to the pathophysiology
of Tfap2o knockout embryos. Considering 7FAP20 mutations in the DNA binding

domain, reduced /RF'6 expression may contribute to BOFS pathology.

In addition to qualitative, localized changes in Irf6 gene expression, we also wanted to
assess if Irf6 transcript level might be reduced in Tfap2a knockout skin. However, in
comparing ]fap2a+/ ) fap2a+/ " and knockout embryos, we did not find quantitative
changes in /rf6 mRNA level despite a significant reduction in Kr¢/ transcript, a marker
for the cell layer where Irf6 is expressed (Fig. 11y). Consistent ectopic expression of
Trp63, we found a significant increase in 7rp63 transcript level. An analogous change in

Krt14 expression was not observed.

Furthermore, previous reports have shown that Tfap2a and Tfap2¢” play redundant roles
in skin, limb and craniofacial development and share cis-acting regulator elements.
Therefore, loss of MCS9.7 expression in Tfap2a knockout mice may also result from
changes in Tfap2c expression that is co-incident with loss of Tfap2a. However, in Tfap2a
knockout mice, Tfap2c is significantly increased (Fig. 11y). Taken together, these data
suggest that Tfap2o is necessary for MCS9.7 activation and Irf6 expression. Moreover, as
15642961 abrogates one of four Tfap2 binding sites within MCS9.7, this data suggests

that rs642961 is a functional variant.
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Irf6 regulates Tfap2a

Seeing that Tfap2a is a critical trans-acting factor for Irf6 expression, we wanted to
assess if Irf6 also regulates Tfap2a, as previously suggested for Trp63. At E14.5 we find
that Tfap2a is expressed in both the periderm, as marked by Krt6, and basal cell layer, as
marked by Krt14 and Lefl (Fig. 12a,b). In Irf6”" embryos, we found an expanded
epidermis. While Lefl continues to mark the basal cell layer in Irf6” embryos, we found
ectopic expression of Krt14 and Tfap2a (Fig. 12¢,d). Similarly, at E17.5, Irf6 restricts
Tfap2a expression to the basal and spinous layer whereas loss of Irf6 leads to expression
of Tfap2a throughout the epidermis, as previously shown for 7rp63 (Fig. 12e,f).
Transcriptionally, we find that loss of Irf6 in the epidermis leads to over-expression of
Trp63, Krti4, Tfap2a and Tfap2c (Fig. 12g). We hypothesized that an expended
epidermis with more Trp63 and Tfap2a positive cells would lead to a quantitative
increase in their relative protein content. Consistent with the transcriptional changes and
prior reports'®, we find a significant increase of Trp63 in Irf6 knockout embryos (Fig.
12h), Unexpectedly, despite the 4-fold increase of Tfap2o mRNA, we found a reduction
in Tfap2a protein. Therefore, loss of /r6 leads to diverging quantitative changes in
Tfap2a mRNA and protein. These results suggest that multiple regulatory mechanisms
link /r6 and Tfap2o expression. These mechanisms may have arisen as a result of

important roles in pleiotropic developmental disease.
Irf6 homeostasis is required for neurulation and 7fap2a expression in epidermis

To determine the gene regulatory network between /rf6 and Tfap2a in vivo, we

modulated Irf6 expression in vivo. To reduce Irf6 expression, we created a hypomorphic
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allele (Irf6*, Supp Fig. 17) and examined embryos at E13.5 and E17.5 (N=47, Mandel’s
p-value = 0.5; Supp Table 10). To create an allelic series, we combined the /rf6
hypomormophic allele (Irf6”) with a genetrap (functionally null) allele (/r/6"). At E17.5,
Irf6®"" (n=17) heterozygotes appeared grossly normal (Fig. 13a). Unexpectedly,
compound heterozygous embryos (Ir/6%”, n=18) had a completely penetrant curled tail.
At E13.5, tail abnormalities were not grossly visible in either /rf6%"" (n=3) or Irf6*"
(n=6) embryos (data not shown). These results are striking because while /rf6 knockout
embryos have a shortened, dysmorphic tail, we presumed that severe skin adhesions led
to tail anomalies.

To over-express Irf6, we used the KRTI4 promoter to drive ectopic expression (7g"*""*

f6)21 - As a basal keratin, we predict over-expression would begin at E9.5, as previously
described®. The genotypic distribution from this mating did not differ from the predict
(N=246; Mendel’s p-value = 0.7; Supp Table 11). Surprisingly, while 89% of transgenic
embryos appeared grossly normal (Irf6*™"), we found that 11% (N=14) of transgenic
embryos (Irf6"*™") showed severe rostral and caudal neural tube defects. Of those, eight
embryos (6%, Irf6"* ") presented with excencephaly (Fig. 13a). The rest, six embryos
(5%), presented with anencephaly, thoracoabdominoschisis and a kinked tail, a
phenotype highly analogous but not identical to Tfap2a knockout embryos (Irf6""). This
data suggests that over-expressing /rf6 could repress Tfap2a. However, considering that

ectodermal loss of Tfap2a leads to pathology as early as E9.5, this data also suggests that

the KRT'14 promoter is driving Irf6 earlier than previously recognized for either gene.
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Developmentally, palate and neural tube closure occur in highly analogous process.
Essentially, a flat epithelium and underlying mesenchyme rapidly expand, pivot toward
midline, appose, adhere and fuse. However, neural tube development is a more complex
process, involving multiple independent closure or fusion points. Defects in the rostral
closure points can lead to exencephaly and anencephaly, which are highly analogous in
mouse and humans. Defects in the caudal closure point can result in curled or kinked tail
in the mouse and spina bifida in humans. The incidence of both rostral and caudal closure
defects is 1/1000, perhaps constituting the most severe and least treatable cohort of
developmental anomalies. While more than 200 mouse models of neural tube defects
have been reported, few of these have been conclusively tested for a conserved role in

human disease and fewer still have shown an association.

We wanted to understand how altering endogenous /7f6 expression can lead to five
grossly different developmental phenotypes. We hypothesized that differing phenotypes
resulted from different levels of /rf6 expression. Transcriptionally in skin, we found five
different levels of /rf6 expression across five different phenotypes tested (Fig. 13b).
Remarkably, variable transgene expression accounts for two of these levels.
Transcriptionally, we found a dose-dependent negative correlation between /rf6 and
Tfap2o. across five different murine models. Strikingly, the most severely affected
transgenic embryo had the greatest amount of /rf6 and the least amount of Tfap2a.
Furthermore, while /rf6 expression is necessary to restrict 7rp63 mRNA level, over-
expression of Irf6 was not sufficient to further reduce 7rp63 transcript. A similar

relationship is also observed for Krt/4 and Tfap2c. Paradoxically, while Irf6 expression
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was not necessary to maintain Tgm1 and Krtl levels, over-expression was sufficient for

repression (Supp Fig 18).

Having observed that more severely affected transgenic embryos expressed more Irf6, we
asked if both the penetrance and variable expressivity of the transgene could be modified
in vivo. To test this hypothesis, we intercrossed Irf6"™" mice. We found that 36% of
transgene positive embryos are affected (Irf6™", N=33; Mandel’s p-value = 0.35; Supp
Table 12). While 10% of transgenic embryos had exencephaly, 26% of the embryos had
anencephaly. Therefore, by intercrossing Irf6"™" mice, we increased the penetrance of
murine neural tube defects (11% vs. 36% affected) and the severity (5% vs. 26%
anencephaly). These findings suggest that murine development is highly sensitive to Irf6

dose.

Our data suggests that Irf6 transcriptionally represses 7fap2a. However, the protein level,
loss of Irf6 lead to a reduction of Tfap2a. Therefore, we hypothesized that both over- and
under-expressing Irf6 would reduce Tfap2a. Consistent with transcriptional changes, we
found that over-expressing Irf6 lead to a reduction in Tfap2a (Fig. 13c). However,
consistent with post-translational stabilization, we found that lowering Irf6 expression
also lead to reduction in Tfap2a in a dose-dependent manner despite a relative increase in
Tfap2a mRNA. Thus, both over and under-expressing Irf6 leads to reductions in Tfap2a

protein.
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To further characterize how changes in Irf6 expression affect skin development and
Tfap2o localization, we examined five different murine phenotypes and Irf6 doses
histologically and molecularly at E17.5. We found that over-expression of Irf6 leads to
epidermal hyperplasia, with a disorganized basal cell layer and vacuolated superbasal
cells (Supp Fig 19). Loss of Irf6 expression resulted in a hypotrophic epidermis that also
included vacuolated cells. Epidermal thickness positively correlated with changes in the
spinous cell layer, as marked by Krtl and Krt14 (Fig. 13d,e), suggesting that Irf6
expression is both necessary and sufficient for spinous layer development and epidermal
thickness. Reducing Irf6 expression lead to the stratification of Tfap2a into the granular
layer and Trp63 into the spinous cell layer. Conversely, over-expression of Irf6 leads to a

loss of Tfap2a but not Trp63 (Fig. 13f,g).

In skin, like the neural tube, both over and under expression of /76 lead to pathology,
including ectopic expression of Krt6, Krt14, and Ki-67 (Supp Fig 19). No appreciable
change in Activated Caspase 3 expression was noted despite Irf6 function in tumor
suppression. Instead, Irf6 expression correlated with Tgm1 and Loricin immunostaining,
suggesting necessity. In viewing serial sections, we found well-circumscribed foci of
highly proliferative, Krt14 positive foci in the epidermis resulting from dermal
projections. These included hair follicles and basal cells, but were engulfed by more
superficial epidermal cells. These epidermal plumes seem to result from binding of non-
contiguous adjacent basal cell layers and altered desmosome expression, as seen in

Tfap2a knockout embryos (Fig. 11w,x).

116



Endogenous and transgenic Irf6 expression regulate 7fap2a in neurulation

Seeing cross-regulation of /rf6 and Tfap2a, we hypothesized that Irf6 and Tfap2a interact
genetically. We tested the genetic interaction in vivo by interbreeding mice that are
heterozygous for the /6 genetrap (Irf6™") and Tfap2a LacZ knockin (Tfap2a"““")
alleles. The distribution of embryonic genotypes was not different from the Mendelian
prediction (N = 300 embryos; Mandel’s p-value = 0.30; Supp Table 13). We found that
10.3% of embryos are resorbing, a significant number relative to the expected rate of 1-
3% (p-value = 0.0007, Fisher’s Exact, two-tail, t-test). Whereas Tfap2a"*““*** knockin
mice have completely penetrant neural tube and abdominal wall defects, we found that
10.3% of Tfap2a™“““"* embryos have excencephaly, frontonasal hypoplasia, low-set
unattached pinna, and disproportionately short upper and lower limbs (Fig. 14a,b) (N=68,
7 affected). We replicated this finding in embryos heterozygous for the Tfap2a knockout
allele (Tfap20"") (N=69, 3 affected, 7%; Mandel’s p-value = 0.02; Supp Table 14).
Strikingly, and consistent with our allelic series, a null allele of 7rf6 completely rescues
haploinsufficiency of Tfap2a in Irf6""; Tfap2a*“"* embryos (Fig. 14c,d) (N=69, 0
affected, p-value = 0.0063, Fisher’s Exact Test, two-tail t-test). We conclude that
intergenic suppression of /rf6 rescues Tfap2a haploinsufficiency. These results are
consistent with our findings, which suggest that embryonic development is exquisitely

sensitive to Irf6 and Tfap2o dose and that endogenous /rf6 expression regulates Tfap2a.

As noted above, the transgenic phenotype suggested /rf6 and KRT14 expression prior to

E9.5. As such, we asked if Irf6 and Krt14 are expressed in at E8.75, prior to neural tube

development. Consistent with intergenic suppression, we detected Irf6 in the neural plate,
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neural plate border and non-neural ectoderm with two different antibodies (Fig. 14e’,f”).
Further, we found co-localization of Irf6 and Tfap2a in the neural folds and non-neural

ectoderm.

At E9.0, we dual-stained for Irf6 and RhoB, a marker of early migrating neural crest
cells. We found Irf6 expression in the neural tube and co-localization with RhoB** in
delaminating neural crest cells (Fig. 14g). Consistently, dual staining for Irf6 and Krt14
shows co-expression in the neural tube (Fig. 14h). We did not detect Irf6 expression in
migratory neural crest cells (Fig. 14k). Molecular staining for Irf6 and RhoB in
transgenic embryos shows ectopic Irf6 expression in the neural tube, non-neural ectoderm
and cephalic mesenchyme (Fig. 141). Irf6 and Tfap2a co-localized in the neural tube,
non-neural ectoderm and delaminating neural crest cells (Fig. 14m). Significantly, in
embryos over-expressing Irf6 we did not detect Tfap2a in the neural tube and
delaminating neural crest cells (Fig. 14n). Consistently, embryos over-expressing Irf6 had
neural tube closure defects rostrally and caudally, including defects in the optic cup and

disordered cephalic mesenchymal tissue (Fig. 141,)).

Given our immuno-staining, which suggested co-localization of Irf6, Krt14 and Tfap2a in
the neural tube and delaminating neural crest cells, we wanted to test the hypothesis that
endogenous and transgenic [rf6 expression cooperatively antagonize Tfap2a expression
in vivo. Considering co-localization and intergenic suppression of 7fap2a by reducing
Irf6, we reasoned that over-expressing Irf6 via the KR714 promoter in Tfap2a

TgKR T14-Irf6

heterozygous embryos ( :Tfap2a"*“") would increase the penetrance and the
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severity of neural tube defects. Importantly, genotypic distribution did not differ from
Mendel’s prediction (N=63, Mendel’s p-value = 0.18; Supp Table 15). In total, 16
embryos genotyped as Tg"*""*° - Tfup 26 *““"* . While half of these embryos appeared
grossly normal, the other half is more severely affected than 7fap2a knockout embryos
(Fig. 140). We further hypothesized that if transgene and endogenous Irf6 expression co-
antagonize Tfap2a, than Tg"*" 7 Ivf6™" : Ttap 2a"*“* embryos would be less severely

T R0 . Tfap 264%™ littermates because it would reduce total

affected than
endogenous Irf6 expression. The Irf6 null allele did not affect the genotypic distribution
(N=66, Mendel’s p-value = 0.07; Supp Table 16). Significantly, as predict, reducing
endogenous Ir/6 expression (Tg" X" "7 [vf6*": Tfap 20"*“"*, n=11) partially rescued all
affected tissues relative to 7g“*™ "7 Tfup 26““"* littermates (Fig. 140). Strikingly,

T *H 7 167" Tfap 20-*““" phenocopied Tfap2a”, further supporting the role of Irf6

in regulating endogenous Tfap2o levels.

Tfap2a and Grhi3 interact in caudal neurulation

We wanted to determine how lowering /16 expression in Irf6%” embryos could lead to a
curly tail. Significantly, we showed that /rf6 binds to and transcriptionally activates
Grhi3 and that irf6 is epistatic to grhl3 in zebrafish'’. In primary human kertainocytes,
IRF6 binds to and positively regulates GRHL3>. This association is significant because
in mouse, a spontaneous mutation in Grhl3 leads to a hypomoprhic allele and the curly
tail mouse (ct/ct), one the oldest and best-described murine neural tube defect
phenotypes. Furthermore, knocking out GrA/3 leads to exencephaly, a defective

epidermis, an open lumbosacral neural tube defect and a curly tail'*. A genetic cross
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between Irf6 and Grhi3 heterozygous mice suggested epistatis via early embryonic
resorptions and post-natal lethality of double heterozygous pups, but gross phenotypic

anomlies were not observed (Peyrard, xx).

Considering epidermal expression data and analogous tail phenotypes, we predict that
Irf6 regulates Grhl3 in neural tube development. To test our hypothesis, we compared
Grhi3 in grossly normal (Irf6*") and abnormal (Irf6*") tail tissue. We predict that
reducing /rf6 would lead to a reduction in Grhl3. Consistently, reducing /rf6 leads to a
reduction in Gral3 at E17.5 (Fig. 15a). Considering kinked tail in the knockout and
interaction with /rf6, we also examined 7fap2a levels. Remarkably, and in direct contrast
to the skin, reducing /7f6 expression in the tail also lead to a reduction in Tfap2o. Prior
genomic screen also showed that /rf6 binds within Tfap2¢® and that tissue-specific
deletion of Tfap2c leads to a curled tail*®. As predict, reducing /6 expression lead to a
reduction in Tfap2c at E17.5 (Supp Fig. 20). Consistent with onset of tail dysmorphology,
molecular changes in Irf6, Tfap20, Grhl3 and Tfap2c occurred at E17.5. Considering
changes in MCS9.7 enhancer activity in the tail of Tfap2a knockout embryos (Fig. 11c,d),
this work shows that Irf6, Tfap2a, Tfap2c and Grhl3 constitute a gene regulatory network

in caudal neurulation.

Our model (Fig. 15¢) suggests that /rf6 is an intermediate node between Tfap2a more
proximally and GrA/3 more distally. Based on our model, we further predict that Tfap2a
and Grhl3 interact in caudal neural tube development. Consistent with our prediction, we

find that of 15% Tfap20"";Grhi3"" double heterozygous embryos have a curly tail (Fig.
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15b) (N=20, 3 affected; Mandel’s p-value = 0.11, Supp Table17). Consistent with the
curly tail mouse, we find incomplete penetrance. However, our prior work shows that
Grhl3 and Irf6 double heterozygous embryos do not have a curly tail. Absence of a curly
tail in Irf6"";Grhi3"" double heterozygous embryos suggests that additional targets,
including Tfap2c, may be playing a redundant role with Grhl3 downstream of Irf6 in

caudal neurulation.

Shared /RF6 mutation in Spina Bifida and VWS

Considering the role of Irf6 in murine neural tube development, we hypothesized that
common and rare variants in IRF6 could contribute risk to neural tube defects in humans.
To test our hypothesis in the caudal neural tube, we sequenced /RF6 protein coding
sequence in 96 patients with Spina Bifida. Consistent with our hypothesis, we found a
non-synonymous substitution in exon 9 that alters a highly conserved amino acid residue,
D427Y (Fig. 16). The variant, previously reported in patient with Van der Woude
Syndrome *’, is predict to be damaging and probably deleterious by PolyPhen2.0 and
SIFT, and is not found in nearly 7000 control samples (EVS and 1000 genomes). Most
strikingly, structural analysis reveals that D427Y occurs at the junction of the c-terminal
alpha helix of IRF6. Prior work on IRF6 paralogs has shown that mutations in this region

may affect the c-terminal domain and prevent activation and dimerization®®,

Considering detection of rare variants, we further predict that common and rare non-

coding variants within IRF6 may be associated with spina bifida risk. Our analysis

suggests no association with three /RF'6 variants, rs642961 (MAF 17%), rs17371411
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(MAF 8%), rs75012801 (MAF 0.8%) (Tables 6-8). Additional analysis has also shown
that rs17371411 is not associated with anencephaly in humans. While we did not detect
an association, these three variants only account for 28% of the genetic variation at IRF6.

As such, the role of JRF'6 in human neurulation remains largely unanswered.

DISCUSSION

Our data show that Irf6, Tfap2a and Grhi3 interact in the development of multiple
ectodermal lineages, including skin, craniofacial and the neural tube. Mechanistically,
while Tfap2a regulates Irf6 enhancer activity and expression in skin and tail, we found
that Irf6 regulates Tfap2a through both transcriptional repression and post-translational
stabilization. These data may provide a molecular rationale that underpins common co-
occurring orofacial clefting, lip pits and skin defects in VWS, PPS and BOFS. More
broadly, this pathway provides a functional link that may be perturbed in 30% of the
world’s population who have rs642961, a DNA variant that alters Tfap2a binding at

MCS9.7 and is associated with 12% of all orofacial clefting.

Evolutionarily, rs642961 is perplexing because it is a derived, common variant and yet
increases risk for orofacial clefting in multiple, ethnically diverse populations.
Considering that increasing Irf6 expression increased risk for rostral neural tube defects,
uniformly lethal events in mouse and humans, a variant that dampens /rf6 expression may
provide a selective survival advantage during development. In support of this hypothesis,
we also show here that a null Irf6 allele rescues perinatal lethal neural tube defects in

Tfap2a haploinsufficient embryos, a seldom-described biological relationship in the
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mouse”” *°. Similar to the heterozygous advantage provided by sickle cell trait in the
context of endemic malaria risk, we provide evidence here that dampening /rf6

expression may confer a developmental advantage.

In addition, recent evidence suggests that IRF6 and TFAP2a function is critical in
preventing post-embryonic disease. For example, previous work shows that IRF6
functions as a tumor suppressor in breast cancer and more recent work shows that

31,32 .
»>*. Furthermore, a variant

mutations in IRF6 can lead to squamous cell carcinoma
within TFAP20 modifies BRCA2 breast cancer risk™. Therefore, if this pathway is

conserved in other tissues, additional biological and or novel therapeutic applications

may be explored.

Interestingly, D427Y was previously identified in a patient with Van der Woude
Syndrome. While neural tube defects have not been reported in VWS, these results
suggest that common IRF6 function is perturbed in orofacial clefting and neural tube
defects. Furthermore, considering a common Tfap2a-Irf6-Grhl3 pathway in neural tube
and orofacial development in mouse and man, we suggest a novel category of genes that
are mutually involved in both biological processes. While underpinned by strikingly
different cellular processes, both neural tube and palate formation essentially occurs
through analogous tissue processes, including proliferation, growth, pivot toward
midline, adhesion and fusion of apposing surfaces. Considering analogous genetic and

morphological pathways, we suggest use of ‘orofacial and neural tube clefting’ genes.
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Strikingly, we found that over-expression of /rf6 leads to anencephaly and a kinked tail
and that reductions in /7f6 expression leads to a curly tail. While posterior neuropore
dysfunction has been blended together, differences in the molecular etiology suggested
here support their phenotypic distinctions. Biologically, Irf6 joins PTEN as a tumor
suppressor genes that when under-expressed leads to loss-of-function and when over-
expressed leads to gain-of-function in vivo™. Surprisingly, few studies have examined in
vivo over-expression of tumor suppressors. However, as we have shown here, over-
expressing this important class of genes may provide insight into novel pathways, targets

or tissue-specific functions.

To date, the only known murine alleles that display both anencephly and a
thoracoabdominoschesis are 7fap2a knockout embryos and those that over-express Irf6.
However, Palladin and Grhl2 knockout embryos also display anencephaly and
abdominal-schesis but have an intact thoracic wall. Considering the morphological
similarity, future work should address if these genes are part of the same pathway as Irf6
and Tfap2a, although prior work suggested that Tfap2a did not interact with Grhl2”.
Similarly, knocking out Ikka®, 14-3-3 sigma’, Ripk4®” and KdfI’® produced murine
embryos that phenocopy the /rf6 knockout. Considering the shortened abnormal tail in
Irf6 knockout embryos was consistent with a role in neural tube development, future
work may uncover analogous roles for lkka, 14-3-3sigma, Ripk4 and KdfI. Consistent
with this hypothesis, homozygous recessive mutations in /KKa lead to Cacoon
Syndrome, which includes an abdomino-schesis and neural tube defects, as evidenced by

brain anomlies and exencephaly in both reported featuses. Taken together, neural tube
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biology may gain a new pathway that originated in skin and palate development and

human genetics may consider a new cohort of candidate genes.

Like the complex genetics of human neural tube defects, many inbred murine neural tube
defects models display variable penetrance and expressivity. To that end, we discovered
that variable expressivity and penetrance in our mouse models stems from exquisite
sensitivity to /rf6 dose. As such, genes upstream and downstream of /rf6 in neural tube

development may provide novel candidate genes.

Epidemiological data has suggested a common pathway for orofacial and neural tube
development as evidenced by reduced risk for either defect with folate supplementation®”.
One line of reasoning suggests that folate supplementation affects methlyation of target
genes and as such buffers gene transcription to fine-tune development (methylation
hypothesis). Consistently, previous work has shown that the IRF6 promoter is methylated
to suppress transcription™. If folate supplementation affects this promoter, IRF6, and this
core-network, could provide a molecular rationale that integrates folate epidemiology but
not the folate pathway specifically for both oral and neural tube development.
Considering multiple mechanisms that dynamically dampen Irf6 expression, including a
negative feedback loop reported here in the rostral neural tube, IRF6 promoter
methylation as an end target of folate supplementation provides an attractive target for

future study.
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SUPPLEMENTAL DATA DESCRIPTION

Supplemental data include four figures and eleven tables.
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MATERIALS AND METHODS
Murine crosses
All animal use protocols and procedures are approved by the Institutional Animal Care

and Use Committees, AUF Number 05/12-093-00, at Michigan State University. In all

9. 7—LllCZ: W

matings, presence of a copulation plug is denoted as E0.5. Tfap2a”";Tg"* e

TgM CS9.7-LacZ

used a recently characterized allele, a transgene with the /rf6 enhancer

MCS9.7 fused to the LacZ gene, to assess the necessity of Tfap2a in the function of this

TgM CS9.7-LacZ

Irf6 enhancer. We crossed with Tfap2a™" mice, a knockout allele via

+/- MCS9.7-LacZ :
"~ T g C89.7LacZ yice. We than crossed

homologous recombination, to produce Tfap2o
Tfap2a™"; Tg"* 7% males with Tfap2a™" female littermates to obtain Tfap2a™;

TgM 074 embryos at E13.5 and E17.5. Irf6 ™" Tfap20™*““"*: To test the genetic
interaction between Irf6 and Tfap2a, we intercrossed Irf6" mice, heterozygous for a

gentrap allele knocked into the first intron of Irf6, with Tfap20*“““" mice, LacZ knocked

into exon 7 of Tfap2a. We generated single heterozygous mice for each genotype by

LacZ/+

intermating Irf6" and Tfap2a and the cross is done with both males and females
g p

LacZ/+

carrying each of the respective alleles to generate /6" Tfap2a embryos at
timepoints spanning E13.5-E18.5. Tg"*"*""%: We characterized tg"*"'*"" allele by first

intercrossing transgene positive mice with littermates that are transgene negative. As with

the Irf6"" and Tfap20 “““" cross, we controlled for differential parent-of-origin
D
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transmission by conducting the crosses with either males or females carrying the

RT14-Irf6

transgene. To test the affect of Irf6 dose, we intercrossed Tg" mice. To test the

relevance of Irf6 expression from the transgene relative to endagenous /rf6 expression,

T R 175 16" mice by intercrossing transgene positive embryos

we first generated
with those heterozygous for the Irf6 genetrap allele. In the second generation, we

intercossed Tg“*™"* 7 [rf6"" with Tfap2a"“““" mice.

Irf6 hypomorphic allele

We generated the /rf6 hypomorphic allele by creating a targeting vector from a mouse
BAC clone (RPCI22-516G1) digested with restriction enzymes. The targeting vectors
spanned Irf6 genomic sequence from Intron 2 through Intron 6. We placed a Pgk-Neo
cassette within a BamHI site within Intron 4. Specifically, a 1.8 kb of Kpnl/BamHI
fragment for 5’-arm and 3.9 kb of BamHI/Hindlll fragment for 3’-arm were cloned into
pBluescript II SK(-) (Agilent Technologies). 3 kb of BamHI fragment containing exons 3
and 4, coding DNA binding (IRF) domain, was cloned into ploxP3-Neo-pA vector (kind
gift from Professor Takeshi Yagi, Osaka University). 5.8 kb of Xhol fragment which
contains floxed exons and Pgk-Neo cassette was subcloned into BamHI site between 5°-
and 3’- arms. Notl digested targeting construct was electroporated into mouse R1 ES
cells. After G418 selection, ES cells were screened by PCR. Primer set of 5°-
GAGAAATAGGGCCTTCACGGTG-3’ (sense) and 5°-
TGTGCCCTCTGATGCTGGAACAG-3’ (antisense) for 5’-side, 5’-
TCGCCTTCTTGACGAGTTCTTCTG-3’ (sense, in Pgk-Neo cassette) and 5°-

GCTCAACTCCCTTTGTGACTGTCC-3’ (antisense) for 3’ side were used.
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Positive ES clones were used for establishment of /rf6 hypomprphic mouse (neo).

Murine genotyping

Both embryos and pups were euthanized before tissue collection. We extracted DNA
from each individual embryos/yolk sac or pup. We obtained genomic DNA by first
incubating the tissue in lysis buffer with proteinase K (03115887001, Roche) and than
isolated the DNA using ethanol precipitation. We performed PCR to identify genotype.
PCR protocols for the Irf6 genetrap allele, Tfap2a neomycin and LacZ knockin alleles
and MCS9.7 were completed as described previously. Genotyping for the transgenic
Tg*®1 #1175 \was done using newly designed KRT14 forward primer
S’TTACAAAACCCTTTCACATACATTGTCGCATTGG3’ and KRT14 reverse primer
5S’TTGGGGTGGGAACCACGATACACCT3’ to yield an expected amplicon of 328 bp.
Genotyping for the Irf6 hypomorphic allele was complete with primers that flank the
LoxP recombined sites with forward primer 5’-GCAGAGTGGAGCACACTTCA-3’ and
reverse primer 5’-AAGCATGTCTATTTGGGGGTTA-3’. Expected amplicon sizes were
283 bp for the wildtype allele and 592 bp for the hypomorphic allele. PCR protocols
included a 4 min denaturation step at 94°C. Following denaturation, 30-35 amplification

cycles (94°C for 30 sec, 60°C for 30 sec, 72°C for 40 sec) were completed before a final

5 min extension step.

Morphological, histological and molecular analyses of murine tissue

Gross morphological assessment of all embryos was complete upon dissection. Embryos

are placed in freshly-prepared 4% paraformaldehyde, paraffin embedded and sectioned at
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7 wm intervals. Hematoxylin (GHS332, Sigma) and Eosin (E511-25, Fisher Chemical)
staining was performed using a series of hydration and dehydration steps.
Immunostaining is performed with an initial set of hydration steps and followed by
antigen retrieval in sodium citrate (pH6.0) on a hot plate and than Triton X-100 (VWR)
permeabilization for 30 minutes. To reduce background, we undertake two blocking
steps, each lasting 1 hour. The first is in BSA (A7906, Sigma) diluted in PBS at 10mg/ml
and the second is in a Goat anti-mouse Fab fragment (Jackson ImmunoResearch
Laboratories, 115-007-003) also diluted in PBS as a function of the embryonic timepoint
tested (20ug/ml for E13.5, 30ug/ml for E15.5, and 40ug/ml for E17.5). Primary antibody
is incubated for 16 to 19 hours at 4°C. Primary Antibodies tested are as follows: Irf6
(Sigma-Aldrich, SAB2102995), Tfap2a (3B5, sc-12726, Santa Cruz), TTrp63 (Santa
Cruz, 4A4, sc-8431), Keratin 6 (Covance, PRB-169P), Keratin 14 (Novocastra, NCL-L-
LL002), Keratin 1 (NCL-CK1, Novocastra), Loricrin ( PRB-145P, Covance), RhoB
(56.4H7, University of lTowa Hybridoma Facility)**, Activated Caspase 3 (Abcam,
Ab13847), Ki-67 (ab15580, Abcam), BrdU (Abcam, Ab6326). Secondary antibodies are
incubated for 1.5 hr at room temperature. Secondary Antibodies tested are as follows:
goat anti-mouse (Molecular Probes, A11029), goat anti-rat (Molecular Probes, A11006),
goat anti-rabbit (Molecular Probes, A21429 and O-6381). We labeled nuclei with DAPI
(Invitrogen, D3571). Finally, to prevent loss of signal over time and protect the sections,

we mount slides in ProLong Gold Antifade Reagent (Invitrogen, P36930).
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Skeletal prep

Embryos were fixed in formalin at 4°C until time of processing. Once genotyped,
embryos were placed in 70% Ethanol for 24 hours at 4°C, partially dissected to remove
skin and subcutaneous fat, and then transferred into 95% Ethanol for at least 48 hours
also at 4°C, at which point dehydration was grossly apparent. We than removed the 95%
Ethanol and placed in the embryos in 2% KOH for approximately 72 hours at room
temperature, at which point skeletal structures become clearly visible. We replaced the
2% KOH with Alcian blue solution (Sigma, A5268-10G), which stains cartilage. The
embryos began to once again dehydrate and in the process absorbed the stain. This
process took about 72 hours and was followed by a de-staining step in 95% Ethanol for 6
— 24 hours at room temperature. At this point, we removed the Ethanol and added
Alizarin Red Solution (Sigma-Aldrich, A5533-25G) for 24-36 hours at room temperature.
To perform a final clearing step, we placed the skeleton in a 1%KOH/20% Glycerol
solution until it become totally clear. Final specimens were kept in a 1:1 glycerol:95%
Ethanol solution until imaging. All incubations performed at room temperature were done

on an elliptical rocker.

Bioimaging upright/fluorescent microscope

Imaging was completed with a Nikon Eclipse 901 upright microscope. The two objectives
used for this work are the Plan APO 10x/0.45 DIC and Plan APO 40x/0.95 DIC M/N2.
For light microscope imaging of Hematoxylin and Eosin sections we used the Nikon DS-
Fil1-U2 5 mega-pixel color digital camera. Fluorescent imaging is complete using a HQ2

photometric CoolSnap camera and an X-Cite 120Q illuminator. We used NIS Elements
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Advanced Research v3.10 imaging software to capture the images in RAW format. Image
processing is limited to sharpening and deconvolution with Gauss-Laplace Sharpening on
the NIS-Elements AR software. Adobe Photoshop Elements v9.0 is used for plate
configuration and enhancement of color and contrast. Stereomicroscope. We used a
Nikon SMZ800 with a motorized stage, a Nikon DS-Fi2 high-definition camera and a
Nikon Digital Sight DS-U3 control unit for high-magnification imaging of whole-mount
embryos. For whole-mount, 1x imaging of embryos we used a SMZ1000 Nikon
microscope. A Fiber Optic Light Ring is used for both microscopes. We use NIS-
Elements Basic Research software version 4.11 to process the embryonic images and

Adobe Photoshop Elements v9.0 for plate configuration

Transcriptional profiling using quantitative-PCR

Skin is collected from embryos directly after harvesting at the timepoint specified. Skin
sample is snap frozen in liquid nitrogen and stored in -80°C until time of RNA extraction.
TRIzol RNA extraction (15596-026, Ambion) is used with minor modifications to the
manufacturers protocol. Briefly, we homoginze the tissue manually, add 200 ul of
chloroform and shake vigorously for 15 seconds. After a brief incubation at room
temperature, we centrifuge for 15 minutes at 4°C and transfer the aqueous phase to a new
vial. To prevent DNA contamination we add 30 units of RNase-Free DNase (79254,
Qiagen) for 45 minutes at 37°C and we inactivate the enzyme at 65°C for 5 minutes. To
extract the RNA, we than add 50ul NaAcetate (3M, pH4.0), 500ul acidic phenol and
200ul chloroform and finally centrifuge for 15 minutes at 12,000 RPM at 4°C. The

aquous phase is transferred to a new vial and 20ul NaAcetate, 500ul of propanol and
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yeast-tRNA (15401-029, Invitrogen) are added for RNA precipitation. To pellet the
RNA, we centrifuge the sample at 14,000 RPM at 4°C for 20 minutes. The supernatant is
removed and the RNA pellet is washed with 75% ethanol, centrifuged and resuspended in
RNase-free H,O and incubated at 55°C for 10 minutes. RNA is quantified and stored at -
70°C until preparation of cDNA. cDNA. We use a total of 440ng of RNA in addition to
Oligo dT primers (18418-012, Invitrogen) and ANTP mix (18427-013, Invitrogen) plus
water for a total volume of 13ul for an initial heat mixture step at 65°C for 5 minutes.
Furthermore, we added SuperScriptlll Reverse Transcriptase (18080-093, Invitrogen) and
reaction components as per the manufacturers protocol. Including Recombinant RNasin
Ribonuclease Inhibitor (N2511, Promega) and RNA-Free H,O, total cDNA reaction
volume was 20ul. We preformed quantification using SYBR Green (4309155, Applied
Biosystems) as recommended in a total reaction volume of 10ul, including 5.5 ng of
cDNA and 0.31 picomoles for each of the primer pair. A complete list of primers is
included in Supp table xx. We preformed all reactions with three technical replicates per
biological replicate. Negative controls for the cDNA did not include Reverse
transcriptase and RNaseOut. qPCr data was collected during the extension step of each
cycle and melting curves were generated for each reaction. 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
wildtype embryo levels for the gene of interest. A complete list of gPCR primer

sequences is in Supp Table 18.
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Western blotting

We performed protein extraction on murine skin at E17.5. First, we used a mortar and
pestle to ground the tissue in liquid nitrogen. The samples were than placed in RIPA
buffer with a cocktail of protease inhibitors (11836153011, Roche Diagnostics). After a
brief incubation, samples were sonicated on ice to prevent overheating. Finally, we
centrifuged the samples for 15 min using 14,000 RPM at 4°C , collected the supernatant
and determined protein concentration. We loaded 50 ug of protein per sample.
Membranes were blocked in 5% milk and washed in TBST. Irf6 (SPEA, Schutte Lab)
and Tfap2a (3BS5, sc-12726, Santa Cruz) antibodies were diluted in 5% milk at a

concentration of 1:750.

Human sequencing and genotyping

A complete list of qPCR primer sequences is in Supp Table 19.

Statistical analysis
We used GraphPad Prism software, version 5, for data analysis. A Student’s t-test is used
to determine significance based on the variance between the two sample populations with

an f-test. For this analysis, a p-value of 0.05 is considered to be significant.

134



APPENDIX

135



APPENDIX

”®

Wl w!

Figure 11: Tfap2a is necessary for MCS9.7 activity and Irf6 expression.
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Figure 11. (cont’d)
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Figure 11. (cont’d)
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Figure 11. (cont’d)
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Figure 11. (cont’d)

(a-d) Loss of Tfap2a alters MCS9.7 enhancer activity during two different developmental time points and in different tissue. (a,b)
Representative images of transgene positive (7 gMCSg' TLacz) Tfap20c+/' (n=20) (a) and Tfap2a'/' (n=4) embryos at E17.5 (b). (c,d)
Representative images of Tfap2o'™; Tg"“*7%4? (n=4) and Tfap2o™";Tg"“>* " ““ (n=7) embryos at E14.0. We did not detected
differences in MCS9.7 activity between Tfap2(x+/ " (n=16) and Tfap2(x+/ " (n=3) at either time point (data not shown). (e-x) Loss of

+/+ and

Tfap2a leads to loss of Irf6 expression in spinous cells of the epidermis. (e-g) Hematoxylin and Eosin staining of Tfap2a
Tfap2a™ skin at E17.5. Scale bars - e,f: 200um; g-h: 20um; (i-x) Immunofluorescence comparing Tfap2a™" and Tfap2a™ skin at
E17.5, with molecular markers as indicated. In all sections, DAPI staining of nuclei (blue). Tfap2a (red) and Trp63 (green) (i-j); Irf6
(red) (f-g); Krtl (red) (m-n); Loricrin (red) (o-p); Ki-67 (red) and Trp63 (green) (h-1); Krti14 (red) and Trp63 (s-t); Krt6 (red) (u-v);
Desmocollin (red) (w-x). Scale bars - i-x: 20um. (y) Quantitative PCR comparing skin transcriptional profiles in 7} fap2a+/+ (n=7,

white), Tfap2o"" (n=6, checker) and Tfap2o”" (n=3, black). Bar graphs presented as a mean + SEM. A Student’s t-test is used to

analyze significance and a p-value is shown above the groups being compared.
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Figure 12: Irf6 regulates Tfap2a.
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Figure 12. (cont’d)
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Figure 12. (cont’d)
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Figure 12. (cont’d)

(a-f) Loss of Irf6 leads to ectopic Tfap2a expression at two different developmental time points. (a-d) Representative images of
wildtype (a,c) (Irf6+/+, n=4, white) and Irf6'/' (b,d) embryos (n=4, black) at E14.5, immunostained for (a-b) Kr¢/4 (red) and Lef1
(green) and (c-d) Tfap2a (red). In all sections, DAPI marks the nuclei (blue). In Irf6'/ " (b, d), while Lefl expression remains restricted
to the basal cell layer, Tfap2a is ectopically expressed. (e-f) Immunostaining of Tfap2a (green) and Irf6 (red) in wildtype (n=3) (e)
and Irf6” (b,d) embryos (n=5) at E17.5, when murine skin has embryonic reached maturation. In wildtype embryos Tfap2a is
restricted to basal and spinous cells (¢) while Irf6 expression is more robustly seen superiorly. In wildtype embryos Tfap2a is
restricted to basal and spinous cells (e) while Irf6 expression is more robustly seen superiorly. In contrast, loss of /76 leads to ectopic
Tfap2a expression (b). Scale bars a-f: 20um. (g) Loss of Irf6 in skin leads to ectopic Tfap2o expression. Quantitative PCR comparing

+/+

skin transcriptional profiles in Irf6 " (n=3) and Irf6'/' embryos (n=3) at E18.5. Consistent with previous microarray data at E17.5, loss
of Irf6 leads to transcriptional increase in 7rTrp63, Krt14, Tfap2o and Tfap2c. (h) Loss of Irf6 in skin leads to reduction in Tfap2a
expression, in contrast to 7rp63 at E18.5. Quantitative analysis of western blot data from Irf6+/+ (n=4) and Irf6’/' (n=5) embryonically
mature skin given as a ratio relative to Gapdh loading control. Consistent with an increase in 7rp63 mRNA level, 77p63 protein levels

increases in Irf6”" skin. In contrast to Tfap2a mRNA level, Tfap2o protein level is reduced. Bar graphs presented as a mean = SEM. A

Student’s t-test is used to analyze significance and a p-value is shown above the groups being compared.
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Figure 13: Irf6 homeostasis is required for neurulation and 7fap2a expression in epidermis.
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Figure 13. (cont’d)
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Figure 13. (cont’d)
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Figure 13. (cont’d)
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Figure 13. (cont’d)

(a) Neural tube development is exquisitely sensitive to Irf6 dose. Representative whole-mount of an Irf6 allelic series at E17.5. (b,c)
qPCR and Western blot data shows direct correlation between Irf6 expression in skin and severity of neural tube defect at E17.5.
Transcriptional profiling (b) for Irf6 and Tfap2a shows a direct negative correlation embryos with 5 grossly different phenotype,
including Irf6" (n=5, blue), Irf6*"* (n=4, orange), Irf6"" (n=3, white), Irf6™ (n=5, gray), Irf6° " (n=5, black). Quantification of
western blots from skin at E17.5 (c¢) for proteins of interests was calculated relative to an internal Gapdh loading control. Values on
the y-axis represent absolute ratio. Pattern of transcriptional changes in Irf6 expression highly correlate with Irf6 protein quantity.
However, both over-expression and under-expression of Irf6 leads to a reduction in Tfap2a among 5 grossly different phenotypes,
including Irf6" (n=6), Irf6*"" (n=3), Irf6 """ (n=4), Irf6*™" (n=5), Irf6'** (n=3). (d-g) Skin immunofluorescence at E17.5. In all
sections, DAPI marks the nuclei (blue). In a manner analogous to neural tube development, both over and under-expression of Irf6
leads to skin pathology in Irf6%", Irf6?"", Irf6*"", Irf6"™" and Irf6"". (d) Krtl (red); (¢) Krt14 (red); (f) Irf6 (red) and Tfap2o (green);

(g) Ki-67 (red) and Trp63 (green).
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Figure 14: Endogenous and Transgenic Irf6 expression regulates 7fap2a in

neurulation.

150



Figure 14. (cont’d)
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Figure 14. (cont’d)
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Figure 14. (cont’d)

Intergenic suppression of Irf6 rescues Tfap2a haploinsufficiency. (a-b) Representative whole-mount images Tfap2a™*“*
haploinsufficient embryos E17.5 (n=7 affected from 68 Tfap2a"““" heterozygous embryos examined). These results were completely
reproducible with the Tfap2a knockout allele. (a) 10% of Tfap2a"” embryos have exencephaly, limb defects, frontonasal hypoloplasia
with a protruding tongue, abnormally folded pinna and low-set ears and abnormal limbs and digits. (b) Skeletal prep of 7j fapZaL“CZ/ !
haploinsufficient embryos show absence of the skull bones, including the frontal, parietal and intra—parietal bones. (c-d)
Representative whole-mount images Tfap2a™“““";Irf6*" embryos E17.5 (n=69, 0 affected, p=0.0063). (c) 100% of Tfap2a*““";Irf6*"
embryos have grossly normal craniofacial and limb. (d) Skeletal prep of Tfap2a"““";Irf6"" embryos shows complete rescue of neural
tube development, including craniofacial and limb structures. (e-n) Representative images are shown for all histological and
immunostained data. (e-f) Immunostaining at E8.5 shows Irf6 and Tfap2a co-localization in neural tube, superficial ectoderm and
neural crest cells. (e”) Plane of section at E8.5, for images e-f. In all sections, DAPI marks the nuclei (blue). (e) Irf6 (red) and Tfap2a
(green) are co-expressed in the neural plates, non-neural superficial ectoderm, and neural folds. (f) magnified view of white box (f) in
(e) showing Irf6 (red) and Tfap2a (green) co-localization. (g-n) Histological analysis and immuno-staining reveals neural tube defects
and loss of Tfap2a cells in embryos over-expressing Irf6 as early as E9.5. (g”) marks the plane of the section for (g-n). (g-h)

histological analysis of wildtype (g) and mutant embryos over-expressing Irf6 (h). Wild type embryos have both rostral and caudal

neural tube closure, with intact facial mesenchyme (g).
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Figure 14. (cont’d)

In contrast, littermate mutant embryos show severe neural tube closure defects rostrally and closure delay caudally, abnormal optic
vesicle and disorganized facial mesenchyme (h). (i-n) Immunostaining of wildtype (i-j,k,m) and mutant littermates (L,n). (i-n), Irf6
(red) and DAPI (blue). (i) RhoB (green), marks neural crest cells, co-localizes with Irf6. (j) Krt14 (green), co-expressed with Irf6,
stains both the neural tube and neural crest cells. (k-1) RhoB (green). Compared to wildtype embryos (k), mutant littermates have
ectopic Irf6 expression and abnormal rostral neural tube closure and neural crest cell migration (1). (m-n) Tfap2a (green). Wildtype
embryos (m) have Irf6 (red) and Tfap2a co-localization in neural tube and pre-migratory neural crest cells whereas mutant littermates
have ectopic Irf6 expression and loss of Tfap2a staining in the neural tube and neural crest but not non-neural epithelium (n). (0)
Endogenous and transgenic Irf6 expression cooperate to functionally antagonize Tfap2a in skin, limb craniofacial and body-wall
development. While Irf6™; Tfap2a""" ; Tg"*"*"7 (n=12) do not develop neural tube defects, 10% of Ir/6""; Tfap2a™"; Tg"*"*7 (n=10,
1 affected) develop anencephaly and an abdominal wall defect. In contrast, 55% of Irf6+/ T fap2a+/‘; T gKRTM‘Irﬁ (n=18, 10 affected, 8

grossly normal) developed more severe neural tube, limb and abdominal wall defects (p-value = 0.02).
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Figure 15: Tfap2a and Grhi3 interact in caudal neurulation.
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Figure 15. (cont’d)
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Figure 15. (cont’d)

(a) In contrast to skin, reducing /rf6 expression in tail leads to reduction in 7fap2a and Grhi3. (a) qPCR data at E13.5 and E17.5 from
whole-tail RNA extraction. Transcriptional profiling shows that reducing Irf6 in Irf6®” (n=5, blue) as compared to littermates with the
wildteype allele, Irf6®'" (n=3, orange), leads to a reduction of Zrf6 and a corresponding reduction in Tfap2a and Grhi3 at E17.5 but not
E13.5, when tail abnormalities are not yet obvious (data not shown). (b) While wildtype, and singly heterozygous pups and embryos
for Grhl3 and Tfap2a have a grossly normal tail, 15% of double heterozygous, Tfap2a";Grhi3"", embryos and pups (n=20, 3

affected) have a grossly curled tail, defined as >90° change in tail angle from base to tip.
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Figure 16: Shared IRF6 mutation in Spina Bifida and VWS.
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Figure 16. (cont’d)

IRF6

Sequencing of 96 patients with Spina Bifida reveals shared mutation in orofacial clefting and neural tube defects. The mutation,
D427Y, occurs at a highly conserved amino acid within exon 9. Structural analysis shows that the mutation is found at the junction of

a non-ordered liker region and a the c-terminal alpha-helix of IRF.
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Table 6: Association between IRF6 (rs642961) and risk of NTDs

5642961 Case Control OR (%95 CI) Acglllzs,t:ed
Genotype (95% CI)
Among All
AA 53 42 1.3 (0.8-2.0) 1.3 (0.8-2.0)
GA 89 113 0.8 (0.6-1.1) 0.8 (0.6-1.2)
GG 283 292 Reference
Among white
AA 6 8 1.0 (0.3-2.9)
GA 33 49 0.9 (0.5-1.4)
GG 85 108 Reference
Among HISP-NB
AA 13 10 1.3 (0.5-3.3)
GA 14 20 0.7 (0.3-1.6)
GG 44 44 Reference
Among HISP-FB
AA 30 18 1.3 (0.7-2.6)
GA 36 35 0.8 (0.5-1.4)
GG 124 100 Reference
Among Black
AA 0 0 ---
GA 3 4 0.8 (0.2-4.2)
GG 15 16 Reference
Among Asian
AA 3 6 1.0 (0.2-5.0)
GA 3 5 1.3 (0.3-6.2)
GG 11 23 Reference

"Adjusted for race/ethnicity.
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Table 7: Association between IRF6 (rs75012801) and risk of NTDs

rgj?:fyi‘? Case Control  OR (%95 CI) A‘}J;Ss.f/idc%R*
Among ALL
TG 5 7 0.7(0.2-2.4) 0.7 (0.2-2.1)
TT 420 438 Reference
Among White
TG 1 2 0.7(0.1-7.4)
TT 122 161 Reference
Among HISP-NB
TG 1 1 1.0(0.1-16.8)
TT 70 72 Reference
Among HISP-FB
TG 3 4 0.6(0.1-2.7)
TT 188 149 Reference
Among Black
TG 0 0 ---
TT 18 20 Reference
Among Asian
TG 0 0 ---
TT 17 35 Reference
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Table 8: Association between IRF6 (rs17317411) and risk of NTDs

rs17317411 Case Control OR (%95 CI) Adjusted OR*
Genotype (95% CI)
Among ALL
cC 1 3 0.4 (0.04-3.5) 0.5 (0.05-4.6)
1.2 (0.8-1. 1.2 (0.9-1.8
TC 73 66 (0.8-1.7) ( )
TT 351 382 Reference
Among White
cC 1 3 0.5 (0.1-4.8)
TC 34 32 1.6 (0.9-2.7)
TT 89 132 Reference
Among HISP-NB
cC 0 0
TC 6 13 0.4 (0.2-1.2)
TT 64 61 Reference
Among HISP-FB
cC 0 0
27 16 1.4 (0.7-2.7)
TC
TT 164 138 Reference
Among Black
cC 0 0
TC 2 3 0.7 (0.1-4.8)
TT 16 17 Reference
Among Asian
cC 0 0
TC 2 1 4.5 (0.4-53.9)
TT 15 34 Reference

"Adjusted for race/ethnicity.

Tables 6 — 8 show sequencing results from our examination of an association between
IRF6 variants and Spina Bifida. While sequencing is currently on-going, we have
examined three variants, including rs642961 (MAF 17%), rs17371411 (MAF 8%),
rs75012801 (MAF 0.8%). At this point, these three /RF'6 variants do not appear to be

associated with spina bifida.
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Figure 17: Generation of Irf6 hypomorphic allele.
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Figure 17. (cont’d)

(a) We inserted a neomycin cassette, bracketed with LoxP sites (black triangles within intron), into intron 4 of a /rf6 BAC clone.
Spanning introns two-six, we inserted a Pgk-Neo cassette into intron 4. (b) 5 and 3 prime PCR was used to confirm wildtype (#29) and
recombinant clones (#28). (c) For genotyping, two primer sets were designed. In intron two, one set is designed to bracket a LoxP site
in the recombined clone (black arrows). In intron four, an additional primer set brackets the Pgk-Neo cassette (red). Primer
combinations and fragment sizes are also shown. (d) PCR confirms genotypes of Irf6 wildtype and hypomorphic (Irf6" or Irf6”)

embryos.
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Figure 18: Irf6 transcripitonally regulates 7rp63, Tgm1 and Krtl but not Krt14 and

Tfap2c in skin.
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Figure 18. (cont’d)

Genotypes and biological replites include Irf6ey/_ (n=5, blue), Irf6ey/Jr (n=4, orange),
yp

Irf6+/Jr (n=3, white), Irf6tg_Wt (n=5, gray), Irf6tg_aln (n=5, black). In addition to post-

translational degradation, we found that reducing /rf6 lead to an increase in 7r7rp63
mRNA. While over-expressing Irf6 was associated with reduction in 777rp63 mRNA,
this was not statistically significant. While loss of Irf6 leads to ectopic Krt/4 and Tfap2c,
modulation of /rf6 dose did not alter Krt/4 or Tfap2c transcript. In contrast, over-
expressing /rf6 lead to reduction in Kr¢/ and Tgml, consistent with /rf6 driving

differentiation in epidermis.
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Figure 19. (cont’d)
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Figure 19. (cont’d)
(a-f) Skin development is exquisitely sensitive to /76 dose. (a) Representative skin histology of an /6 allelic series at E17.5, stained
with Hemtoxylin and Eosin. Irf6 regulates epidermal thickness, with reductions leading to hypotrophic and over-expression leading to

hypertrophic skin. (b-f) Skin immunofluorescence of an Irf6 allelic series at E17.5. In manner highly analogous to neural tube

development, both over and under-expression of Irf6 leads to skin pathology in Irf6ey/_, Irf6ey/+, Irf6+/+, 1ef6 €™ and Irf6' =™,

Counter-staining of nuclei with DAPI (blue) is seen in all sections. (b) Krt6 (red); (c) Loricrin (red); (d) desmosome; (e) Activated

Caspase 3 (red); (f) Tgml1 (red).
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Figure 20: Irf6 Transcriptionally regulates Tfap2c but not Krt14 in tail development. Reducing Irf6 in tail tissue leads to an
increase of Tfap2c at E13.5 but a decrease at E17.5, in direct contrast to skin tissue. Irf6 does not regulate Kr#/4 in the tail at either

timepoint.
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Table 9: Tfap2a " ;Tg" <> L4

E13.5 E17.5 Total
Litters 3 8 11
Tfap2a""* 4 4 8
Tap2a'” 3 13 16
Tap2a” 3 5
Tap2a S TgMCSQ. 7-LacZ 1 6
Tap 2t TgMCSQ. 7-LacZ 4 20 24
Tap2a” -7 TLacZ 7 4 11
Total 19 47 66
p-value 0.36 0.29 0.71
Resorbing 3 8 11 (p=0.0086)
We intercrossed mice hemizygous for the Tg > “*% transgene with mice

heterozygous for the Tfap2a knockout allele. To produce the F2 progeny that were

-/- . MCS9.7-LacZ . - /= . -
T fap2a/;T g €597 Lac , we intercrossed T7j fap2a+/ ;T gMCSg PR Gith T, fap2a+/
mice. We examined embryos at E13.5 and E17.5 and found no differences from the

predict distribution. We did find a significant number of resorptions. We also found that

one Tfap2o * had exencephaly.
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Table 10: Irf6ey/- Vs. Irf6ey/+

E13.5 E17.5 Total
Litters 1 4 5
™" 3 17 20
Is™" 6 18 24
Total 9 35 47
p-value 0.32 .87 Sl
Resorbing 0 2 2 (p=0.51)

We intercrossed mice homozgygous for the Irf6 hypomorphic allele (/7/6%?) with mice
heterozygous for the Irf6 genetrap allele (Irf6+/_). We examined embryos at E13.5 and

E17.5 and found no differences from predict genotype distribution.
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/+ KRTI14-Ir6

Table 11: Irf6 " '; Tg

E13.5-E15.5 | E16.5—-18.5 Total
Litters 4 30 34
s 16 104 120
1 g RTI4Ir 12 114 126
Total 28 218 246
p-value 44 49 0.70
Resorbing 4 19 23 (p=0.0086)

We intercrossed mice hemizygous for the

MCS9.7-LacZ

littermates or 7g

TgKR T14::Irf6

transgene with either wild type

mice . We examined embryos between E13.5-E15.5 and

E16.5-E18.5 and the embryonic distribution did differ from the expected ratios with or

without the MCS9.7-LacZ transgene. However, we found a significant number of

resorbing embryos in either case.
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Table 12: Tg"XT14176, 1 KRT14-Ir6
E17.5-P0 Total
Litters 5 5
s ] :
s 7RI i~ -
Total 40 10
p-value 35 0.35
Resorbing 4 4 (p=0.18)

We intercrossed mice hemizygous for the

differentiate between hemizygous and homozygous embryos for the Tg"

examined embryos at E17.5 and not detect differences from predict distribution. We did

TgKR T14::Irf6

transgene. We calculated the expected ratio as 3:1, Tg"R* 7%

. Genotyping protocol does not

not have a sufficiently large sample size to assay resorptions differences.
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Table 13: Tfap2a” ;Irf6"

E13.5 | E15.0 | E17.5 - PO Total
Litters 8 7 23 38
Trap2a”"" :1rfs™ 18 13 34 65
Trap2a" 15" 16 10 41 66
Thap2a” i1rfs™" 16 12 38 67
Thap2a":1rfs™" 17 9 43 69
Total 69 45 157 299
p-value 0.98 25 43 0.34
Resorbing 1 14 17 32 (p=0.0006)

We intercrossed mice heterozygous for the Irf6 genetrap allele (Irf6+/_) and the T; fap2a+/_

to generate 7} fap2a+/-;lzf6+/_ embryos and pups. We examined embryos at all time points

and found no significant difference in embryonic distributions. However, we found a

significant number of embryonic resorptions that did not affect any one genotype.
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Table 14: Tfap2a”~

E17.5-P0 Total
Litters 9 9
Tfap2a""* 16 16
Tap2a'” 29 29
Tap2a”” 4 4
Total 49 49
p-value 0.02 0.02
Resorbing 8 8 (p=0.047)

. . +/- .
We intercrossed mice heterozygous for Tfap2o / allele. In this cross, we found that three

v§ fap2a+/_ had exencephaly.
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Table 15: Tfap2a ;Tg" X 14116
E16.5-17.5 Total
Litters 2 <
Trap2a™" 19 "
Thap2a'" 19 s
Tap2o™ - T RT14-116 5 ;
Trap2a™”: 7RI 6 -
Total 63 =
p-value 0.24 04
R ? 9 (p=0.03)

. . +/- . . .
We intercrossed mice heterozygous the Tfap2a ~ with mice hemizygous for the

KRTI4::Irf6 KRTI14::Irf6
Tg " T e

+/-
to generate Tfapla /; Jo4 embryoe. We found no significant

difference in the distribution of embryonic genotypes but found a significant increase in

the number of resorbtions.
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Table 16: Tfapza Il‘f6 KRT14-Ir6

E17.5-P0

Litters 9

Tap2a" 15" 12
Tap2a 1™ 5
Tap2a " 1rfs™" 7
Tfap2a+/ ' 'Irf6+/ : 5
Tap2a” ]rf6 7 RRTT-Ifo 7
Tapza 1" KRTI4 Irf6 )
Tapza” i1 rfé KRTI4 Irf6 12
Tap2a 1t KRT14 Irf6 1
Total 66

p-value 0.07

Resorbing 5 (p-value =0.44)
KRT14 qrf6

We intercrossed mice hemizygous for the T7; (over-expressing Irf6é under the

control of the KRT14 promoter) with mice heterozygous for the Irf6 genetrap allele

KR T14-Irf6

(Irf6+/_) and the T, fap2a+/_ generate 7] fap2a Irf6 and T, fap2a+/_

KR T14-Irf6

Irf6 . We examined embryos at E17.5 and PO, shown are the combined

KR T14-Irf6

genotypic distribution. While YfapZa Irf6 were under-represented,

the genotype distribution did not differ from the predict value.

178



Table 17: Tfap2a+/-;Grhl3+/-

E15.5- PO
Litters 7
Trap2a” -Gz 8
Trap2a" - Grni3™™ 14
Trap2a” ™ :Grni3™" 19
Trap2a'" Grii3™" 20
Total 61
p-value 0.11
Resorbing 3 (p=1.0)

a 4/
We intercrossed mice heterozygous the Ifap2a+/ and Grhi3 / alleles to generate

T fap2a+/_; Griiz"" embryos and pups. Both the number of resorptions and the genotype

distribution did not differ from the predict values.
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Table 18: Murine qPCR primers sequences

Gene Primer name Primer Sequence (5’ to 3°)
4938 mlrf6 F AGTGTGGCCCAAAACAGAAC
Irf 4939 mirf6 R GGGTTGCTCACCGTCATAGT
Beta 4588 Actb F TCTGGCTCCTAGCACCAT
Actin 4589 Actb R GGGCCGGACTCATCGTAC
Grhl3 4994 Grhl3-197F GAACCTCGGAGAAGGAAGAT
set 1 4995 Grhl3-240R TTCTTCAGCAACCGCACAGA
Grhl3 4996 mGrhl3-1779F TTGACGCGCTCATGTTGAAG
set 2 4997 mGrhl3-1848R AGGCCGTACTTCTCAGAGAT
4781 mTrTrp63-707F GAAGGCAGAGCGTGCTGGTC
P03 8 mTeTrp63-811R TCATTCCTCCGACGCAGCTG
5121 CK14 F AGCGGCAAGAGTGAGATTTCT
Krit4 5122 CK14 R CCTCCAGGTTATTCTCCAGGG
Teml 5109 Tgm1F GCGGAGGGCTGTGGAGAAGG
5110 TgmIR GGGTGCGCAAACGGAAGGTG
5103 Krtl F GACACCACAACCCGGACCCAAAACTTAGAC
Kl 5104 Krtl R ATACTGGGCCTTGACTTCCGAGATGATG
Thap2e 5125 Tfap2c F ATCCCTCACCTCTCCTCTCC
5126 Tfap2c R CCAGATGCGAGTAATGGTCGG
Tfap2a 5127 Tfapa F GAAGACTGCGAGGACCGTC
set 1 5128 Tfapa R GAAGTCGGCATTAGGGGTGTG
Tfap2a 5191 - Tfap2a F CGCCCTACCAGCCTATCTAC
set 2 5192 - Tfap2a R GGGAGTAAGGATCTTGCGACT

Primers for Krt14, Tfap2c and Tfap2a set 1 were previously published in Qiao et al,
2012, Cell Research; doi:10.1038/cr.2012.122. Primers for Tgm1 and Krtl were

previously published in Wang et al, 2008, JCB; doi/10.1083/jcb.200804030
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Table 19: IRF6 sequencing primers

Forward Primer Forward Primer

IRF6_1F | ttagaagcggaggagtaggg IRF6_1R | accccaaacacacagatge

IRF6 2F | caaagcttgtctcatgactgct IRF6 2R | gggctttggaagagaaggaa

IRF6 3F | tggcacagcttattcccata IRF6 3R | ttcaaccattgcagacatgc

IRF6_4F | tgtgtgtttgtgtctatgagaaagg IRF6_4R | tcaggctgttttcaagttgactat

IRF6 SF ggaggtccttccatgagaga IRF6 SR | cagggagttcctcacctetg

IRF6_6F caggagcaggggaaccttat IRF6 _6R | gaggatgcctctgagacagg

IRF6_7F | tgaatgctggttgaaaggtg IRF6_7R | gcaggaaggtgaaagacagg

IRF6 8F tgactaatgtgacccaggaact IRF6_8R | aagatctccactaaatcaatcacce

IRF6 9F | gtcttcctcagggcectettt IRF6 9R | AAACTCCCAGGCCAAATCTC
IRF6_10F | TGGAAAAATCACCCTTCAGA | IRF6_10R | TCCCTAGGCTTTCTGTGTCAA
IRF6_11F | GCTGGCTGGTTGCTTAGAA IRF6_11R | TGAAAGGGTTAGAGACTCAGCA
IRF6_12F | GCTGGGCAGTACTCTTCTGG IRF6_12R | GTTGGAGATGGCCTGGTTTA
IRF6_13F | AAGCCCCAGTCCTCTTGAAT IRF6_13R | TTGGCACTTTTCCAATACCC
IRF6_14F | CTCTTGAATCTGGGCCAGTC IRF6_14R | TTTTATGGGAAAGGGACCAG
IRF6_15F | TCACTGTGTACCCCACCAAA IRF6_15R | tgggaggaggaccagcttat
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Chapter 4 -
Epithelial Irf6 rescues lethality but not craniofacial and

limb development
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Abstract

IRF6 regulates epithelial development and differentiation. Inherited /RF6 alleles cause
and contribute risk for orofacial clefting and somatic mutations are associated with skin
tumorigenesis. In human and mouse, perturbing /RF6 function also leads to limb, digit
and craniofacial defects. However, the critical dose, cell autonomy and tissue-type by
which /RF6 mutations confer pleiotropic disease are unknown. To delineate the critical
dose at which disease occurs, we use an allelic series to titrate /rf6 expression in the
mouse. We find that compound heterozygous embryos for the /rf6 null and hypomorphic
alleles display completely penetrant bilateral oral adhesions and abnormal periderm. To
test the role of epithelium in the human-mouse disease spectrum, we drive an rf6
transgene in the basal epithelium of embryos lacking endogenous expression. Rescue
embryos appear to have a normal epidermis and, remarkably, survive parturition and
early post-natal development. Despite epidermal rescue, limb clubbing and a curled tail
persist. Strikingly, palatal elevation is obstructed by oral adhesions between the palatal
shelves and the tongue, leading to a cleft palate in 100% of rescue embryos (N = 23).
Despite Irf6 expression in the basal cell layer, we find an abnormal periderm at oral

adhesion sites. Therefore, while sufficient for a functional epidermal barrier and post-
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natal survival, basal /rf6 expression is not sufficient for palate, limb and tail development.
Together, this work suggests that inherited /RF6 alleles can contribute to pleiotropic
disease through dosage sensitivity (heterozygous vs. compound hypomoprh),
involvement in multiple developmental pathways (skin vs. limb clubbing and tail) and

cell-autonomous expression (basal vs. periderm expression in palate).

Introduction

Mutations in Interferon regulators factor 6 (/RF6) lead to Van der Woude Syndrome
(VWS, # 119300) and Popliteal Pytergium Sydnrome (PPS, # 119500), two dominantly
inherited orofacial clefting disorders (1). Moreover, DNA variants within the /RF'6 locus
also increase risk for isolated or nonsyndromic orofacial clefting (iCLP), accounting for
12% of world-wide risk (2). Loss of IRF'6 expression in epithelial tissue has also been
linked to skin and head and neck squamous cell carcinoma (3, 4). Furthermore, we
recently showed that /RF6 is required for neurulation (Kousa, Chapter 3). Therefore,
understanding the dose, cell-type and cell autonomy by which IRF6 exerts its function

may provide important insight into human development and disease.

In the mouse, loss of Irf6 leads to skin, limb, craniofacial and neural tube defects (5)
(Kousa, Chapter 3). While the range of affected tissues in Irf6 knockout embryos has
provided numerous insights, a murine phenotype that models iCLP, VWS and PPS
pathophysiology is lacking. For instance, while haploinsufficiency of /RF'6 leads to
VWS, mice heterozygous for either a null /rf6 allele or a dominant negative /rf6 allele do

not develop a cleft palate (5, 6). By contrast, /rf6 knockout embryos have severe, bilateral
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oral adhesions that involve all epithelial surfaces in the oral cavity. While this pathology
thought to lead to cleft palate in the mouse, oral epithelial adhesions are not common in
patients with VWS. Therefore, a dynamic murine model that illuminates human orofacial

clefting has not been developed.

In the oral cavity, Irf6 function appears to be essential during early palatogenesis. In /rf6
knockout embryos, pervasive oral adhesions result in vertically oriented palatal shelves
from E13.5 — PO (5, 6). Oral adhesions are thought to result from loss or dysfunction of
the periderm (7), a squamous epithelium that covers the oral cavity. More broadly,
epithelial adhesions in Irf6 knockout embryos obliterate the esophageal lumen and fasten
appendages to the body wall (5). However, the periderm remains an enigmatic cell type
with a poorly understood role in palatal development. In addition, it is not known what
role, if any, IRF6 plays in the development of non-epithelial tissues. As such, the
pathophysiological mechanisms leading to limb, digit and craniofacial defects in VWS

and PPS remain opaque.

In the mouse, loss of Irf6 is highly similar to loss of lkka (8, 9), 14-3-3 sigma (Stratifin)
(6), Kdf1 (10) and, to a lesser extent, Ripk4 (11). Invariably, a prominent phenotypic
feature in these murine models is a taut, shiny epidermis that encases the organism. As a
result, prior work has sought to rescue the knockout embryo by rescuing the epidermis.
For example, driving Ikka with an epithelial specific promoter (KR7'14) leads to complete
rescue of the skin, limb and digits, suggesting both cell-autonomous and non-cell

autonomous function (12). An analogous experiment using the KR75 promoter, co-
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expressed with KRT'/4 in the basal cell layer, leads to complete rescue with over-
expression of lkka (13). While Ripk4 knockout embryos are less severely affected, Ripk4
expression under the KR714 promoter more fully rescues skin and limb defects (14).
Interestingly, Tkka and 14-3-3sigma knockout embryos could not be rescued by epithelial

Ripk4 expression.

In this study, we set out to understand the dose and tissue by which Irf6 exerts in vivo
function. We titrate /rf6 dose and find that compound heterozygotes for the /rf6 null and
hypomorphic alleles have completely penetrant, bilateral mandible-maxilla oral
adhesions but not clefting. To test how epithelial /76 expression contributes to
craniofacial, limb and digit anomalies in knockout embryos, we attempt to rescue the
epidermis. We find Irf6 transgene expression in basal epithelium using the KR7'14
promoter rescues epidermal development and perinatal lethality but not limb, tail and
craniofacial defects. Unexpectedly, we find that basal Irf6 expression is not sufficient to
rescue oral adhesions and palatal clefting. Furthermore, we find that oral adhesions
between the palatal shelves and the tongue are completely associated with CLP,

suggesting a key role in pathogenesis.

Results
Titrating Irf6 dose shows that mandible-maxilla oral adhesions are not sufficient for
clefting
To investigate how endogenous /rf6 expression alters palatal development, we examined

craniofacial tissue from embryos with a recently characterized hypomorphic allele
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(Irf6"°) (Kousa, Chapter 3). To reduce endogenous expression further, we combined the
hypomorphic allele with the /rf6 genetrap allele ((5); herein referred to as Irf6’). Based
on previous work, we predict that reducing endogenous Irf6 expression would lead to oral
adhesions and palatal clefting. In examining Irf6™”" (N=3), we found no evidence for
oral adhesions or palatal clefting at E17.5. In contrast, Irf6"”" (N=6) had completely
penetrant, bilateral oral adhesions between the mandible-maxilla most frequently and
severely involving the mandibular tooth germ (Fig. 21A). However, despite the severity
of these oral adhesions, we did not detect palatal clefting in /76"~ embryos. To
understand this process, we marked the oral epithelium using Krt6 for the periderm (Fig.
21B,C) and Krt14 and Trp63 (Fig. 21B-E) for the basal cell layer. We previously showed
that loss of Irf6 expression between the mandible and maxilla at the tooth germ is
associated with loss of Krt6 and oral adhesions (15). Here, we predicted that reducing
Irf6 expression would lead to a loss of Krt6 expression and oral adhesions. However,
oral adhesions were present between the mandible and maxilla despite Krt6 expression
(Fig. 21B). Together, these results suggest that oral adhesions between the mandible and
maxilla are not sufficient for palatal clefting and that loss of Krt6 expression is not

required for oral adhesions at the tooth germ.

Assuming that periderm is required in preventing oral adhesions, these results suggest
that Krt6 is an unreliable periderm marker in pathological states. An alternative
explanation is that we have perturbed the periderm but that periderm function is not
associated with oral adhesions. To delineate between these two models, we sought to

identify a novel molecular signature for the periderm. We previously showed that Grhl3
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is downstream of Irf6 in periderm (16). Here, we predict that attenuating /rf6 dose would
affect Grhl3 expression in periderm. Consistently, Grhl3 expression is lost almost
exclusively in adherent oral epithelium, including periderm (Fig. 21F,G). As Grhl3 marks
non-adherent periderm, we conclude that Krt6, an intermediate filament, may also be a
marking stress in mutant oral epithelium. Analysis of proliferation using Ki-67 did not

reveal qualitative changes in Irf6™”" embryos (Fig. 21H,]).

Irf6 expression using the KR7T14 promoter completely rescues cutaneous defects
To test how epithelial development contributes to pleiotropic dysmorphology in Irf6”
embryos, we used a basal epithelial-specific promoter (KR714) to drive Irf6 expression.
In a manner analogous to /kka rescue using the KRT14 promoter (12), we predicted that
epithelial 7rf6 expression would cell-autonomously rescue epidermal defects. We
considered limb, skeletal, craniofacial and tail defects to be secondary to epidermal
pathology. As such, we predicted that epidermal rescue would lead to limb, craniofacial
and tail rescue. Genotyping of embryos from the experimental cross (Irf6""; Tg"""* 7 x
Irf6"") revealed a significant difference between the expected and predicted Mendelian
distribution (Table 20; N=168, p-value = 9.67 x 10°°). Distribution differences were
primarily driven by under-representation of Irf6” (predicted 22; actual 9) and Irf6""
(predicted 44; actual 22). At E15.5, under-representation of the Irf6'/ " genotype by
approximately 13 co-occurred with 11 embryonic resorptions (p-value = 0.048, Fisher’s
exact, two-tailed T-Test, based on 1-3% spontaneous resorptions in C57BL/6 mice, tested

TgKrt] 4::Irf6

against the maximum 3% rate) (17). However, Irf6”; embryos did not differ

from the expected Mendelian prediction (predicted 22; actual 23). Therefore, embryonic
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lethality did not contribute to a skewed production of experimental embryos (/6"

: TgKrtM: :lrﬂi)'

In the epidermis, loss of /rf6 leads to an expanded, hyper-proliferative super-basal layer
that lacks stratification and differentiation. First, we analyzed skin mRNA to quantify /rf6
expression by the KRT14 promoter. We find that Irf6”; Tg""'**"" skin expresses
significantly more Irf6 relative to knockout embryos (p-value = 0.001) (Fig. 22A).
Importantly, [r/6 expression in Irf6"" and Irf6”"; Tg"""**"/ was not statistically different
(p-value = 0.32). Histologically, we find that /rf6 expression using the KRT'14 promoter

is sufficient to rescue epidermal morphology (Fig. 22B). Molecularly, Irf6 expression

TgKrt]4::bf6

restricts Krtl and Krt14 expression in Irf6”; , leading to a molecular profile

+/+

highly analogous to Irf6 " pups (Fig. 22C-D). Irf6 expression also lead to epidermal
stratification and differentiation, as seen with expression of the differentiation marker

Loricrin in Irf6”"; Tg"*"" but not Irf6”~ embryos (Fig. 22E). Furthermore, we did not

detect Krt6, a cutaneous marker of stress, in Irf6™; Tg""""*"7 at PO (Fig. 22F).

Epithelial Irf6 rescues perinatal lethality

Examination of Irf6”"; Tg""'**"/ pups (N=12) revealed dramatic differences in
morphology as compared to both wild-type and Irf6™" littermates. Most strikingly, while
Irf6”" pups died shortly after birth, Irf6”; Tg""**7 did not (Supp movie). Instead, Irf6™

Krt14::Irf6 . . . . .
;TN 1% pups appeared to be active and responsive to environmental stimuli. However,

after periods of mild activity, highly comparable to wild type littermates, Irf6”; Tg""*7°

demonstrated labored breathing with marked abdominal retractions. Unexpectedly, this
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data suggests a novel role for 7/ in respiration. Despite perinatal survival, Irf6”
;Tg"*17 did not live until weaning. We did not observe gross phenotypic variation in

Irf6” ; Tg""*"7 experimental pups.

Grossly, Irf6”"; Tg""'*" pups had normal skin that appeared more taut than wildtype
littermates (Fig. 23A-B). Importantly, cutaneous rescue led to loss of adhesions between
the body wall and appendages, including the tail and limbs. Unlike littermates, Irf6’/'
;T hups did not have a milk spot, suggesting dysfunction in the digestive tract.
Furthermore, despite rescue of appendage-body wall adhesions, clubbing of both upper
and lower limbs persisted. Furthermore, loss of adhesions around the tail reveals a

Tg" "% pups. We analyzed the skeletons of these

completely penetrant curl in /rf6”;
pups to determine cartilage and bony dysfunction. Importantly, the appendicular skeleton
appeared different in two ways (Fig. 23C). First, consistent with above data, loss of skin
adhesions in Irf6”"; Tg""'*""® permitted limb movement away from the axial skeleton.
Secondly, like knockout littermates, Irf6"; Tg""""*"® pups exhibited fully penetrate
syndactyly of both upper and lower limbs (Fig. 23C, top inset). Ossification of tail
vertebra did not appear to differ. In the axial skeleton, we found that Irf6™; Tg""'*/
like Irf6”" pups, had a bifid xiphoid (Fig. 23C, bottom inset). This data suggests that
appendage-body wall adhesions result from /rf6 expression in the epidermis.

Interestingly, these data also suggest that limb defects, including clubbing and

syndactyly, do not result from loss of epithelial /rf6 expression.
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Completely penetrant clefting and esophageal adhesions despite basal Irf6
expression

Prior work shows that /7f6”" pups have uniformly penetrant oral clefting with ubiquitious
oral and esophageal adhesions. As we did not detect a milk spot, we further predict that

oral clefting and esophageal adhesions contribute to uniform postnatal lethality of /rf6”

: TgKrtM: Irf6 Krtl4::Irf6

pups. Despite Irf6 expression in basal epithelium, Irf6"; Tg embryos
(N=12) display completely penetrant palatal clefting at PO (Fig. 24). However, in contrast
to Irf6”" pups, Irf6"; Tg"""**"7 have less extensive oral adhesions. In the anterior (Fig.
24A) and middle palate (Fig. 24B), oral adhesions are primarily found between the
mandible and maxilla. More posteriorly, oral adhesions are seen between the tongue and

palate but not between the mandible and maxilla (Fig. 24C). Unexpectedly, we also

observe tongue-palate oral fusions in the posterior palate.

Histological examination of the thoracic cavity also reveals fully penetrant esophageal
adhesions in Irf6”; Tg""'*""" pups (Fig. 25). Surprisingly, these adhesions are highly
similar to but morphologically distinct from /rf6 knockout embryos (“M” vs. “S” shape)
(Fig. 25A). However, previous reports show that skin KRT/4 promoter activity is 1000-
fold greater than the esophageal epithelium (14). Consistently, we find that Krt14
immunostaining in the esophagus requires 10-fold more exposure time relative to skin
(Fig. 25B). Therefore, in direct contrast to epidermal rescue, Irf6 expression via the
KRT14 promoter is not sufficient to rescue esophageal adhesions. Together, these data

TgKrtM: :Irf6

suggest that morphological change in the esophagus of Ir/6”; pups represent an

intermediate phenotype.
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Palate-tongue oral adhesions prevent palatal elevation

TgKrt] 4::Irf6

Considering analysis of Irf6”; pups, we concluded that /rf6 expression in basal

epithelium is not sufficient to rescue palatal adhesions and clefting. To examine the
pathophysiological mechanism and cell types leading to oral clefts in Irf6™" Tg"""*7
pups, we examined embryos at E15.5 (N=11). We examined three types of oral adhesions
based on the surfaces they approximate: 1) mandible and maxilla, 2) palate and mandible
and 3) palate and tongue. Between the mandible-maxilla, we found completely penetrant,
bilateral oral adhesions throughout the palate that did not differ from /rf6” embryos (Fig.
26A-C). At the palate-mandible interface, oral adhesions are completely rescued in the
anterior and middle palate (Fig. 26A,B). However, oral adhesions persisted between the
palate and mandible in the posterior palate (Fig. 26C). Palate-tongue oral adhesions are
found throughout the palate but are limited in severity in contrast to Irf6’/' (Fig. 26A-C)
Palate-tongue oral adhesions in the anterior and middle palate obstructed elevation and
stymied horizontal growth. Critically, these palate-tongue adhesions interfered with
contact between the palatal shelves (Fig. 27A). As a result, fusion between the palatal

shelves did not take place, leading to a frank cleft as the head enlarges progressively until

birth.

To investigate the molecular mechanism underlying this highly complex process, we
analyze markers of oral epithelium in mid-palate at E15.5. First, we mark the periderm
with Krt6 (Fig. 27B) and basal cells with Trp63 and Krt14 (Fig. 27B-C). As expected,

immunostaining for /rf6 shows expression in the basal cell layer. Considering that basal
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cells differentiate into periderm cells, we also expect and find /7f6 expression in the
periderm (Fig. 27D). Importantly, and consistent with results in /rf6”" and Irf6""

embryos, Krt6 expression in the periderm of Irf6”; Tg""!*7

embryos is not sufficient to
alter palate-tongue oral adhesions (Fig. 27, middle panel). Furthermore, we find that re-
expression of Irf6 rescues Krt6 expression but does not attenuate adhesions at the tooth
germ (data not shown). Based on results in /r/6"*”~ embryos, we predict that re-
expression of Irf6 would rescue Grhl3 expression in periderm. Consistently, Grhl3
expression is observed non-adherent oral epithelium bordering palate-tongue oral
adhesions (Fig. 27E). Unlike Krt6, these results suggest that Grhl3 expression in
periderm is both necessary and sufficient in marking oral adhesions. Furthermore,
consistent with previous findings, re-introduction of Irf6 led to a wildtype pattern of
Activated Caspase 3 expression in the nasal epithelium (Fig. 27F) and Ki-67 expression
in palatal mesenchyme (Fig. 27G). Importantly, Ki-67 positive cells in palatal

TgKrt] 4::Irf6

mesenchyme of Irf6™; embryos suggests non-cell autonomous /rf6 regulation

of mesenchymal proliferation.

DISCUSSION

We report an Irf6 dose-dependent model of orofacial clefting. We further provide an
animal model that decouples skin development from limb, tail, skeletal and craniofacial
defects in Irf6 knockout embryos. Together, these results suggest that pleiotropic /RF6
disease can result from the cell-type, tissue and dose. Our previous reports shows that
compound heterozygous embryos for the /76 null and hypmorphic alleles have

completely penetrant caudal neural tube defects. Here, we report completely penetrant
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mandible-maxilla oral adhesions without clefting. Taken together, these data suggests
that the neural tube is more sensitive to /rf6 dose than palatal clefting in the mouse.
Presence of oral adhesions and a normal tail in Jrf6™" heterozygous embryos suggests that

oral epithelium is most sensitive to /rf6 dose.

The preponderance of evidence, in this and previous reports, partially illuminates the
mechanistic gap between oral adhesions and clefting. First, data from compound
heterozygous embryos, shown here, suggests that oral adhesions between the maxilla and

mandible are not sufficient for palatal clefting. In contrast, Irf6™"; Tg"""'*7

also have
palate-tongue oral adhesions and completely penetrant palatal clefting. As seen at E15.5
in Irf6”"; Tg""**"%  palate-tongue oral adhesions may be directly interfering with the
coordinated maneuvers required for palatal closure, including palatal re-orientation and
adhesions. In support of this model, we recently showed that Grhl3” embryos have
completely penetrant bilateral mandible-maxilla oral adhesions but that clefting only
results when tongue-palate adhesions are also present. Taken together, these data support

a more prominent role for functional oral adhesions between the tongue and the palatal

shelves.

These data are critical because it suggests that common and rare DNA variants in /rf6 can
lead to orofacial clefting secondary to oral epithelial adhesions. As such, clefting in
patients with VWS, PPS and isolated orofacial clefting may result from a process that is
analogous to a Pierre Robin Sequence, whereby tongue-mediated clefting results from

physical attachment to the palatal shelves (adhesion) as opposed to obstruction
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(micrognathia). Thus, modulating the molecular and physical properties of adhesive
Pierre Robin Sequence may be a clinical target for future preventative strategies. While
we don’t believe that mandible-maxilla oral adhesions are playing a role in palatal
development, they may be interfering with odontogenesis and contributing to hypodontia,
a common finding in patients with VWS and PPS patients.. First, if oral adhesions persist,
breakdown of epithelial cells may allow mesenchymal confluence, i.e. fusions. Oral
fusions are found in VWS and PPS as syngnathia and may physically obstruct dental
eruption. Second, considering presence at PO, suckling or mastication may obliterate oral
adhesions and epithelial integrity. Obliteration of adhered dental epithelium during
odontogenesis may predispose to hypodontia. These models are not exclusive of a cell-

autonomous affect of Irf6 on odontogenesis.

Oral adhesions involving the oral and nasal surfaces of the palatal shelves provide a
striking contrast between Irf6” and Irf6”"; Tg""'**"" embryos. Importantly, basal Irf6
expression completely rescues palate-mandible but not palate-tongue oral adhesions.
These results suggest that basal /rf6 expression plays an important role in palatal
development. While palate-tongue oral adhesions are also less severe, localizing to distal
aspects of the palate, important developmental implications are proposed. Strikingly,
palate-tongue oral adhesions physically prevent horizontal reorientation of the palatal
shelves. Despite the physical constraints, medial surfaces of the palatal shelves
approximate toward midline. These data suggest that palatal reorientation, rather than
elevation, plays a prominent role in palatogenesis (18, 20). Furthermore, while palatal

nasal epithelium adheres to the tongue, horizontal outgrowth supports a more fluid
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determination of the Medial Edge Epithelium rather than a single cohort of cells along the
palate. Importantly we observed this pattern in the anterior and middle sections of the
palatal shelves. In the posterior palate, palatal elevation is not observed, perhaps as

function of palate-mandible oral adhesions.

As compared to Irf6"" (Kousa, Chapter 3), Irf6”"; Tg""'*""® embryos have a comparable
level of epidermal /rf6 expression but more severe limb clubbing, syndactyly and tail

TgKrtM: 15 5 e due

anomalies. These data suggest that limb, tail and digit defects in Irf6™;
to non-epithelial /rf6 expression and function.. Consistent with this finding, we
previously found that /rf6 is expressed in the hindlimbs, cartilage primordium of the
humerus (forelimb) and metacarpals (digits) (19). Interestingly, MCS9.7, an Irf6
enhancer classically associated with epithelial expression, is also active in these tissues.
As such, these data suggest an important conceptual shift in our understanding of /rf6 and

disease mechanism.

Unlike the cohort of alleles previously reported to phenocopy the rf6 knockout, use of
KRT14 promoter to drive epithelial specific /rf6 expression did not rescue limb defects,
despite skin rescue. These results suggest non-epithelial /76 expression and function in
limb development. Furthermore, this work suggests that the common knockout phenotype
for these alleles is not through a single molecular pathway but rather an endpoint
achieved through multiple cellular and molecular means. In support of this model, 7kka
limb defects were fully rescued with the KRT5 and KRT'14 driver while Irf6 defects

persisted. In support of this model, a test for a genetic interaction between lkka and Irf6
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did not reveal epistasis (6). In contrast, considering epistasis between /4-3-3 sigma and
both Irf6 and KdfI in skin, limb and craniofacial tissues(6), we would predict that a
similar rescue with the KRT'/4 promoter for /4-3-3sigma would lead to incomplete limb
rescue, as shown here for Irf6. As opposed to incomplete rescue, an alternative model is
that phenotypes described in the rescue embryos are gain-of-function from ectopic or
over-expression of /rf6 in the basal cell layer. However, we do not prefer this model
because the phenotypes are similar to /rf6 knockout embryos than they are to embryos
over-expressing Irf6. Furthermore, this constellation of anomalies is not seen

Irf6™" ; Tg""*17 which have higher levels of Irf6 expression than Irf6”; Tg""* 7.

In that context, the results for Ripk4 offer a striking contrast. While epithelial expression
of Ripk4 rescued limb defects, in manner analogous to /kka, ectopic expression of the
gene did not rescue either Ikka or 14-3-3sigma. Together, these results suggest that Ripk4
is 1) involved in an independent parallel pathway 2) requires Ikka and 14-3-3sigma for
activation or 3) is a peripheral player in this pathway and could be either upstream or
downstream. However, in comparing the phenotypes, Ripk4 knockouts are the least
severely affected of the five alleles. Analogous rescue experiments for /4-3-3sigma
knockout and epithelial /4-3-3sigma expression or over-expression of Irf6, Ikka and

Ripk4 has not been reported.
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MATERIALS AND METHODS

Murine crosses

Use, husbandry and procedures involving research animals was approved by the
Michigan State University Institutional Animal Care and Use Committee (AUF # 05/12-

093-00). Harem matings (4 females with a single breeder male) were used to enhance
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pregnancy rates and presence of a copulation plug was denoted at E0.5. We used a
recently characterized transgene that drives Irf6 expression under the control of the
KRTI4 promoter to rescue Irf6 knockout embryos. We first inter-crossed /6™ and
T5 41 ([rf6) to produce Irf6 ™ ; Tg"""*® We than inter-crossed Irf6 """ Tg""* "7
with Irf6™". Rescue embryos (Irf6”"; Tg""""**%) had an expected yield of 12.5%. We
examined embryos at two developmental time points, E15.5 and just upon birth (P0). To
test the effect of Irf6 dose in the development of oral epithelium, we used a recently
characterized hypomorphic allele. We than combined the hypomorphic allele with a null
Irf6 allele in the compound heterozygous embryos to reduce endogenous expression

further. Genotyping was complete as described previously.

Morphological and histological analysis

All embryos and pups were grossly examined upon dam euthanasia or parturition. After
initial inspection, embryos and pups were placed into freshly prepared 4%
paraformaldehyde (245-684, Protocol). Upon fixation at 4°C for 16-24 hours, embryos
and pups were dehydrated in 50-80% ethanol until time of embedding. Paraffin
embedded material was sectioned at 7 um intervals for both craniofacial tissue and
thoracic cavities. Hematoxylin (GHS332, Sigma) and Eosin (E511-25, Fisher Chemical)
staining was complete essentially as described previously (Chapter 3). Briefly, we
removed the paraffin with a series of short Xylene incubations. We than hydrated the
tissues using a series of increasingly diluted ethanol solutions. Following short
incubations in Eosin (90 seconds) and Hematoxylin (90 seconds), we dehydrated the

tissue using a series of decreasingly diluted ethanol solutions. Following Xylene
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incubations, the tissue was mounted (Permount, SP15-100, Fisher Scientific) and
visualized. At both E15.5 and PO we used the eyes to determine anterior (anterior to

eyes), middle (at eyes) and posterior palate (posterior to eyes).

Molecular analyses of murine tissue

Immunostaining was complete with the protocol and regents described previously
(Chapter 3). Briefly, we performed a similar series of tissue incubations in Xylene and
ethanol to remove paraffin and hydrate the tissue, in a manner highly analogous to
Hematoxylin and Eosin staining. Following this step, we performed antigen retrieval in
sodium citrate (pH6.0) and permeabilization in Triton X-100 (VWR). We than performed
a series of washing steps to remove the detergent. After this step, we incubated the slides
in blocking reagents, including 10% BSA in PBS for one hour and 40 ug/ml of Goat anti-
mouse Fab fragment in PBS (Jackson ImmunoResearch Laboratories, 115-007-003) also
for one hour. Primary antibodies were incubated for 18-24 hours at 4°C. Primary
antibodies include Tp63 (Santa Cruz, 4A4, sc-8431), Keratin 6 (Covance, PRB-169P),
Keratin 14 (Novocastra, NCL-L-LL002), Keratin 1 (NCL-CK1, Novocastra), Loricrin (
PRB-145P, Covance), Activated Caspase 3 (Abcam, Ab13847), Ki-67 (ab15580,

Abcam).

Skeletal prep
Skeletal preps were processed as described previously (Chapter 3). Briefly, after fixing as
described above, we removed skin and subcutaneous fat from embryos and than

incubated in 70% and 95% ethanol for 24 hours in per solution. After 72 hours incubation
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in 2% KOH, we stained the cartilage in Alcian blue (Sigma, A5268-10G). De-staining of
Alcian blue in 95% ethanol was followed by Alizarin Red staining (Sigma-Aldrich,
AS5533-25G) for 24-36 hours. Skeletal tissue was than placed in 1%KOH/20% Glycerol

solution before images were taken.

Bioimaging upright/fluorescent microscope and stereomicroscope

We image tissue on an upright microscope (Nikon Eclipse 90i upright) with a 4x, 10x and
40x objectives, as described previously (Chapter 3). NIS Elements Advanced Research
v3.10 imaging software was used to obtain and to analyze images. Enhancement was
limited to program algorithms, applied evenly to all samples, and only included
deconvolution and sharpening with Gauss-Laplace. To capture whole mount embryo
images we used a SMZ1000 Nikon microscope with both Fiber Optic Gooseneck and
Ring Light sources, NIS-Elements Software 4.11. We used Adobe Photoshop Elements

v9.0 to construct and produce the figures.

Transcriptional profiling using quantitative-PCR

We analyzed mRNA levels using methods and protocol essentially as described
previously, (Chapter 3). Briefly, dorsal skin is collected from embryos at the time point
indicated. We snap freeze the tissue in liquid nitrogen and use TRIzol RNA extraction kit
(15596-026, Ambion). To prevent DNA contamination we treated the samples with
RNase-Free DNase (79254, Qiagen) for 30 minutes, which is followed by heat
inactivation at 65°C. To purify the RNA, we used acidic phenol and chloroform. After

purification, we resuspended the RNA in RNase-free H,O and incubated at 55°C for 10
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minutes. To make cDNA, we used Oligo dT primers (18418-012, Invitrogen), dNTP mix
(18427-013, Invitrogen), SuperScriptIll Reverse Transcriptase (18080-093, Invitrogen)
and Recombinant RNasin Ribonuclease Inhibitor (N2511, Promega). The negative
control for this reaction did not include either the SuperScriptlll Reverse Transcriptase or
the Recombinant RNasin Ribonuclease Inhibitor. We used SYBER Green (4309155,
Applied Biosystems) to quantify transcript levels from total starting material of 5.5 ng of
cDNA. We quantified fold change using the delta-delta Ct-method relative to Beta-Actin.
All reactions were performed with three technical replicates per biological sample.

Murine primers as shown previously (Chapter 3, Table 18).

Statistical analysis

We used both Excel, v. 2010, and GraphPad Prism Software, version 5, to analyze data.
All tables and histograms were constructed within GraphPad. We used a Student’s t-test
to determine significance and rejected the null hypothesis with a p-value equal to or

below 0.05.
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APPENDIX

Figure 21: Irf6 compound heterozygosity causes completely penetrant oral adhesions but not clefting.
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Figure 21. (cont’d)
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Figure 21. (cont’d)
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Figure 21. (cont’d)

Head coronal section stained with Hematoxylin and Eosin of E17.5 embryos examining A) anterior (top) and mid palates (bottom).
Compared to Irf6n60/+, Irf6MO/_ embryos have completely penetrant mandible-maxilla oral adhesions but not clefting. Immunostaining
for Krt6 (red)/p63 (green) (B, tooth germ magnified in C), Krt14 (red) (D, E), Grhl3 (red) (F, G) and Ki-67 (green) (H, I). Krt6

neo/-

expression is not sufficient to rescue oral adhesions /rf6° . DAPI (blue) marks nuclei (B-I). In contrast to Krt6, Grhl3 expression is

reduced in areas of oral adhesions. Scale bar (A) 500 um; (B, D, F, H) 100 um; (C, E, G, I) 20 um.
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Figure 22: Irf6 expression using the KR7T14 promoter rescues cutaneous defects in knockout embryos.
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Figure 22. (cont’d)
/- KRT14::1rf6 -/-

Irf6™ _Irf6” ;Tg Irf6
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Figure 22. (cont’d)
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Figure 22. (cont’d)

qPCR analysis of RNA levels in perinatal murine skin (A). Transcriptional analysis reveals a significant increase in Irf6 expression in

KRTI14::Irf6

Tg KRTI14::Irf6

(n=3) compared to Irf6 a (n=4). No statistical significant differences are detected between 7g and Irf6+/+ (n=4).

KRTI14::Irf6

Skin histological analysis with Hematoxylin and Eosin reveals epidermal hypertrophy in /76 " but not T g and Irf6 o pups

(B). Immunostaining of Krt1, Krt14, Loricrin and Krt6 (C-F). T gKRTM""Irﬁ have epithelial stratification and loss of ectopic Krtl and

KRT14::Irf6

Krt14 expression (C-D). Tg demonstrate epithelial differentiation (Loricrin) and loss cell stress markers in mature skin (Krt6)

(E-F). Scale bars (A) 100 um, (B) 50 um.
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Figure 23: Epidermal expression of Irf6 rescues perinatal lethality without altering skeletal defects, limb clubbing or

syndactyly.
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Figure 23. (cont’d)
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Figure 23. (cont’d)

Profile (A) and Frontal (B) views of representative PO pups with the following genotypes; Left: Irf6+/+; Center: Irf6 /_;T gKRTM""Irf 6;

Right: Irf6 " Gross analysis of Irf6 /_;T gKRTM""Irﬁ reveals perinatal survival, limb clubbing and syndactyly, a curled tail and a

RT14::Irf6

somewhat taut, shiny skin compared to wildtype littermates. Unlike /rf6 a littermates, Irf6 /_;T gK appendages are not attached

to the body wall and an open oral cavity is visible. Fig. 1.2. Profile views (C) of skeletal preparations of PO. Analysis of Irf6 a

KRT14::Irf6

;Tg reveals limb clubbing and syndactyly, in a manner highly analogous to /rf6 a (arrow, top inset). In contrast, the sternum

(arrow head, bottom inset) and in particular the xiphoid process appear to be modulated in /rf6 /_;T gKRTM""Irﬁ pups.
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Figure 24: Rescued pups have completely penetrant palatal clefting and oral adhesions
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Figure 24. (cont’d)

Head coronal section stained with Hematoxylin and Eosin of perinatal pups examining A) anterior, B) middle C) posterior soft palates.
While the oral cavity is uniformly less severely affected, oral adhesions persist bilaterally. In anterior (A) and middle (B) palates, oral
adhesions are prominently found between the mandible and maxilla. In the posterior palate (C), adhesions are not found between the

mandible and maxilla. Scale bar (A) 500 um.
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Figure 25: Obliteration of the esophageal lumen contributes to postnatal lethality.

222



Figure 23. (cont’d)
A) Histological analysis (Hematoxylin and Eosin) staining in transverse sections of PO thoracic cavities. In stark contrast to the open

TgKR T14::1rf6

lumen in 1rf6+/+ pups, both , like Irf6 a pups have completely penetrant esophageal adhesions. However, there was a

distinct difference in the shape of the tissue, with 7 gKRTM""Irﬁ having an “M” while Irf6 " had an “S” shape. B) Immunostaining of

Krt14. Staining for Krt14, whose highly conserved promoter is used to drive expression, showed a signal but required a 10-fold

increase in exposure for detection. Scale bars (A) 100 um, (B) 50 um.
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I rf6-/- ,'TgKRT1 4::Irf6

Figure 26: Tongue-palate oral adhesions obstruct palatal development
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Figure 26. (cont’d)

A-C Histological analysis of Irf6+/+, Irf6 /';T gKRTM""Irﬁ and Irf6 " head coronal sections using Hematoxylin and Eosin; A) anterior, B)

KRTI4::Irf6

middle, C) posterior soft palate. Irf6 /';T g embryos show completely penetrant clefting at E15.5. A-B) In the anterior and

middle palate, we did not find differences mandible-maxilla oral adhesions. In contrast, we found that palate (nasal epithlium)-tongue
KRT14::1rf6

oral adhesions in Irf6 /';T g were markedly less severe, i.e. partially rescued, compared to Irf6 a embryos. In addition, we

found complete rescue of palatal adhesions between the oral surface of the palatal shelves and the mandible. C) In posterior palate, we
found that palate-tongue oral adhesions were less severe but the palatal shelves were not re-orienting toward midline. Scale bar (A)

500 um.
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KRT14::Irf6 -/-

Irf6 Irf6 JdJg 6

Figure 27: Oral adhesions to the tongue prevent re-orientation and apposition of
palatal shelves
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Figure 27. (cont’d)
-
-
-

Coronal section of E15.5 mid-palate histology, examined with Hematoxylin and Eosin

embryos have marked reduction in oral adhesions and
palatal shelves elevate to reach midline. Immunostaining of Krt6 (red)/p63 (green) (B),
Krtl4 (red) (C), Irf6 (red) (D), Grhl3 (red) (E), Activated Caspase 3 (red) (F), Ki-67 (red)
(G). We marked the basal cell layer with Trp63/Krt14 and the periderm with Krt6.
Remarkably, oral adhesions contained Krt6 expression and prevented palatal shelve
reorientation in rescue embryos. Furthermore, Irf6 expression rescued Grhl3 expression

in oral epithelium. Palatal shelves in rescue embryos exhibited Act Casp 3 and Ki-67

expression highly analogous to wild type littermates. Scale bar (A) 200 um, (B) 100 um.
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Table 20: Irf(/'; TgKRT14::Irf6

E15.5 PO Total
Litters 13 13 26
Irf6™" 12 10 22
If6™ 8 17 25
If6™ 1 8 9
)i I’f6+/+,' TgKRT14::Irf6 26 13 39
I I”f6+/_,' T gKRTM::]rf6 31 19 50
]I”f6_/_,' TgKRT14::]rf6 11 12 23
Total 89 79 168
p-value 6.6x10° | 0.82 9.67 x10°°
Resorbing 11 N/A | 11 (p-value 0.049)
We intercrossed mice hemizygous for the 7; gKRTM""Irﬁs (over-expressing Irf6 under the

control of the KRT14 promoter) with mice heterozygous for the /rf6 genetrap allele

1 R4 ice, allowed

(Irf6"" from here on referred to as Irf6"") to generate Irf6 " ;

KRTI14::1Irf6

to reach sexual maturity. We than intercrossed Irf6+/-; Tg with littermates that

are heterozygous for the genetrap allele (Irf6+/'). We examined two timepoints, one

during embryonic development (E15.5) and another around parturition (P0). We detected

significant embryonic resorptions at E15.5. Furthermore, we found a significant under-

representation of Irf6™”" genotypes and corresponding phenotypes.
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Conclusions and Future Directions
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Major Themes: Orofacial Clefting

We previously identified /RF'6 protein-coding mutations in 70% of families with VWS
(1). While etiology in the remaining 30% of VWS cases is unknown, linkage studies
suggest locus heterogeneity (VWSIL, # 606713) (2). Our work, using exome sequencing,
targeted prevalence detection and functional studies shows that mutations in GRHL3 can
also lead to Van der Woude Syndrome (VWS). Considering interaction in zebrafish (3),
we ask if Irf6 interacts with Grhl3 in the mouse. We find that embryos heterozygous for
the Irf6 null allele have oral adhesions at the tooth germ. Embryos heterozygous for
Grhl3 have oral adhesions and fusions posterior to the tooth germ. Double heterozygous
embryos had a combination of both phenotypes. Qualitatively, we conclude an additive
relationship between Irf6 and Grhl3 in oral epithelium. Considering our sample size of
double het embryos was fairly small, we did not quantitatively analyze changes in the
extent (anterior-posterior axis) or pervasiveness (length of adhesions relative to free
surface) of this phenotype. As such, our conclusion is that we did not detect epistasis and
conclude an additive interaction. However, an additive interaction suggests that Grh/3
and Irf6 have overlapping roles in murine oral epithelium, if not in the same pathway
(Chapter 2). Considering multiple, highly complex gene regulatory networks, absence of
epistasis should not be misconstrued for proof of absence. In fact, murine epistasis
experiments are highly specific but not sensitive. More importantly, we find that /rf6
expression is both necessary and sufficient for GrA/3 in the periderm (Chapter 4).
Consistently, we find that /rf6 is required for Grh/3 expression in caudal neurulation
(Chapter 3). In light of this and our previous work (3), it is plausible to conclude that

Grhi3 and Irf6 are part of the same gene regulator network in oral epithelium.
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At least two additional clues suggest that Grhl3 and Irf6 interact in the mouse. First, we
found a significant number of embryonic resorptions. Second, at weaning, we found
significantly less Irf6";Grhi3"" mice than expected. While many systemic diseases can
cause lethality, prior work shows that both /rf6 and Grhl3 regulate development of the
gastrointestinal system (4, 5). While loss of Irf6 leads to esophageal adhesions, loss of
Grhl3 leads to a shortened digestive track. However, we did not find esophageal
adhesions in Irf6"";Grhi3"" pups. Analysis of more distal aspects of the digestive track in
pups or older mice has not been undertaken. Furthermore, in the epithelium of both
mouse and zebrafish, Grall and Grhl2 interact with Grhi3, providing redundant function
(3, 6, 7). Therefore, in the oral epithelium of Irf6™;Grhi3 embryos, Grhll and Grhi2
may be providing partially redundant, regulatory function and activation of more distal
factors. A test for epistasis between /rf6 and Grhl2 is currently underway with a
collaborator. A similar experiment for /rf6 and Grhll is not currently being pursued but
this analysis is warranted. Considering redundant roles in epithelium, Grall and Grhi2
may play a role in human orofacial clefting. Sequencing of Grhll and Grhl2 in families

with VWS is also currently being pursued.

Major Themes: Neural Tube Defects

In addition to novel insights into orofacial clefting, this work also outlines novel roles for
Irf6 in ectoderm development. Importantly, we show that Tfap2a, Irf6 and Grhl3, human
orofacial clefting genes, also regulate epithelial and neural tube development in the

mouse via a complex gene regulatory network (Fig. 1). In addition, our preliminary
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sequencing data from individuals with Spina Bifida suggests that /RF6 is also involved in
human neurulation. Considering that we found one mutation in 96 individuals, the impact
of IRF6 function in human neurulation is not yet clear. More significant impact from this
work comes from clinical and epidemiological research showing that orofacial clefting
and neural tube defects share common environmental risk (smoking), iatrogenic
compounds (valproic acid) and preventative factors (folic acid). Here, we describe a
shared molecular network that might be perturbed in both developmental diseases. It is
not yet clear if such shared pathways are common in neural tube and orofacial clefting.
Examination of orofacial clefting genes in neurulation and neurulation genes in orofacial

clefting may provide novel shared gene regulatory networks.

Biologically, few studies have reported over-expression of a tumor suppresser
transcription factor leading to gain-of-function phenotypes (Chapter 3). One prominent
example, although not a transcription factor, is PTEN (8). Importantly, IRF6, TFAP2A
and GRHL3 are tumor suppressor genes and transcription factors. Considering gain-of-
function phenotypes for IRF6, future work may seek to over-express TFAP2A4 and
GRHLS3 in orofacial and neural tube development. Whatever the mechanism of
perturbation, exploring this gene regulatory network may provide additional candidate
genes, risk loci and environmental preventative strategies to reduce the risk of two

congenital diseases associated with significant morbidity and mortality.
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Genetic risk for orofacial and neural tube defects

VWS and PPS are monogenic diseases, with as yet inconclusive evidence for genetic
modifiers (9). In contrast, nonsyndromic cleft palate, cleft lip and cleft lip and palate
constitute three different congenital diseases each with multiple genetic and
environmental risk factors. Likewise, neural tube defects are a highly heterogeneous
cohort of anomalies involving at least three different types of developmental defects,
each with an array of presentations. For example, spina bifida, a type of neural tube
defect, has four different presentations, including occulta, closed, meningocele and
myelomeningocele. Each of these, in turn, has multiple genetic and environmental
modifiers. Therefore, upon examination, spina bifida, a type of neural tube defects, may
be as genetically complex as orofacial clefting. This reasoning provides important
considerations for identifying additional candidate genes in human neural tube defects,

including sample size, power, effect size and heterogeneity of populations.

Considering this genetic complexity, can spina bifida co-occur with orfacial clefting?
From our murine studies, we found that under-expressing /rf6 can lead to a curled tail
(Chapter 3) and oral adhesions (Chapter 5). Consistently, a review of the literature
reveals that the phenotypic spectrum of Popliteal Ptyergium Syndrome (PPS) can include
spina bifida (10). In addition, Multiple Ptyergium Sydnrome, which has a phenotypic
spectrum highly similar to but more severe then PPS, includes multiple examples of spina
bifida (11-13). Considering murine studies and multiple clinical examples of orofacial
clefting with spina bifida, families with VWS and PPS may be at increased risk of

developing neural tube defects. Understanding and managing risk in these families can
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therefore prevent significant co-morbidity. In that context, murine models with both
orofacial clefting and neural tube defects (Ir/6"*"") provide a tractable system to assess

patient risk.

This work supports two important questions about risk. First, is there a common cohort of
genes that ‘stack the deck’ for all neural tube defects? Second, what is the architecture of
genetic risk, i.e. involving a single or multiple biological pathways? I would predict that a
cohort of genes in a single or multiple pathways contribute baseline risk but that a
environmental or additional genetic insult tips the balance toward pathology. From that
vantage point, it is difficult to contextualize a highly complex disease like spina bifida in
the “common disease, common allele” model. Similarly, gene discovery efforts in
diabetes (14) have shown that common alleles contribute a paucity of the risk toward

common disease.

Expanding the gene regulatory network: Tfap2 and Grhl paralogs

Expanding the Gene Regulatory Network (GRN) is critical in determining and then
modifying clinical risk for isolated orofacial clefting and neural tube defects. Initially, we
discovered an association between orofacial clefting and a TFAP2 binding site within an
IRF6 enhancer sequence (15). Mutations in TFAP2 ¢ can lead to Branchio-Oculo-Facial
Syndrome, which like VWS, is associated with orofacial clefting and lip pits.
Significantly, we find that Tfap2a regulates Irf6 expression in multiple time points and
tissues (Chapter 3). However, we also realize that TFAP2 family members, a., {3, y, & and

e, share an identical cis-binding motif. In fact, functional redundancy for Tfap2 paralogs
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is observed in different tissues and species (16, 17). Therefore, are TFAP2 paralogs co-
regulating /RF'6 in the same or different spatiotemporal contexts? In particular, TFAP2y
and TFAP2p are highly expressed in the epidermis, in the same cell types as IRF6 (18).
Exploring the relationship between IRF6, TFAP2y and TFAP2 3 may provide additional

nodes in this GRN.

In support of additional feedback loops, genome-wide analysis of IRF6 binding sites also
shows a signal within TFAP2y (19). Consistently, we find that /rf6 regulates Tfap2y in the
skin (Chapter 3). This interaction seems to be evolutionarily conserved in zebrafish,
where irf6 is necessary for tfap2c expression in the periderm (20). Considering this, our
collaborators are currently sequencing 7FAP2y in individuals with VWS. In addition,
tissue specific deletion of Tfap2y using Sox2 leads to caudal neural tube defects that are
highly analogous to /rf6 compound heterozygous embryos (21). Thus, we ask if Irf6
regulates 7fap2y in caudal neurulation. Importantly, we find that 7rf6 is required for
Tfap?y in murine tail development. Considering that Irf6, Tfap2a, Tfap2y and Grhl3
seem to be co-regulating mouse neural tube development, sequencing additional

individuals with spina bifida is plausible.

Similarly, previous work shows that Grhl paralogs, 1, 2 and 3, have both independent and
overlapping function in epidermal development (6). Like tfap2a and tfap2c, grhll and
grhl2 are expressed in zebrafish periderm. Furthermore, injecting dominant negative irf6
also perturbs grhll and grhl2 expression. Remarkably, knocking out Grhl2 in the mouse

leads to anencephaly and abdominal wall defects that are highly analogous to Tfap2a
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knockout embryos. While the phenotypic similarity suggests interaction, a test for
epistasis between Grhl2 and Tfap2o. did not reveal novel phenotypes in eight double
heterozygous embryos (22). Our work, with incomplete penetrance (7fap2o-Grhi3 and

Tfap20.-Irf6) and variable expressivity (Tg"*" 7

), would suggest that a larger sample
size is required to examine this gene regulator network (Chapter 3). Furthermore,
considering zebrafish work, Tfap2a and Grhl2 may be interacting indirectly through 7rf6.
Examining the Grhi2 locus for Irf6 cis-binding elements would provide additional
mechanistic insights. Considering that Irf6 post-translationally regulates Trp63 and
Tfap2a, protein-protein interactions are also plausible (Chapter 3). If experimental work

is consistent, these paralogs may be excellent candidate genes for human orofacial

clefting and neural tube defects.

Novel implications for Irf6 knockout phenotype

Currently, knockout of five murine alleles produces a phenotype highly analogous to loss
Irf6. This phenotype include craniofacial defects, orofacial clefting, a hyperproliferative
epidermis, defective permeability barrier, limb clubbing, syndactyly. In addition to /rf6
(4, 23), these genes are lkka (24), 14-3-30 (23), Ripk4 (25) and Kdf1(26). Considering
five genes, 10 possible genetic interactions can be done. Currently, we know that 1) Irf6
and /4-3-30 interact, 2) Irf6 and Ikka do not appear to interact, 3) /4-3-30 and Kdf1
interact. However, we also know that both /rf6 and KdfI interact with Trp63 (26, 27).
Furthermore, while the nature of these interactions is not yet clear, a genome-wide scan
shows that JRF'6 binds within /4-3-30 (19). Testing all additional combinations may

provide novel phenotypes and expand our understanding of this gene regulator network.

239



Further, lack of interaction (e.g. Irf6 and Ikka) can be queried further by the addition of
other null alleles from this cohort (/4-3-30) to create triple heterozygous embryos (Ir/6"
;Ikka"":14-3-36""). Considering that 1) Irf6 interacts with Trp63, Grhi3 and Tfap2o. and
2) Kdf1 interacts with Trp63, additional work can delineate how Grhl3 and Tfap2o.

interact with this cohort of alleles.

Considering that over-expressing Irf6 partially rescues the /rf6 knockout, another way to
pursue epistasis would be through heterologous genetic rescue using the 7g"*"/#7
transgene in /4-3-30, Ikka, Ripk4 and KdfI knockout embryos. Rescue, partial or
complete, would suggest that /rf6 is downstream, which is plausible considering
transcriptional regulation. Considering that we have multiple positive controls for a

genetic interaction in this pathway (Irf6-14-3-30 (4), 14-3-30-Kdf1 (26)), negative results

in multiple assays are more informative, assuming a sufficiently large sample size.

As IRF6 plays an important role in orofacial clefting, the role of lkka, 14-3-30, Ripk4 and
Kdf1 in isolated and syndromic orofacial clefting should be examined. Similarly,
considering phenotypic overlap, our finding that Irf6 regulates murine neurulation
suggests that these four genes have analogous role. Consistent with this rationale, a test
for epistasis between Irf6 and 14-3-30 (23) showed a caudal neural tube defect. Further,
while /4-3-30 and KdfI1 were epistatic in skin, they did not interact in the neural tube.
However, KdfI and Trp63 did interact in the caudal neural tube (26). Interestingly, Trp63
interacts with /76 in palate development but an impact on the neural tube was not

reported in the pertinent study (27). Together, this data suggests that a novel cohort of
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murine alleles might be playing a role in the pathogenesis of spina bifida. Therefore, a
comprehensive examination of gene-gene interactions, as mentioned above, would also

be informative for this phenotype.

Proposed gene regulatory network

Considering that we discovered a shared gene regulator network in orofacial and neural
tube development by examining regulatory elements in multiple tissues, a comprehensive
interactome irrespective of cell type, tissue or timepoint may provide candidate
regulatory elements in future studies (Fig. 2). Importantly, this regulatory network is
involved in multiple tissues and cell lines, providing multiple orthogonal views of
function and regulation. In addition to the data presented in this thesis, prior work shows
that Tfap2a regulates p2/ (CDKN1A) via co-regulation with Smad2/3 in keratinocytes
(28, 29). Likewise, in Medial Edge Epithelium (MEE), Irf6 regulates p2/ expression
through repression of Trp63 (30). Considering that Irf6 stabilizes Tfap2a protein, Irf6
seems to be regulating p2/ expression in at least two different indirect mechanisms.
Furthermore, Smad2/3 associates with Ikka to regulate Ovoll and Mad1 (31, 32).
Likewise, Irf6 also regulates Ovoll (19). While Ovoll transcriptionally represses c-Myc
(33), Mad1 antagonizes Myc-Max dimmers (34, 35). Importantly, prior work shows that
Trp63 positively regulates /KK o expression (36). IKK ¢ in turn positively regulates 14-3-
30 by inhibiting promoter hypermethylation (37). In addition, Notch signaling regulates
Irf6 expression in epithelium (38). Consistently, a test for epistasis in the mouse shows
that /rf6 interacts with Jagged?, a transmembrane receptor that regulates Notch signaling

(39). In oral epithelium, 7rf6 is required for Mmp13 (39) and in breast epithelium it
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stabilizes Maspin (40). While Irf6 is regulated via the proteasome (41), the E3 ubiquitin
ligase that mediates this interaction has not been identified. Considering the function of
these genes, the balance of this signaling cascade, activation of p21 and repression of
cMyec, is stopping cellular proliferation and driving differentiation. This molecular
rationale provides insight into murine knockout phenotypes of Irf6, Ikka and 14-3-30. At
this point, it is not clear how Ripk4 and Kdf1 regulate proliferation and differentiation or

how they might interact in this gene regulator network.

Therapeutic considerations in congenital disease

In order to treat genetic disease, we must first understand what tissues are affected. For
VWS and PPS, previous work shows that /6 is expressed in epithelium and Irf6” mice
have an abnormal epidermis and oral epithelium (4, 23, 39). As such, many of the
syndromic anomalies seen in VWS and PPS were thought to result from epithelial
defects. However, the phenotypic spectrum of VWS and PPS also includes
musculoskeletal, digit, limb and genital anomalies. Therefore, we ask if epithelial rescue
is sufficient to modify associated developmental defects in the mouse. Strikingly,
epithelial rescue enables perinatal survival and the limbs are no longer adherent to the
body wall but upper and lower limb ptyergium persist. Similarly, expression of /rf6 in
oral basal epithelium dramatically reduces adhesions around the palatal shelves but does
not prevent palatal clefting. Moreover, limb clubbing, craniofacial defects and a curled
tail persist. Therefore, unlike complete rescue of Zkka using the KRT14 promoter (42),
Irf6 is cell-autonomously required in epithelial and non-epithelial tissues. Using tissue

specific promoters to over-express or delete /rf6 in cartilage, bone, neural tube and
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periderm (a cell type that is thought to regulate oral adhesions) will allow further
dissection of this important molecular pathway. Most importantly, this work will inform

which tissues we need to target to reduce disease burden in utero.

Importantly, while palate-mandible adhesions are rescued anteriorly, palate-tongue
adhesions persist. Technically, this may result from regulating /rf6 expression with the
KRTI14 promoter, leading to a spatiotemporal expression program that is inconsistent with
endogenous expression. Biologically, this may suggest that nasal periderm is more
sensitive to /rf6 dose. Considering the histology, it appears that palate-tongue oral
adhesions play an important role in palatal clefting. Considering attachment of the palatal
shelves to the tongue and ensuing physical obstruction, we propose an adhesive Pierre
Robin Sequence. As opposed to micrognathia limiting the volume of the oral cavity, this
process involves physical restraints on movement of the palatal shelves with a normal

oral cavity volume (Chapter 4).

Preventative strategies in orofacial clefting and neural tube defects

If GRHL3 is downstream of IRF6 in human neural tube development, can we design
rationale preventative strategies for further exploration? Considering current data
suggesting that Grhl3 is downstream of /rf6 in periderm (Chapter 2) and caudal neural
tube development (Chapter 3), mutually advantageous translational and clinical
modalities seem feasible. Epidemiological data has shown that folate supplementation
reduces 45-70% of neural tube defect risk. However, a significant portion of neural tube

defects are resistant to folate supplementation. What accounts, if anything, for this
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unresponsive cohort? Critically, mouse data suggests that neural tube defects in Grhl3
knockout embryos are not responsive to folate but do respond to inositol (43). If
TFAP20-IRF6-GRHL3 regulate a pathway in human neural tube, then targeted
supplementation with inositol may further lower the incidence of neural tube defects.
Determining the distal node by which inositol exerts its function may provide important
insight in designing and expanding the pool of patients who are eligible for targeted
therapy. Alternatively, like folate, fortification in essential foods may be possible.
Furthermore, inositol is used to treat patients with depression, suggesting safety or

minimal side effects.

Can inositol also be a therapy in human orofacial clefting? In humans, we show that
mutations in IRF6 and GRHL3 lead to Van der Woude Syndrome. In the mouse, /rf6 and
Grhli3 regulate oral epithelium and palatal development (Chapter 2). If inositol can rescue
Grhi3 function in the oral cavity in a manner analogous to the neural tube then
supplementation may also be indicated to prevent orofacial clefting. However, prior work
examining inositol modulation of neural tube defects did not examine the palate and oral
epithelium. As such, examining these embryos would provide critical information for
feasibility. Ideally, one would pursue a co-clinical trial, i.e. mouse and human, for the
prevention orofacial and neural tube defects using inositol and folate relative to historical

epidemiological data.

While drug targets are not currently being explored, an epithelial specific factor that

regulates proliferation and differentiation, like /kka, Kdf1, Ripk4 14-3-30, Irt6, Grhl3,

244



may provide a robust clinical application. To test many potential targets, we would need
tissue. To test for specificity, we would need both epithelial and non-epithelial cell types.
To test for efficacy, we would need a cell type that is particularly affected. These three
requirements are uniquely found in murine skin, which contains both epidermis (affected
epithelium) and dermis (unaffected adipocytes, mesenchyme, vasculature, etc). Putative
targets could be tested in murine palate cultures, which would provide a robust ex vivo
model for further screening. Highly attractive targets could then be tested in vivo using
multiple murine alleles (gene trap, hypomorphic, mutated, etc) for the affected genes.
Because clefting also occurs in canine and feline, larger animal models may also be
tested. These approaches would require substantial funding and a pipeline for tissue

processing.

Another approach is gene therapy, that is replacing missing or defective gene in the cell
type(s) that contribute(s) to disease. This would truly achieve the pinnacle of
personalized therapeutic approaches and limit side effects. Toward that end, we have
begun to perform in utero gene delivery of Irf6 using an adenoviral vector. In addition to
a report showing gene deliver to the oral cavity and developing epidermis (44), we find
that a [E1,E3-]Ad-LacZ vector can transduce oral periderm and developing epidermis of
both wildtype and /rf6 knockout embryos when injected at E12.5 (unpublished results).
We also find that Ad-LacZ vectors can transduce cells along the medial edge of the
palatal shelves. As such, our approach is feasible and we predict that /rf6 gene delivery
to the periderm of Irf6 compound heterozygous (Ir6™°") and knockout embryos (Ir/6”)

(4) will reduce the severity of oral adhesion as seen with genetic rescue. Targeting of the

245



developing epidermis may also ameliorate skin anomalies, leading to a reduction in
proliferating cells and an increase in terminal differentiation (Chapter 4). Having
characterized multiple murine models with varying amounts of /7f6 expression, we can
attempt to complement the endogenous deficit with exogenous vector dose. This
approach would provide a unique test of translational feasibility because different Van
der Woude families have different types of /RF6 mutations with dramatically different
phenotypic presentations. In that respect, finding the dose-disease ratio relative to
mutation type would be extremely valuable. At this point, the feasibility of adenoviral
vector transduction during neurulation is unknown. Finally, considering that replacing
Irf6 expression in epithelium did not rescue limb, digit and skeletal defects, epithelial

rescue will not be a panacea.
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Figure 28: Summery of genetic network for orofacial and neural tube development.
We find that three human orofacial clefting genes are involved in murine neural tube
development. Data from human sequencing (green boxes: iCLP, isolated cleft lip and
palate; VWS, Van der Woude Syndrome; SB, Spina Bifida) and murine models (black
boxes: NTD, Neural Tube Defects) suggest a shared molecular network. Top: From
orofacial and epidermal tissue, we find that Tfap2a regulates Irf6, which in turn regulates
Grhi3. We also find that Irf6 negatively regulates Tfap2a transcriptionally. Middle: In
rostral neurulation, /7f6 negatively regulates Tfap2c. As this point, it is not clear if Grhl3
is downstream of /rf6 in rostral neural tube development. It is also not clear if this
molecular network plays a role in anencephaly. Bottom: In caudal neurulation, we find
that Tfap2 a and Irf6 positively regulate each other and that /76 is required for Grhl3

expression.
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Figure 29: Proposed IRF6 gene regulator network. A proposed gene regulatory
network for /rf6 and associated molecules. Proposed interactions, molecular processes or
function of related genes that are at this point minimally elucidated are highlighted (?).
The balance of this gene regulatory network is aimed at stopping proliferation (repressing
c-Myc), initiating cell cycle arrest (induction of p21) and driving differentiation (Grhl3,
which drives Tgm1). While Smad2/3 is required for /rf6 expression in the medial edge
epithelium, it is not yet clear which enhancer mediates this activation. Additional
questions include: 1) Mechanism by which 7rf6 is targeted to the proteasome; 2) E3
ubiquitin ligase for IRF6; 3) How and under what conditions /rf6 is phosphorylated
(PO4); 4) Function of Ripk4, Kdf1, Grhi2 and other Tfap2 family members in this gene
regulatory network; 5) Mechanism by which /rf6 translocates into the nucleus to mediate
transcriptional activity. We propose that 1) Irf6 is bound to /4-3-30 when

phosphorylated; 2) Irf6 stabilizes Tfap2a by inhibiting proteasome-mediated degradation.
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