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Abstract

Rare mutations in IRFé6 and GRHL3 cause Van der Woude syndrome, an autosomal dominant orofacial clefting disorder. Common
variants in IRF6 and GRHL3 also contribute risk for isolated orofacial clefting. Similarly, variants within genes that encode receptor
tyrosine kinase (RTK) signaling components, including members of the FGF pathway, EPHA3 and SPRY2, also contribute risk for isolated
orofacial clefting. In the mouse, loss of Irfé or perturbation of Fgf signaling leads to abnormal oral epithelial adhesions and cleft palate.
Oral adhesions can result from a disruption of periderm formation. Here, we find that IRF6 and SPRY4 signaling interact in periderm
function. We crossed Irfé heterozygous (Irf6*"") mice with transgenic mice that express Spry4 in the basal epithelial layer (Tg""'#*74),
While embryos with either of these mutations can have abnormal oral adhesions, using a new quantitative assay, we observed a
nonadditive effect of abnormal oral epithelial adhesions in the most severely affected double mutant embryos (Irf6™Tg"""'“*P7%)_ At the
molecular level, the sites of abnormal oral adhesions maintained periderm-like cells that express keratin 6, but we observed abnormal
expression of GRHL3. Together, these data suggest that Irfé and RTK signaling interact in regulating periderm differentiation and
function, as well as provide a rationale to screen for epistatic interactions between variants in IRF6 and RTK signaling pathway genes in
human orofacial clefting populations.

Keywords: GRHL3 protein, cleft lip with or without cleft palate nonsyndromic, receptor protein-tyrosine kinases, Van der Woude

syndrome, popliteal pterygium syndrome, oral adhesions

Introduction

Interferon regulatory factor 6 (IRF6) regulates epidermal prolif-
eration and differentiation (Ingraham et al. 2006; Richardson
et al. 2006). Rare mutations in /RF6 cause Van der Woude syn-
drome (VWS; Online Mendelian Inheritance in Man [OMIM]
119300) or popliteal pterygium syndrome (PPS; OMIM 263650)
(Kondo et al. 2002), which can include cleft lip and palate, lip
pits, vertebral anomalies, and cutaneous and limb defects.
Common variants in /RF6 can contribute risk toward isolated
orofacial clefting (iCLP; OMIM 119530) (Zucchero et al. 2004,
Rahimov et al. 2008). Recent work shows that IRF6 is required
for periderm formation (Richardson et al. 2009; Richardson
et al. 2014). Failure of periderm formation leads to pathological
epithelial adhesions (Richardson et al. 2014), and it is thought
that these adhesions hinder development of the palatal shelves
and can lead to cleft palate.

Palatal development is a fluid and continuous process that
in the mouse starts at E12.5 and ends between E15.5 and E16.5
(Bush and Jiang 2012). The progressive stages include forma-
tion of the palatal shelves, proliferation, apposition, adhesion,
and fusion (Kousa and Schutte 2016). The palatal shelves are
lined by an epithelium that might contact many adjacent struc-
tures in the oral cavity, including the mandible and tongue. The
oral epithelium is composed of 2 layers: the superficial peri-
derm and the basal cells. Oral periderm is a flat, squamous epi-
thelial layer that covers basal cells. Oral periderm has many
critical roles in palatal development, including preventing

pathological oral adhesions between the palatal shelves and
adjacent structures and then dissolving to allow strong adhe-
sions between the apposing palatal shelves. Basal epithelium is
a cuboidal epithelial layer that sits between periderm and the
basement membrane, and beneath the basement membrane is
mesenchyme. Basal cells proliferate to support the expanding
and underlying palatal mesenchyme and then also dissolve to
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allow for the formation of the palate as a confluent mesenchy-
mal bridge.

IRF6 has diverse roles in palatal development mediated
through interactions with different transcription factors. IRF6
has been shown to regulate GRHL3 (de la Garza et al. 2013;
Peyrard-Janvid et al. 2014), and loss of GRHL3 can lead to
abnormal periderm development and cleft palate (Peyrard-
Janvid et al. 2014). Furthermore, mutations in GRHL3 can also
lead to VWS2 (OMIM 606713). A missense variant in GRHL3
also contributes risk toward iCP (OMIM 119540) (Leslie et al.
2016). In addition, IRF6 and TP63 are required for proper peri-
derm development and palatogenesis (Thomason et al. 2010).

Receptor tyrosine kinase (RTK) signaling pathways are
both evolutionarily conserved and diverse, regulating networks
in embryonic development, cancer, and inflammation through
cellular processes such as proliferation, differentiation, cell
migration, and metabolism (Citri and Yarden 2006; Lemmon
and Schlessinger 2010). RTK signaling pathways are com-
posed of 20 subfamilies, including fibroblast growth factors
(FGFs). RTK signaling can drive expression of Sprouty (Spry)
genes, whose protein products in turn modulate RTK signaling
as part of a negative feedback loop (Minowada et al. 1999;
Mason et al. 2006; Dorey and Amaya 2010). This signaling
cascade and feedback loop are relevant to palatal development,
as common and rare variants in genes that encode for FGF
ligands and receptors and SPRY2 have been implicated in iso-
lated orofacial clefting (Vieira et al. 2005; Riley et al. 2007;
Ludwig et al. 2012). Spry2 knockout mice have higher levels
of FGF signaling and a cleft palate (Matsumura et al. 2011).
Fgf10 and Fgfr2 null mice have palatal-lingual oral adhesions
and cleft palate (Rice et al. 2004), suggesting a role in periderm
development (Alappat et al. 2005).

In this work, we used mice carrying a null [rf6 allele
(Ingraham et al. 2006) and a transgenic allele expressing Spry4
under the control of the KRTI4 promoter (Ig“®"**rm?)
(Charles et al. 2011) to test for a genetic interaction between
IRF6 and RTK signaling in palatal development. While
embryos with either mutation can have abnormal oral epithe-
lial adhesions, we find, using a new quantitative assay, that
double heterozygous embryos (Irf6"; Tg"*""*"7*) have more
extensive pathological oral epithelial adhesions. Consistently,
the expression of GRHL3 was altered in the oral periderm of
double heterozygous embryos. These data suggest that proper
periderm function, in addition to formation, is required to pre-
vent abnormal oral epithelial adhesions. These data also sug-
gest that IRF6 and SPRY4 genetically interact in regulating
periderm function. This is important, since common and rare
FGF and IRF6 variants are known to contribute risk in human
orofacial clefting, providing justification for testing for genetic
interactions in orofacial clefting populations.

Methods

Murine Crosses

All murine experiments were approved by the Michigan State
University Institutional Animal Care and Use Committee
(AUF 05/12-093-00). Presence of a copulation plug was

denoted as E0.5. We used harem matings, defined as 1 breeder
male with 4 females, to enhance pregnancy rates. The /rf6 het-
erozygous allele is a genetrap, which functions as a null allele
(Ingraham et al. 2006). We intercrossed [rf6 heterozgyous
(Irf6™"', referred to as Irf6"") mice with those containing the
T RT1#:574 gllele, which is the KRTI4 promoter upstream of
Spry4 complementary DNA (cDNA) (Charles et al. 2011).
T RI1#:5r7 \were created in a CBA/J x C57BL/10J 1-cell
zygote and have been maintained for nearly 10 y on a hybrid-
ized CBA/J x C57BL/10J background. The Irf6™" genetrap
allele has been maintained on an inbred C57BL/6J background
for over 10 y. We examined littermate embryos at 2 develop-
mental periods, including E13.5 to E15.5 and E16.5 to E17.5.
Genotyping for the /rf6 heterozygous allele was performed as
previously described (Ingraham et al. 2006). Genotyping for
embryos containing the 7g"*""#"* allele was performed with
primers for the KRT14 promoter.

Morphological and Histological Analyses

After gross inspection, embryos were fixed in paraformalde-
hyde (245 to 684, per protocol). After fixing for 16 to 24 h,
embryos were placed in 50% to 80% ethanol until paraffin
embedding. Coronal sections of the head were obtained at
7-um intervals. At E13.5, the tooth germ was used as a land-
mark to determine locations of interest in the oral cavity. Slides
were selected for hematoxylin (GHS332; Sigma-Aldrich) and
eosin (E511-25; Fisher Chemical) staining (Ingraham et al. 2006).

Molecular Analyses of the Murine Oral Cavity

We immunostained wild-type (n = 2), Irf6 heterozygous
(Irf6"") (n = 3), KRT14::Spry4 transgenic (Ig"*"**77%) (n =
4), and double heterozygous embryos (Irf6" ; Tg" k! 1#:5pv4)
(n = 5) for every molecular target in this manuscript. Antigen
retrieval was completed in sodium citrate (pH 6.0). After anti-
gen retrieval, permeabilization was performed in Triton X-100
(VWR). The slides were then washed to remove detergent. Two
1-h-long blocking steps were performed. The 2 incubations
were bovine serum albumin (BSA) in phosphate-buffered saline
(PBS) (10%) and goat anti-mouse Fab fragment in PBS (40 pg/
mL) (115-007-003; Jackson ImmunoResearch Laboratories).
After blocking, primary antibodies were incubated for 18 to 24
h at 4°C. Primary antibodies included TP63 (4A4, sc-8431;
Santa Cruz), keratin 6 (PRB-169P; Covance), keratin 14 (NCL-
L-LL002; Novocastra), IRF6 (SAB2102995; Sigma-Aldrich),
GRHL3 (a kind gift from Dr. B. Andersen, University of
California, Irvine), and activated caspase 3 (Ab13847; Abcam).
Secondary antibodies, including goat anti-mouse and goat anti-
rabbit (Molecular Probes), were incubated for 1 to 2 h at room
temperature. Nuclei were labeled with DAPI (Invitrogen).

Bioimaging Using the Stereomicroscope
and the Upright/Fluorescent Microscope

Images of whole-mount embryos were obtained using the
SMZ1000 Nikon microscope and the NIS Elements Software
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Figure I. Eye closure defect in Tg""**""* embryos at E17.5. Analysis

and whole-mount imaging of wild-type (A), Tg"'**7* (B), and
16 Tg" ™47 embryos (C) show an eye closure defect in embryos
containing KRT14::Spry4 transgene but not wild-type littermates. Irfé
heterozygous embryos did not have an eye closure defect &data not
shown). The eye closure defects were similar between Tg""' %74 and
experimental embryos (B, C). A vascular defect was also observed in
Tg®T%5P7* embryos (B). No other anatomic defects were detected on
gross evaluation.

v4.11. Coronel sections were visualized using a Nikon Eclipse
90i upright microscope, and images were obtained with NIS
Elements Advanced Research v3.10 software. Images were
enhanced uniformly using standard program algorithms,
including deconvolution and sharpening. Adobe Photoshop
Elements v9.0 was used to assemble and produce the figures.

Oral Adhesion Assay

NIS Elements Advanced Research v3.10 software was used to
obtain measurements from hematoxylin and eosin (H&E) his-
tology stains of oral cavity tissue at E13.5. The total oral cavity
surface spanned from the medial aspect of the palatal shelves
to the lateral edges of the oral cavity. The interactive measure-
ment feature was used to measure the arc length of oral adhe-
sions and the total oral cavity surface. These measures were
exported to Microsoft Excel. Total arc length of oral adhesions
and oral cavity were obtained and percent oral adhesion for
each embryo was calculated based on these numbers. In immu-
nostained images, this approach was used to measure the arc
length of epithelium expressing GRHL3 relative to the total
imaged epithelial surface as marked by DAPI.

Statistics

Data analysis, tables, and histograms were obtained using Excel
(version 2010) and GraphPad Prism Software (version 5). A
1-way analysis of variance (ANOVA) assuming a nonparamet-
ric distribution (Kruskal-Wallis test) was performed on the per-
cent oral adhesions and the percent oral epithelium expressing
GRHL3 in both epithelial surfaces of palatal-lingual and
maxillary-mandibular oral adhesions. In addition, we per-
formed a post hoc analysis to compare all pairs of genotypes in
each assay (Dunn’s multiple comparison test). We used a sig-
nificance level of 0.05 (95% confidence interval).

Results

To explore potential genetic interactions between /RF6 and
SPRY4 signaling, we crossed Irf6 heterozygous mice (Irf6 "%,
herein referred to as Irf6"") (Ingraham et al. 2006) with mice
carrying the Tg"""**"7 gllele (Charles et al. 2011). The
TgkRTH#:5rv allele expresses Spry4 under the control of the
KRTI14 promoter. The distribution of embryonic genotypes
was at the expected Mendelian ratios (Appendix Table 1), and
we did not detect an increase in the number of resorptions. We
observed no gross anatomical defects at E17.5 (82 embryos)
and E15.5 (37 embryos). Embryos carrying the KRT14::Spry4
transgene appeared to have a vascular defect (Fig. 1B) and an
eyelid closure defect in single transgenic (7g"*"'#-5™*) and
double heterozygous embryos (Irf6"; Tg"®"#:P7%) (Fig. 1B,
C). We did not detect orofacial clefting in E17.5 embryos based
on histological staining of coronal sections.

However, we identified abnormal oral epithelial adhesions
in the oral cavity at E13.5 in embryos that were single hetero-
zygous for Irf6 or the transgene and in embryos that were double
heterozygous (Irf6™ ; Tg"*""#%%) (Fig. 2). In the singly het-
erozygous littermates, the abnormal oral adhesions occurred
more frequently between the maxilla and mandible (maxillary-
mandibular) and were superficial to the tooth germ (Fig. 2B,
C). However in the double heterozygous embryos, the abnormal
oral adhesions appeared more extensive, because they also
occurred between the palate and tongue (palatal-lingual) (Fig. 2D).

To further examine these tissues, we performed immunos-
taining and examined both maxillary-mandibular and palatal-
lingual oral adhesions. Maxillary-mandibular oral adhesions
were most frequently detected at the tooth germ (Fig. 2). At the
molecular level, sites of oral adhesions above the tooth germs
in the transgenic embryos (7g"*"'**7%) and the double hetero-
zygous embryos appeared to have an expanded basal cell layer,
as marked by TP63 (Fig. 2, compare E, F with G, H).
Furthermore, while we detected periderm, as marked by KRT6
expression, the cells appeared more cuboidal than squamous in
morphology at the site of oral adhesions (Fig. 2E-H). KRT14
expression was less prominent in 7g"*"/#%* embryos com-
pared with littermates (Fig. 2K). IRF6 appeared to be evenly
expressed in the epithelium, including sites of oral adhesions
(Fig. 2P). Importantly, GRHL3 expression was not uniformly
detected at sites of oral adhesions in the tooth germ.
Furthermore, cells expressing GRHL3 appeared to be more
squamous than cuboidal in morphology (Fig. 2T). We did not
detect differences in activated caspase 3 expression, including
at sites of oral adhesions (Fig. 2U-X).

For most markers, expression at oral adhesions between the
palate and tongue was different compared with maxillary-man-
dibular adhesions. For TP63, we did not observe an expanded
basal cell layer in either lingual or palatal epithelium at adhe-
sion sites (Fig. 3A-D). KRT6 expression was absent along the
lingual epithelium (Fig. 3D). KRT14 staining in double heterozy-
gous embryos (Irf6"; Tg"*""* 7% revealed loss or detachment
of the lingual epithelium (Fig. 3H). This degree of oral adhesion
severity was not detected in wild-type, Irf6 heterozygous, or
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Figure 2. Irf6 and Spry4 regulate oral epithelium development at El3.5 at the tooth germ. Insert in (A) shows plane and approximate location of
sections (A=X). Images and analysis of oral epithelium using hematoxylin and eosin (H&E) staining (A-D) to identify oral adhesions and immunostaining
(E-X) to examine expression of KRT6/TP63 (E-H), KRT14 (I-L), IRF6 (M—P), GRHL3 (Q-T), and activated caspase 3 (CASP3, U-X) at the tooth germ.
Genotypes s J:)arated by columns, including wild-type (A, E, I, M, Q, U), Irf6 heterozygous (Iff6"") (B, F, J, N, R, V), T #57* (C, G, K, O, S, W), and
Irf6*~Tg" ™47 embryos (D, H, L, P, T, X). Relative to wild-type embryos (A), Irf6 heterozygous embryos had minor oral adhesions between the
mandibular epithelium and either the palatal or maxillary epithelium (B, black arrowheads). Tg®"'**7* embryos appeared to have similar maxillary-
mandibular oral adhesions (C, black arrowhead), but other transgenic embryos Tg"®"'#**"* also had oral adhesions between the palate and tongue (Fig.
4). Irf6™~;Tg %57 embryos had more extensive maxillary-mandibular and palatal-lin 7gual oral adhesions (D, black arrowheads). (E, F) The morphology
of perlderm cells was more cuboidal than squamous in Tg""' 74 G and Irf6*;TgRT 4:5pv4 7(H) embryos (white arrowheads). Immunostaining shows
irregular KRT6 sta|n|n§ and an expanded basal layer (TP63) in TgKR e S""/4 (G) and Irf6™"=Tg" 1 #5P7* (H) embryos. gl L) KRT 14 immunostaining was
slightly reduced in Tg*"'**7* embryos (K) but highlighted the extent and severity of oral adhesions in Irf6™~;Tg" "™ #*7* (L) embryos (white arrow).
(M-P) IRF6 staining showed expression in epithelium (white arrowheads), including sites of oral adhesions (P). (Q-T) GRHL3 expression was detected
in periderm (Q-S, white arrowheads) but not in sites of oral adhesions in Irf6™Tg""" #**7* embryos (T, white arrowhead). (U-X) Activated caspase 3
staining in epithelium was similar for all genotypes. Scale bars: (A-D) 250 pm; (E-X) 40 um. Mn, mandible; Mx, maxilla, P, palate; T, tongue; Tg, tooth
germ.
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Figure 3. Irf6 and Spry4 interaction leads to loss of periderm and oral adhesions between the tongue and palate at EI3.5. (A-T) Images and analysis
of oral adhesions and immunostaining to examine expression of KRT6/TP63 (A-D), KRT14 (E-H), IRF6é (I-L), GRHL3 (M-P), and activated caspase 3
(CASP3, Q—T) between the tongue and palate. Genot?'pes separated by columns, including wild-type (A, E, I, M, Q), Irfé heterozygous (Irf6*") (B, F,

J, N, R), TgRTH574 (C G, K, O, S), and Irf6*";Tg"""“*P"* embryos (D, H, L, P, T). (A-D) Immunostaining showed an abnormal expression pattern of
both KRT6 and TP63 (compare white arrowheads in A-D), with loss of periderm and basal cells (white arrow) in Irf6*~Tg"*" 7 embryos (D). (E-H)
KRT 4 immunostaining highlighted adhesions in Tg"'***"* embryos (G) and loss of lingual oral epithelium in Irf6*"~Tg""" **7* embryos (H). (I-L) IRF6
stained both the periderm and basal epithelial cells in wild-type embryos (1) and Irfé heterozygous (J). There appeared to be ectopic IRF6 expression

in the lingual mesenchyme of both Tg""'**7* (K) and Irf6*">Tg"*"'**7* (L) embryos. Epithelial IRF6 expression did not appear different (I-L, white
arrowheads). (M-P) GRHL3 expression was found in both the periderm and basal epithelial cells of tongue and, to a lesser extent, the palatal shelves
(M). There was reduced GRHL3 expression in the periderm of Irf6 heterozygous (N) and Tg*"'#*7* embryos (O). Loss of periderm contributed to
the apparent reduction GRHL3 expression in Irf6*'Tg"""'#*7* (P) embryos (white arrowheads). (Q-T) Activated caspase 3 expression appeared more
prominent in sites of oral adhesion in Irf6 " Tg""™'#**7* (T) embryos (white arrows). Scale bar: (A-T) 40 um. P, palate; T, tongue.

transgenic (7g"*""#7*) littermates. Interestingly, compared with embryos (Fig. 3N-P) compared with wild-type littermates

wild-type and Irf6 heterozygous embryos, IRF6 expression
appeared more prominent in lingual mesenchyme of transgenic lit-
termates (7g"*""***) (Fig, 3K). Similar to maxillary-mandibular
oral adhesions, GRHL3 expression was not detected at sites of
oral adhesion between the tongue and palate in double hetero-
zygous embryos (Irf6"; Tg"*""**%%) (Fig. 3P). Furthermore,
the GRHL3 signal appeared to be discontinuous in mutant

(Fig. 3M). Finally, in contrast to maxillary-mandibular oral
adhesions, sites of palatal-lingual oral adhesion appeared to
express activated caspase 3 in double heterozygous embryos
([}ff6+/—}_ TgKRTM.‘:Spry‘ﬂ) (Flg 3T)

This qualitative analysis suggested that oral adhesions were
more common and extensive in Irf6"; Tg"*"* %% embryos.
To quantify this observation, we developed an assay to more
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precisely measure and compare oral
adhesions among the different genotypes
(Fig. 4). We measured the visual field by
using the interactive measurement feature
in Nikon Elements Software. To account
for the curvilinear structures within the
oral cavity, we measured the arc length of
oral adhesions as a fraction of the total
oral cavity surface (Fig. 4). The nasal
cavity epithelium was excluded from our
measurements (black line above tongue
in Fig. 4B, D, F) because even complete
oral adhesions spare this surface o
(Ingraham et al. 2006; Richardson et al.
2006). We separately measured maxil-
lary-mandibular and palatal-lingual oral
adhesions, which allowed us to calculate
the percentage of the oral cavity that was
adhered in total and at each of these sites.

We did not detect oral adhesion in
wild-type embryos (Fig. SA). Irf6 het-
erozygous embryos had mean oral adhe-

. Irf6*~; TgKRT14::Spry4

Total Oral Cavity Surface —
Mandible-Maxilla Adhesion «m =

Total Oral Cavity Surface
Mandible-Maxilla Adhesions ¢=
cmm

Palatal-lingual Adhesions

sions involving 5.6% of the oral cavity,
with a maximum of 16% (Fig. 5A). All
of these adhesions were between the
maxilla and mandible. 7g"*"* P!
embryos had mean total oral adhesions
of 6.5% with a maximum of 13%. The
majority of these also occurred between
the maxilla and mandible (Fig. 5B). In
contrast, double heterozygous embryos
(Irf6""; Tg"*"#:577%)  had mean oral
adhesions of 11.2% and a maximum of
35.8% (Fig. 5A). Mean oral adhesions between the maxilla and
mandible were 6.7% of the oral cavity with a maximum of
35.8%. Between palate and tongue, an average of 5% of oral
adhesions were between the tongue and palate with a maxi-
mum of 22% (Fig. 5C). Assuming a nonparametric distribution
(Kruskal-Wallis test), we did not identify a significant differ-
ence among the different genotypes in total oral (P = 0.09),
palatal-lingual (P = 0.24), or maxillary-mandibular (P = 0.17)
oral adhesions.

Our qualitative analysis suggested that GRHL3 expression
was reduced in double heterozygous embryos (Irf6"";
TgkRTH#:57v%) " Similar to the oral adhesion assay, we answered
this question directly by measuring epithelial arc length to calcu-
late the percent oral epithelium with GRHL3 expression. We
examined both epithelial surfaces involved in palatal-lingual and
maxillary-mandibular oral adhesions. For each type of oral
adhesion, we measured the total length of the epithelium and
the length of epithelium expressing GRHL3. We used these
measurements to calculate the percent oral epithelium with
GRHLS3 expression. In palatal and lingual epithelium, statisti-
cal analysis showed a significant difference in the percent epi-
thelium with GRHL3 expression among the 4 genotypes
examined (ANOVA, P < 0.05) (Fig. 5D, E). Dunn’s multiple

+/-,

transgenic embryos (Irf6™"; T
the distance around the curved surface of the oral cavity using multiple linear segments (arc length).
Representative images and lines before (left column: A, C, E) and after (right column: B, D, F)
surface measurements indicated with colored lines. We measured oral epithelium from the lateral
edges of the oral cavity to the top of the tongue (black horizontal line bisecting oral epithelium)

(B, D, F). We obtained the arc length for the whole oral cavity (blue line), maxilla-mandible oral
adhesion (yellow-dotted line), and palatal-lingual oral adhesions (green-dotted line) (B, D, F). Mn,
mandible; Mx, maxilla; PS, palatal shelf; T, tongue; Tg, tooth germ.

Figure 4. Quantitative oral adhesion assay. (A—F) Coronal sections of EI3.5 oral cavities. (A)
Inset in right lower corner of this images shows cartoon with a black line indicating the plan of
section and approximate location of sections. Two genotypes are shown to illustrate different
types of oral adhesions and how they were measured: wild-type (A, B) and Irf6 heterozygous,

RTI4:SPv4) (CF). We used standard microscope software to measure

comparison test showed a significant difference in the percent
lingual and palatal epithelium with GRHL3 expression when
comparing wild-type and double heterozygous embryos (P <
0.05). In mandibular and maxillary oral epithelium, we
detected a significant difference in epithelial GRHL3 expres-
sion (ANOVA, P < 0.05). However, no significant differences
were found between the 4 genotypes using Dunn’s multiple
comparison (Fig. 5F, G).

Discussion

Common and rare variants in IRF6 and RTK signaling genes
have been implicated in orofacial clefting. Here, we report a
genetic interaction between IRF6 and SPRY4, a regulator of
RTK signaling. These results imply that IRF6 and RTK signal-
ing might also interact in contributing to human orofacial
development. This conclusion is supported by both the qualita-
tive and quantitative data obtained from in vivo epistasis
experiments. Using a quantitative oral adhesion assay developed
here, we observed a nonadditive effect in double heterozygous
embryos (Irf6""; Tg"*""**%%) This quantitative assay may be
useful in future work to detect epistatic relationships between other
genes necessary for the development of oral epithelium.
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Figure 5. A quantitative adhesion assay shows that Irf6*";Tg"""'“*"* embryos have more

extensive oral adhesions at E13.5. (A—-C) We obtained a percent arc length of total oral
adhesion, relative to the entire arc length of the oral cavity (A). We then calculated the individual
contributions of palatal-lingual (B) and maxillary-mandibular (C) oral adhesions as a percentage of
the total arc length. (D-G) Quantifying percent oral epithelium expressing GRHL3. We calculated
the percent oral epithelium where GRHL3 was detected on each epithelial surface (D-G) for
both palatal-lingual (D, E) and maxillary-mandibular (F, G) oral adhesions. The y-axis shows the
percent epithelium where GRHL3 was detected. Three images were quantified for each epithelial
surface and each genotype using the arc length tool in NIS Elements Advanced Research v3.10.

alter periderm formation and palatal
development. Future experiments testing
the role of FGF10 and FGFR2 in IRF6
and SPRY4 or SPRY2 signaling might
identify how these elements interact.

While 7rf6 heterozygous mice were
only found to have maxillary-mandibular
oral adhesions, transgenic embryos
(1g"*1#:5v%) - had - both  maxillary-
mandibular and palatal-lingual oral adhe-
sions. These data suggest that there are
different mechanisms associated with the
function and maintenance of periderm
along the surface of the oral cavity.
However, these pathways are likely to
converge because in both locations of
oral adhesions, GRHL3 served as a spe-
cific marker of functional periderm,
while KRT6 was useful in detecting peri-
derm cells. In addition, activated caspase
3 expression seemed slightly more prom-
inent at sites of oral adhesions between
the lingual and palatal epithelium.

Prior work shows that “rounded” peri-
derm cells stretch across an open eye
between E15 and E16 to mediate eyelid

Four genot pes were tested, including wild-type $white triangle), Irfé heterozygous (Irf6*") (black
gZ 14574 (black diamond) embryos.

square), Tg"T#7* (white circle), and Irf6"~;Tg"

Previous work showed that loss of periderm leads to oral
adhesions (Richardson et al. 2014). Similarly, we observed a
loss in periderm cells at palatal-lingual adhesions. However,
KRT6 staining was detected at maxillary-mandibular oral
adhesions. However, the morphology of these superficial cells
was more cuboidal than squamous, suggesting abnormalities in
periderm function. Maxillary-mandibular epithelium at the
tooth germ also seemed to be the most common or sensitive
site to screen for oral adhesions. It is not clear why the site of
the tooth germ was most susceptible to oral adhesions. Finally,
oral adhesions were less severe and extensive compared with
the previously described /rf6 null embryos. Based on these
observations, we hypothesize that the abnormal periderm cell
morphology represents an intermediate phenotype resulting
from periderm dysfunction.

Importantly, of all the markers examined, GRHL3 expres-
sion appeared to be the best correlative molecular marker of
both periderm cell morphology and function. Interestingly, loss
of IRF6 (de la Garza et al. 2013; Peyrard-Janvid et al. 2014) and
overexpression of SPRY4 seemed to converge at GRHL3
expression, and loss of GRHL3 can lead to orofacial clefting.
Periderm cells involved in oral adhesions did not express
GRHL3, while periderm cells with squamous morphology
expressing GRHL3 did not appear to participate in adhesion.
Loss of GRHL3 expression, abnormal cellular morphology, and
presence of oral adhesions implicates abnormal cellular func-
tion, in addition to development, in pathologic oral adhesions.
Therefore, we have identified GRHL3 as a common molecular
target upon which these signaling pathways could interact to

closure (Harris and Juriloff 1986; Juriloff
and Harris 1989). Loss of Sprouty 1 and
2 resulted in an eyelid closure defect by reducing periderm
migration (ERK and c-Jun signaling) and altering epithelial
proliferation (FGF-ERK signaling) (Kuracha et al. 2013).
Interestingly, our data show that overexpressing SPRY4 in epi-
thelium resulted in an eye closure defect, which supports the
role of SPRY4 and FGF signaling in periderm development
and function. However, the eyelid closure defect in transgenic
embryos (Tg"*""**) was not rescued in double heterozy-
gous embryos (Irf6"; Tg"*"'#5%) suggesting that an interac-
tion between IRF6 and RTK signaling is specific to oral
periderm.

Sprouty genes inhibit several pathways, including those
downstream of FGFR signaling (Dorey and Amaya 2010).
Therefore, our results can be interpreted as a genetic interac-
tion with SPRY4 and as a means of screening for a genetic
interaction with RTK signaling pathways, including FGF
genes. Future work may uncover which components of the
FGF signaling network could interact with IRF6. Downstream,
IRF6 interacts with TP63 (Thomason et al. 2010), and TP63
regulates BMP and FGF signaling in orofacial clefting
(Thomason et al. 2008). Our data suggested that double hetero-
zygous embryos (Irf6"; Tg"*"'#*%"*) have an expanded basal
epithelial layer, as marked by TP63 expression. This relation-
ship has also been observed in /rf6 knockout embryos
(Ingraham et al. 2006). Importantly, our expression analysis
also suggests the presence of increased IRF6 expression in the
lingual mesenchyme of Tg**""**"* embryos (Goudy et al.
2013). These data suggest that RTK signaling might regulate
IRF6 expression in the mesoderm. It will be interesting in the
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future to delineate how SPRY4 and RTK signaling interact
with IRF6 to regulate GRHL3 and TP63 expression in oral epi-
thelium and possibly the mesenchyme.
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