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Abstract

In this review I discuss how Xenopus laevis is an effective model to dissect the mechanisms
underlying orofacial defects. This species has been particularly useful in studying the understudied
structures of the developing face including the embryonic mouth and primary palate. The
embryonic mouth is the first opening between the foregut and the environment and is critical for
adult mouth development. The final step in embryonic mouth formation is the perforation of a thin
layer of tissue covering the digestive tube called the buccopharyngeal membrane. When this tissue
does not perforate in humans it can pose serious health risks for the fetus and child. The primary
palate forms just dorsal to the embryonic mouth and in non-amniotes it functions as the roof of the
adult mouth. Defects in the primary palate result in a median oral cleft that appears similar across
the vertebrates. In humans, these median clefts are often severe and surgically difficult to repair.
Xenopus has several qualities that make it advantageous for craniofacial research. The free living
embryo has an easily accessible face and we have also developed several new tools to analyze the
development of the region. Further, Xenopus is readily amenable to chemical screens allowing us
to uncover novel gene-environment interactions during orofacial development, as well as to define
underlying mechanisms governing such interactions. In conclusion, we are utilizing Xenopusin
new and innovative ways to contribute to craniofacial research.

Keywords
Xenopus; orofacial; buccopharyngeal membrane; median clefts; gene-environment interactions

Introduction

In all vertebrates the orofacial region develops from several facial prominences that grow
and converge to surround the embryonic mouth. Multiple signals, transcription factors, and
epigenetic regulators orchestrate the precise coordination of very complex processes that are
required for orofacial development (reviewed in [1]). Since there are these numerous
molecular and morphogenetic events, it is not surprising that defects in the face including
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cleft lip and palate are the most common birth defect worldwide. Xenopus has emerged as an
effective model to dissect the mechanisms underlying orofacial defects. Not only is orofacial
development well conserved in this species [2], it also offers many advantages over studies
in mammals, chick and zebrafish. For example, developmental experiments can be
performed easily in free living embryos that are also large in size, develop rapidly, and can
be obtained in great numbers simultaneously. Further, the orofacial region is readily visible,
unlike the other model vertebrates where head flexure obscures easy viewing of the mouth
(Fig. 1A).

Molecular gain and loss of function experiments are routine in Xenopus and we have
advanced such experiments by developing a method to spatially regulate agents and proteins
using “face transplants” [3] (Fig. 1B). This technique has provided a major leap forward in
our ability to study the complexity of orofacial development since it allows for region
specific loss or gain of function in all the cell types in the face. This has not been possible
with promoter driven gene expression in mammals and fish since no single gene is
expressed in all the tissues at the same time in the face. Importantly, face transplants allow
us to examine the roles of proteins in the whole orofacial region without worrying about
non-specific effects or viability problems in the whole embryo. My lab has also recently
pioneered a face explant technique (Fig. 1C) that will allow us to study the particular
signaling and mechanical influences of cranial structures on orofacial development.

Finally, the embryonic face is a morphologically complex structure and thus we needed a
robust method to assess changes in its development. We therefore adapted geometric
morphometrics (Fig. 1D) combined with traditional measurements to the larval frog face [4,
5]. This quantitative analysis allows us to easily distinguish between the subtle differences
in the size and shape of the face during orofacial development. Moreover, the analysis of
craniofacial defects arising from synergistic effects of genes and/or environmental factors
will be greatly improved by such a method. It can also reveal even slight improvements of
an orofacial defect and thus a useful guide in analyzing potential therapeutics.

In summary, using Xenopus for studies of orofacial development allows for an innovative
multidisciplinary approach; we can perturb and visualize molecular and cellular aspects in
the whole embryo and in vitro, using a combination of modern microscopy, molecular
assays, and classical embryology. Xenopus is therefore an excellent system to connect the
molecular mechanisms and the complex three dimensional tissue morphogenesis that is
critical for a better understanding of orofacial development. In this review we will
summarize how we are using Xenopus to dissect the developmental processes underlying
human orofacial birth defects such as persistent buccopharyngeal membrane, choanal atresia
and median oral clefts. Further, I will discuss how Xenopus has become an ideal model for
testing gene-environment interactions in orofacial malformations.

1. EMBRYONIC MOUTH DEVELOPMENT

1.1 Embryonic mouth development—The mouth forms from a complex series of
growth and fusions of the embryonic facial tissues. Its formation creates an opening to the
digestive system in all metazoan, without it animals cannot eat. The initial opening between
the gut and the external environment is termed the embryonic or primary mouth [6].
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Remarkably, despite its obvious importance, there have been few studies that address the
molecular and cellular mechanisms required for embryonic mouth formation. This is
surprising as one can imagine that abnormalities in the development of this structure could
have devastating effects on the formation of the adult mouth. Moreover, can a mouth even
be called a mouth without a connection to the digestive tract? Nevertheless, the embryonic
mouth is not often considered in studies of orofacial evolution, development and birth
defects, and is rarely mentioned in developmental or anatomical textbooks.

The embryonic mouth develops from a region in the extreme anterior along the midline that
is devoid of mesoderm [2, 6]. From this region, recently termed the Early Anterior Domain
or EAD [7], the cement gland and anterior pituitary also originate [2]. Multiple
morphological changes that transform the embryonic mouth anlage into an opening that is
continuous with the digestive tract have been identified [6]. The first change observed is the
dissolution of the basement membrane that separates ectoderm from endoderm in the EAD.
This critical step in embryonic mouth development requires the inhibition of Wnt signaling
[3]. The Wnt inhibitors, Frzb-1 and Crescent, decrease the expression of extracellular matrix
components, laminin and fibronectin. Tabler et al [8] also showed that sonic hedgehog
signaling may be upstream of Wnt signaling in regulating basement membrane dissolution.
Soon after the basement membrane disappears, the cranial neural crest migrates anteriorly to
surround the presumptive embryonic mouth. Guidance of the neural crest to the orofacial
region is regulated in part by kinin-kallikrein signaling that originates from the EAD [7].
Importantly, this emphasizes the idea that, in addition to giving rise to the embryonic mouth,
the EAD is a signaling center that coordinates the development of the surrounding face.
Later, during tadpole stages, the embryonic mouth anlage invaginates to form the
stomodeum. This structure is a well conserved hallmark of mouth development since it is
reported in almost all metazoans [9-11]. In Xenopus, as the stomodeum is forming, there is a
burst of cell death in the region. It is unclear why this occurs, but we have speculated that it
is necessary to help thin the stomodeal tissue in preparation for perforation [6]. The last and
most defining step is the actual perforation of the tissues covering the digestive tube, called
the buccopharyngeal membrane. This perforation or rupture occurs at approximately two
and a half days in Xenopus and by the fourth week of development in humans ([12]). The
mechanisms that regulate the process of buccopharyngeal membrane rupture are completely
unknown and therefore my lab has begun to explore this process in more depth.

1.2 Defects of the embryonic mouth: persistent buccopharyngeal membrane
and choanal atresia—When the buccopharyngeal membrane fails to perforate in humans
it causes a defect known as persistent buccopharyngeal membrane [12, 13]. This condition
on its own is very rare but can also present in conjunction with other congenital syndromes
(Table 1A) and cleft palate [14-16]. A persistent buccopharyngeal membrane prevents the
fetus from inhaling and swallowing amniotic fluid which is necessary for proper lung and
digestive tube development [17, 18]. It can also cause a condition where amniotic fluid
accumulates in the mother called polyhydramnios. This condition can pose several problems
during pregnancy including placental abruption, fetal malposition, and premature birth [19].
Finally, when the baby is born, a persistent buccopharyngeal membrane can result in
respiratory compromise and if it goes unrecognized can result in death. Correction of this
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congenital defect is difficult and can require multiple surgeries, stents and reliance on
tracheotomies [20]. A persistent buccopharyngeal membrane is also believed to be one of
the causes of a more common birth defect called choanal atresia (OMIM1 608911). This
condition occurs when the back of the nose is blocked and therefore air flow from the nose
to the rest of the airway is restricted [21]. Choanal atresia occurs in about 1 in 6000 to 7000
live births [22] and could be a contributor to sudden infant death syndrome (SIDS)[23] as
well as being part of several other syndromes (Table 1B)[21]. One hypothesis is that a
persistent buccopharyngeal membrane somehow interferes with normal nasal passage
formation which then leads to choanal atresia [21, 24]. However, no experimental studies to
date have tested this hypothesis.

Except for the genetic causes of the syndromes associated with persistent buccopharyngeal
membrane and choanal atresia, we know little about the underlying molecular causes of
these anomalies. Association studies in humans suggest that defects in retinoic acid and FGF
signals, hyperthyroidism and exposure to the herbicide atrazine could contribute to choanal
atresia [21, 25]. However, it is unclear whether such causes of choanal atresia actually affect
the developing embryonic mouth directly. Therefore, one of the major goals of my lab is to
begin to understand how the buccopharyngeal membrane perforates so that we can better
understand some of the causes of the birth defects associated with this structure.

1.3 Using frogs to understand how the buccopharyngeal membrane
perforates—The buccopharyngeal membrane is not actually a membrane but rather a 1-2
cell layer thick tissue that covers the embryonic mouth (Fig. 2A). Xenopus presents an ideal
model to study the rupture of this structure for the simple fact that it is very easy to
visualize. The rupture or perforation begins at stage 39-40 (~65-68 hours post fertilization)
where a small hole or gap appears in the buccopharyngeal membrane, most often in the
middle of the structure. This hole becomes larger and then another hole may or may not
form (Fig. 2B-E). Over an hour or two the holes coalesce and the entire buccopharyngeal
membrane disappears to allow for complete connection to the foregut. Interestingly, during
perforation, the cells of the buccopharyngeal membrane appear to be stretched across the
embryonic mouth (Fig. 2B). This is especially evident when the buccopharyngeal membrane
is fluorescently labeled for actin in Xenopus (Fig 2C-E). The “stretching” of cells as the
buccopharyngeal membrane ruptures can also be observed in mammals (including humans)
[26, 27] and other frog species [28, 29]. Based on this stretched appearance of the cells, we
have formulated the hypothesis that the process of buccopharyngeal perforation is mediated
by biomechanical forces (Fig. 2F). To support this idea we have found that disconnecting
the epidermis surrounding the embryonic mouth, which would impede biomechanical
forces, not only prevents buccopharyngeal membrane perforation but also results in a
collapse of the structure (unpublished data). Further, disrupting cellular forces by inhibiting
actin and myosin dynamics prevents buccopharyngeal membrane perforation (unpublished
data). In summary, we are only just beginning to define the mechanisms that drive
buccopharyngeal membrane rupture and current projects are aimed at dissecting the signals
that regulate this process.

1OMIM; Online Mendelian Inheritance in Man

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dickinson Page 5

2. PRIMARY PALATE AND MIDFACE DEVELOPMENT

2.1 Formation of the midface, upper lip, and primary palate—My lab is also
interested in the structures that form around the embryonic mouth, specifically the midface,
upper lip and primary palate. As early as ten weeks, the human embryonic face already
resembles the adult face (Fig. 3A) and the midface includes the region above the mouth
including the space between the eyes, nose, philtrum, upper lip and primary palate [30]. The
primary palate, not to be confused with the secondary palate, is the anterior most section of
the palate where the four front teeth are inserted (Fig. 3A,B). The region of the midface
encompassing the primary palate and upper lip is formed from the growth and fusion of the
maxillary, nasal and frontonasal prominences dorsal to the embryonic mouth (Fig. 3C)[31-
33]. Generally, the early development of the midface region appears similar across the
vertebrates [31, 34-37]. However, it is important to note that some differences exist, most
notably between amniotes (e.g. mammals and birds) and non-amniotes (e.g. zebrafish and
Xenopus). In amniotes, cellular processes such as apoptosis, epithelial-mesenchymal
transformation and migration are necessary for prominence fusion and epithelial seam
removal (reviewed in [38] and [39]). However, in non-amniotes it is unclear whether similar
cellular processes take place during facial prominence fusion. In zebrafish, the facial
prominences appear to join together directly without the creation and subsequent elimination
of an epithelial seam [37]. Our published and preliminary observations suggests this could
also be true in Xenopus [40]. Another difference to note is that amniotes uniquely have a
secondary palate that forms from bilateral outgrowths of the maxillary prominences. These
outgrowths fuse together and form the roof of the mouth, separating oral and nasal cavities
[30]. Much attention has been paid to the development of this secondary palate, since
defects in its formation are attributed to many cases of cleft palate in humans (reviewed in
[41, 42]).

Despite some differences in how the facial prominences merge together across vertebrate
models, the signals that govern early facial prominence growth appear to be extremely well
conserved. Many of the major developmental signaling pathways such as BMP, HH, FGF,
PDGF and Wnt are necessary for maxillary, nasal and frontonasal prominence development
in chick, mouse and zebrafish (for some examples see [43-50]). Later, variations in such
pathways, and thus differential growth of the face, are how species specific differences in
facial form are created [51-53]. Further, even small perturbations of such signals can result
in defects of facial prominence growth and account for the array of orofacial defects that are
seen in humans. Thus, model vertebrates have and continue to provide valuable insight into
the complex signaling and morphogenesis of the orofacial region.

2.2 Primary palate and midface abnormalities in humans and other model
vertebrates—As mentioned above, there is a considerable research focused on how the
secondary palate develops and associated cleft palate. However, comparatively little is
known about the development of the primary palate which is present in all vertebrates. This
is surprising since defects in this structure in humans can also result in various forms of
orofacial clefts, and may be an underlying cause of many cases of secondary cleft palate [31,
42, 54, 55]. For these reasons, my lab has become interested in how the primary palate
forms and its associated defects. One of the most common of such defects is a median
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orofacial cleft, also classified as median facial dysplasia or frontonasal dysplasia (OMIM
136760) [56]. Such clefts are remarkably similar in zebrafish [49], mouse [57], Xenopus
[40] and humans [36]. In humans, median clefts are severe, often difficult to correct, and can
be accompanied by other developmental abnormalities as part of a syndrome (Table 1C).
Median clefts can also be part of general midline facial dysplasias or midface hypoplasia
where there is a deficiency in the growth and development of the frontonasal, maxillary and
nasal prominences. Such a growth deficiency is often associated with holoproencephaly type
disorders (e.g. OMIM 142945) which can be the result of mutations in the “Hedgehog”
pathway and/or cilia function [58]. Alternatively, midface hypoplasia and median clefts can
also be hedgehog/cilia independent such as those associated with genetic mutations in Alx
family members and Six2 [59-61]. Several other genes associated with median clefts have
been identified in model vertebrates including PDGF, homeobox genes and retinoic acid
receptors [49, 50, 62—64]. These transcription factors and signaling molecules are generally
well conserved and have shared functions across the vertebrates, including Xenopus.
However, we have just scratched the surface in our understanding of how such genes and
signals might regulate biological processes such as tissue growth, remodeling and
differentiation during primary palate development. Furthermore, it is likely that there are
many unknown genetic and environmental causes of primary palate and midface defects that
have yet to be uncovered.

2.3 Using Xenopus to define roles for retinoic acid in primary palate and
midface development—My lab first became interested in primary palate development
when we were screening for compounds that could cause orofacial defects in Xenopus. We
were struck by the obvious midline or median cleft in embryos treated with a retinoic acid
receptor (RAR) inhibitor (Fig. 4A-D). Based on these results we proposed a new role for
retinoic acid signaling in primary palatogenesis [40]. Such a new role was not surprising
since this signaling pathway is necessary for several different aspects of craniofacial
development [65-67] and changes in retinoic acid signaling have long been associated with
human orofacial defects [68]. We determined that RA receptor gamma (RAR ) and a
retinaldehyde dehydrogenase (RALDH2) are distinctly expressed in the regions that give
rise to the primary palate of Xenopus [38]. Importantly, when retinoic acid signals were
disrupted with either an RAR inhibitor (as mentioned above), RALDH2 inhibitor or
antisense oligonucleotides to RALDH2 (morpholinos), median clefts that extended from the
“upper lip” and into the primary palate (Fig. 4C-D) were observed. Further, we noted that
the ethmoid cartilage, thought to be analogous to the mammalian palate in non-amniotes
[69], was significantly reduced or absent. These defects were accompanied by a reduced
midface area that was at least in part due to a decrease in cell proliferation in the dorsal
facial prominences. Finally, we also discovered that retinoic acid signaling regulates
homeodomain containing transcription factors, |hx8 and msx2, in the orofacial region.
Studies in mouse and humans suggested that similar genes and mechanisms regulate primary
palate development in mammals and chick [63, 70-73]. However, our work was the first to
make the specific connections with retinoic acid signaling, homeobox genes and cell cycle
in primary palate morphogenesis (Fig. 4E) [40]. Such connections have subsequently been
shown to be conserved in amniotes [64, 74].
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But the RA story doesn’t end with homeobox genes and cell cycle regulation. We also find
that retinoic acid is critical for maintaining expression of numerous transcriptional regulators
in the developing orofacial region (unpublished data, Fig. 4E). One such transcriptional
regulator is Retinoic Acid Induced 1 (Rail) [75]. RAI1 belongs to a family of histone code
readers which mediate interactions between chromatin, chromatin modulators and
transcriptional regulators [76, 77]. Importantly, when RAI1 is mutated in humans it results
in Smith-Magenis Syndrome (OMIM 182290), a neurobehavioral disorder accompanied by
craniofacial abnormalities [78]. Such abnormalities include a broad square-shaped face, a
flat nasal bridge, a tented upper lip, and midface hypoplasia (reviewed in [79]). Using
Xenopus we were able to dissect the mechanisms by which Rail regulates orofacial
development [75]. Knockdown of Rail resulted in midface hypoplasia and malformed
mouth shape analogous to defects in humans with Smith-Magenis Syndrome. These
craniofacial defects were accompanied with a reduction in the size of facial cartilage
elements. Finally, we discovered that such orofacial malformations are due to defects in the
migration of the neural crest. Thus, our work in Xenopus was able to help further our
understanding of the underlying causes of orofacial malformations in Smith-Magenis
Syndrome.

RAI1 is a histone code reader and thus it likely has an important epigenetic function in the
embryo. Not surprisingly, epigenetic regulators have recently been shown to have a critical
role in neural crest development and subsequent orofacial development [80]. Xenopus has

also been instrumental in demonstrating such a role and this is reviewed by Bajpai’s group
within this special section of “Seminars in Cell and Developmental Biology”.

3. Gene-environment interactions and orofacial defects

Orofacial malformations, especially oral clefts, are often multifactorial in nature [81, 82].
That is both genetic and environmental components contribute their etiology. Association
studies in humans have revealed gene-environment (GXE) interactions in cleft lip/palate for
environmental risk factors such as maternal smoking, alcohol consumption and folate
deficiencies. However, virtually nothing is known about other less common environmental
factors such as toxins, other dietary components and stress. Also it is not clear if such
associations extend to all types of oral clefts such as a median cleft. Moreover, we have only
just begun to understand the molecular and cellular mechanisms underlying GXE
interactions during orofacial development. In this section I will discuss how we are using
Xenopus as a novel system to uncover the mechanisms underlying GXE interactions during
development the orofacial region. Since we developed a median cleft model by inhibiting
retinoic acid signals we became interested in potential environmental interactions with this
signaling pathway during primary palate formation.

3.1 Defining retinoic acid-folate interactions in orofacial development of
Xenopus—The first environmental factor we tested with our Xenopus median cleft model
was folic acid. Certainly, deficiencies in this dietary element are associated with craniofacial
defects in humans [83] and the pathway has a role in orofacial development in mammals
[84-86]. However, from such studies it has been unclear whether craniofacial defects are
simply a secondary consequence of defects in earlier developmental events such as
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gastrulation or neurulation. In Xenopus, we defined a role for folate metabolism exclusively
in the face during orofacial formation [87]. Decreased function of a major enzyme in the
folate pathway, dihydrofolate reductase (DHFR), resulted in specific orofacial defects such
as a malformed embryonic mouth and reduced midface area. Such defects were due to
decreased cell proliferation and increased cell death via DNA damage, without changes in
global DNA methylation. Deficient folate metabolism can also cause similar changes in cell
division and apoptosis in other vertebrates suggesting conserved roles for folate in orofacial
development [88-90].

To test whether there could be a folate-retinoic acid interaction during orofacial formation in
Xenopus we asked whether problems in folate metabolism could exacerbate minor
deficiencies in retinoic acid signaling. To accomplish this embryos were exposed to
suboptimal concentrations of a RAR and DHFR inhibitor (Fig. 5A). That is, inhibitor
concentrations were utilized that on their own resulted in little or no effect on the shape of
the mouth and face. Then the same RAR and DHFR inhibitors were combined and
synergistic effects on orofacial development were assessed (Fig. 5A). Interestingly, a
median cleft was observed in the primary palate when embryos were exposed to low doses
of both inhibitors (Fig. 5B). Thus, these results reveal a potential GXE interaction between
retinoic acid signals and folate deficiency. To further investigate such an interaction we next
asked whether supplementation of folic acid could prevent or reduce RAR inhibitor induced
orofacial clefts. Embryos were pre-treated with a stable form of folic acid for twelve hours
and then co-treated with the RAR inhibitor. Such folic acid supplementation did prevent or
reduce the median cleft in the majority of the embryos co-treated with an RAR inhibitor. We
also found that this rescue was accompanied by a reduction in apoptosis in the face. Thus,
we propose that folate supplementation might prevent median clefts by enhancing cell
survival. Precedent for such a protective role of folate supplementation exists in the immune
system and in cancer cells [91, 92]. Together, our results point toward an interaction where
folate and retinoic acid converge on the regulation of facial prominence growth by altering
apoptosis and cell division. Certainly, more work is needed to fully elucidate the
mechanisms underlying such a retinoic acid-folate interaction and whether any such an
interaction occurs in humans.

3.2 Using chemical screens in Xenopus to uncover novel regulators of
orofacial development and gene-environment interactions causing defects in
the face—Xenopus has emerged as an effective tool to chemically screen for novel
mechanisms governing specific developmental events [93]. This aquatic species is an ideal
organism for such experiments since it develops ex utero and fertilized embryos can be
obtained simultaneously in large numbers by in vitro fertilization. Chemical genetic screens
in Xenopus have proven useful in identifying novel factors regulating a variety of
developmental processes such as pigment formation, angiogenesis and digestive tract
evolution [94-96]. We have recently performed a preliminary screen to find novel regulators
of orofacial morphogenesis as well as environmental factors that cause orofacial defects in
Xenopus. Embryos were treated with compounds from small molecule libraries during facial
specification and differentiation. Compounds that resulted in embryonic mouth defects,
midface hypoplasia or median clefts have been cataloged and are being validated. We are
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especially interested in whether we can use the same chemical screening techniques to
uncover novel GXE interactions in orofacial development. In such experiments, the same
strategy as we outlined in our folate experiments (see section 3.1) will be utilized, that is a
low dose RAR inhibitor will be combined with low levels of environmental toxins. We
predict that Xenopus will be a valuable way to quickly, cheaply, and easily provide novel
insights into GXE interactions in the complex nature of orofacial defects.

Conclusions

Using Xenopus, we have made new inroads into understanding some of the understudied
aspects of orofacial development, namely mechanisms governing embryonic mouth and
primary palate formation. Further, we are also utilizing this species to study how gene-
environment interactions affect the complex developmental processes of orofacial
morphogenesis. In conclusion, Xenopus proves to be a beneficial tool for understanding
orofacial development and uncovering mechanisms causing defects in the face.
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Highlights
e Using Xenopusto understand embryonic mouth and primary palate development

»  Xenopus provides insight into human birth defects affecting the mouth and
palate

«  Xenopus can quickly help find gene-environment interactions in orofacial
development
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Xenopus techniques for orofacial development. A) Frontal and lateral views of Xenopus at
stage 40. B) Schematic showing the steps in performing a face transplant. Orofacial tissue is
removed from a donor injected embryo and transplanted to the same region of sibling un-
injected embryo. C) Schematic showing the steps in performing a face explant. Tissue is
excised from the head and plated on a fibronectin coated glass bottom dish. D) Schematic

showing a representative example of morphometric analysis of the orofacial region in

Xenopus. Landmarks are assigned coordinates which are then used to perform a canonical
variate analysis. This analysis can statistically separate landmark locations from a normal
and morphant (or chemically treated) embryo which can then be presented graphically or on

a transformation grid.
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43003
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to |n|t|ate and perpetuate perforation

Figure 2.
Buccopharyngeal membrane rupture. A) Sagital section through the middle of the head

showing the buccopharyngeal membrane. Cells are labeled with phalloidin (green) and the
red is autofluorescence. Phalloin labels F-actin which is located along membranes of cells.
scale bar=33 um. B) Frontal view of a face as the buccopharyngeal membrane perforates or
ruptures. scale bar=130 um. C-E) Frontal views of phalloidin labeled buccopharyngeal
membranes before (C) and during (D,E) perforation. scale bar = 80 um. F) Schematic of
embryonic faces at stage 40, showing the stages of buccopharyngeal membrane rupture and
presenting the hypothesis that biomechanical forces are important for this process.
Abbreviations: BM; buccopharyngeal membrane.
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Figure 3.

Overview of orofacial development and primary palate anatomy. A) Schematic of the human
fetal face at 10 weeks of development showing major anatomical features. The colored
domains correspond to the facial prominences in (C) during embryonic development. B)
Schematic of the adult palate showing the location of the primary verses secondary palate.
C) Schematic of the face of a 4-5 week human fetus showing the location of the facial

prominences.

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 March 01.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Dickinson

Page 18

,medlan cleft

oral cavi%

\

region

—_— i
—

! \
RAR expressing e\\ S

- '\‘1\ H
E Xenopus face / \RRAng}gressmg gel

— and

.

1. homeobox
genes /

2. cell cyéle
X H regulators
/ 3. transcrip.

regulators
A

v
,,C’él Division

Differentiation

Figure 4.

Retinoic acid and median clefts. A,B) Frontal views of the stage 43-44 face of (A) control
embryo and (B) an embryo treated with a retinoic acid receptor inhibitor (from stage 24-32).
The mouth is outlined with red dots. scale bars = 225 um. C, D) Transverse sections through
the face at stage 43-44 where E-cadherin is labeled (red) and F-actin is labeled using
phalloidin (green). E-cadherin marks epithelium of the oral cavity and phalloidin shows
outlines of cells and muscle for context (see [40] for details on this labeling). scale bars =
120 pym. E) Schematic showing our hypothesis of the role of RA signaling in regulating
primary palate and midface development. RAR is expressed in the early face and regulates
homeobox genes, cell cycle regulators and transcriptional regulators to modulate both

growth and differentiation.
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Figure 5.
Retinoic acid-folate interaction. A) Schematic showing the experimental design to test for an

interaction between folate and retinoic acid using inhibitors. B) Schematics of embryonic
faces summarizing the results of the experiment outlined in A. Low concentration of
inhibitors on their own had no effect on facial morphology. However, when these inhibitors
were combined, a median cleft could be observed.
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A sample of syndromes that can present with A) persistent buccopharyngeal membrane and B) choanal atresia

and C) median clefts.

A. SYNDROMES THAT CAN PRESENT WITH PERSISTENT BUCCOPHARYNGEAL

MEMBRANE AFFECTED GENE | OMIM
HYPOMANDIBULAR FACIOCRANIAL DYSOSTOSIS UNKNOWN 241310
MICROPHTHALMIA, SYNDROMIC 5 OTX2 610125
AGNATHIA-OTOCEPHALY COMPLEX PRRX1 202650
HOLZGREVE SYNDROME UNKNOWN 236110
B. SYNDROMES THAT CAN PRESENT WITH CHOANAL ATRESIA AFFECTED GENE | OMIM
CHARGE CHD7, SEMA3E 214800
CROUZON FGFR2 123500
APERT FGFR2 101200
PFEIFFER FGFR1, FGFR2 101600
ANTLEY-BIXLER FGFR2 207410
CHOANAL ATRESIA AND LYMPHEDEMA PTPN14 613611
BURN-MCKEOWN SYNDROME TXNL4A 608572
C. SYNDROMES THAT CAN PRESENT WITH MEDIAN CLEFTS AFFECTED GENE | OMIM
FRONTONASAL DYSPLASIA ALX3 136760
BINDER UNKNOWN 155050
ANTLEY-BIXLER FGFR2 207410
CROUZON FGFR2 123500
PAI UNKNOWN 155145
ORO-FACIAL-DIGITAL /THURSTON OFD-1 174300
ORO-FACIAL-DIGITAL 5 DDX59 174300
OPITZ/GBBB MID1 300000
ARTHROGRYPOSIS DA2/GORDON PIEZO2 114300
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