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Abstract: Affecting approximately 1-in-700 live births, “orofacial clefting” represents the most 

common class of craniofacial birth defect. Although not a major cause of mortality, these 

conditions pose significant problems for those affected, including necessary surgical 

interventions, psychological difficulty and a higher mortality risk. Epidemiological studies of 

populations affected by clefting, combined with genetic analyses, have identified candidate 

genes, genomic regions of interest as well as environmental risk factors. Analyses of these 

factors in mouse models has provided insight into craniofacial morphogenesis. Concurrently, 

novel factors, discovered through mouse mutagenesis, have been identified in affected human 

populations. Using modern imaging techniques, overt clefting has been revealed to be part of 

larger phenotypic spectrum. For this reason, detailed morphological studies of mouse-mutants 

with craniofacial phenotypes are necessary for effective modeling and comparisons to be made. 

The Pbx genes (Pbx 1-2-3), TALE homeodomain-containing transcription factors, are believed 

to play integral roles in the development of many organ systems including the midfacial 

complex. By immunofluorescence antibody assay, this study provides the first detailed analyses 

of how Pbx1 & Pbx2 are expressed temporally and spatially in the developing murine midface, 

over the developmental time-period critical for development of the lip, primary and secondary 

palates (E10.5 to E13.5). Pbx1&2 expression was observed in epithelium and mesenchyme 

from the very earliest stages of facial morphogenesis, and into the later stages of palatal  
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development. Excision of Pbx1 from the cephalic epithelium or pre-migratory Cranial Neural 

Crest cells revealed highly distinct and temporally divergent phenotypes. For the cephalic 

epithelial mutant (Pbx1fl/fl ; Pbx2wt, FoxG1Crewt/+), cleft lip, extending into the primary palate with 

clefting of the secondary palate was the primary observation, whereas Pbx1 excision from 

premigratory Cranial Neural Crest Cells on a Pbx2 deficient background (Pbx1fl/fl ; Pbx2+/-, 

Wnt1Cretg/+), yielded cleft palate only with a “bridging phenotype” rostrally and palatal shelf 

hypoplasia. Micro-CT analysis enabled identification of craniofacial elements responsible for the 

distinct facial/palatal phenotypes. Specifically, the Epithelial Mutant exhibited: 1) an increase in 

the distance from the incisor alveolus to the caudal basisphenoid; 2) rostro-caudal shortening 

and widening of the premaxilla; 3) diagonal lengthening of the maxilla; 4) reduction of the 

maxillary width; and 5) widening of the distance between the zygomatic spurs of the maxillae. 

The Cranial Neural Crest Cell mutant displayed: 1) rostro-caudal shortening of the cranial base 

as measured from the basioccipital bone to the incisor alveolus; 2) increase of premaxillary 

width at both rostral tip and caudal end; 3) shortening and widening of the maxillae; and 4) an 

increase in the inter-maxillary distance. Although divergent, the morphological outcome in both 

mutants was a broadening and shortening of the midface. Because the morphological 

perturbations in the Cranial Neural Crest Cell Mutant suggested a re-arrangement of the 

relationship between the rostral and caudal fields of the secondary palate, the regional 

expression patterns of known markers of these regions was examined by in situ hybridization. 

These studies demonstrated lateralization of the anterior field of the secondary palate and a 

sagittal, rostral displacement of the posterior palatal field. This study provides the field with 

detailed expression patterns for Pbx proteins in the developing midface as well as analysis of 

the facial phenotypes that result from epithelial and ecto-mesenchymal loss of Pbx genes. As 

such it will be a valuable resource for craniofacial research. 
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CHAPTER 1 

 

Part I: The Significance & Epidemiology of Orofacial Clefting 

 

With an incidence of between 1-in-500 and 1-in-2500 live births, Orofacial Clefting (OFC) 

represents most common craniofacial birth defect (Mossey and Modell, 2012, Dixon et al., 

2011). While not a major cause of mortality, these deformities impose significant medical and 

economic costs on affected individuals, their families and society (Zeytinoglu and Davey, 2012). 

Analyses of insurance-data from the United States estimates a lifetime cost of approximately 

$100,000-$200,000 per patient (Snowden et al., 2003, Waitzman et al., 1994). In Western 

countries, care is multidisciplinary and coordinated by “Cleft-Craniofacial Treatment Teams”, 

involving surgeons, orthodontists, pediatric dentists, audiologists and geneticists (Lewis et al., 

2017). In developing countries, such services are often dependent on donor organizations 

(Abenavoli, 2005). Post-operative care, in general, remains sub-optimal (Furr et al., 2011). 

Post-surgical repair, the reported adverse consequences of facial clefting are persistent effects 

on craniofacial and cognitive development, the most important of these being speech and 

behavioral difficulties (Wehby and Cassell, 2010). Studies of affected children in several 

countries have reported elevated rates of depression, extending into adolescence. Speech 

impediments, as well as concerns regarding facial esthetics are described as contributing 

factors to reported psycho-social problems (Thomas et al., 1997, Hunt et al., 2005, Patrick et al., 

2007). Such problems may persist into adulthood. A Norwegian study of affected adults who 

underwent surgical cleft-repair as children, reported rates of clinical depression twice as high as 

in age-matched controls (Ramstad et al., 1995). An analysis of Danish Health Registry data 

reported an increased risk of mortality from all major causes of death, up to age 55, including an 

elevated risk of suicide (Christensen et al., 2004). 
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Intriguingly, research has indicated a link between orofacial clefting and an increased risk of 

cancer. Currently, compelling molecular evidence exists only for point mutation of the CDH1/E‐

cadherin gene, found in 2 families affected by non-syndromic OFC and hereditary gastric cancer 

(Vogelaar et al., 2013). Other epidemiological studies have reported links with breast cancer 

(Dietz et al., 2012) and primary lung cancer (Zang et al., 2014), although confounding studies 

exist. Notably, the chromosomal region 8q24.21, a major susceptibility locus for non-syndromic 

cleft lip and palate, contains as many as 5 different haplotype blocks associated with risks of 

several different cancers (Ghoussaini et al., 2008), including breast cancer.  

Based on available molecular and morphological evidence, OFC is commonly divided into Cleft 

Lip with or without cleft palate (CL/P) and Cleft Palate Only (CPO) (Rahimov et al., 2012). It has 

also been proposed that Cleft Lip Only (CL) should also receive a separate morpho-genetic 

category from CL/P (Harville et al., 2005). This is to be expected, given the different 

developmental origins of each form of clefting (Johnston and Millicovsky, 1985). CPO is 

considerably less common, with an incidence of 1-in-2400 births, and as such is a less well 

studied condition (Mangold et al., 2011). Facial clefting is either a major or minor phenotype in 

over 400 uncommon syndromic conditions (Venkatesh, 2009), also recorded in the Online 

Mendelian Inheritance in Man (OMIM) database (http://www.ncbi.nlm.nih.gov/Omim). Many of 

these syndromic conditions have well characterized genetic mutations. In contrast, non-

syndromic or isolated clefting, accounting for approximately 70% of CL/P and 50% of CPO  

respectively (Tolarova and Cervenka, 1998), involves complex interactions between numerous 

genetic factors and in some populations, additional environmental risk factors (Kousa and 

Schutte, 2016). This notwithstanding, the categorizations of syndromic versus non-syndromic 

clefts are somewhat indiscrete and overlap does occur. For example, less deleterious variants 

of syndromic factors have been found to be responsible in isolated CL/P. These include IRF6 in 

http://www.ncbi.nlm.nih.gov/Omim
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VanDerWoode Syndrome (Zucchero et al., 2004) and FOXE1 in Bamforth-Lazarus syndrome 

(Carre et al., 2014). 

Because of their importance to human health, as well as several lines of evidence pointing to a 

strong genetic component to isolated clefts, considerable effort have been made to identify 

associated genomic regions, loci and alleles. Estimates of heritability for both CL/P and CPO 

are high, at around 90% (Grosen et al., 2010), and estimates of the recurrence risk are 30-40 

times greater for individuals with a first degree affected relative compared to the overall 

population prevalence(Sivertsen et al., 2008). Furthermore, concordance rates for CL/P have 

been reported to be significantly higher in monozygotic twins (60%) than in dizygotic twins 

(10%) (Grosen et al., 2011).These characteristics notwithstanding, genetic as well as 

phenotypic heterogeneity has led to difficulties in attempts to characterize modes of inheritance 

for CL/P by linkage analysis. Genome wide linkage studies, and subsequently, genome wide 

association studies have identified novel regions with candidate genes, thus overcoming 

problems of heterogeneity, background and lack of penetrance. It is interesting to note however 

that genetic candidates identified though linkage and association studies appear to exhibit 

significant divergence, further confounding attempts to establish a unified genetic and 

epidemiological model of clefting. A commonly cited model for CL/P involves 3-14 genes of 

genes of major effect, operating with a multifactorial background and possibly environmental 

risk factors (Lidral and Murray, 2004). 

It is likely that differing genetic determinants and environmental influences operate on 

populations differing by ethnicity. Genetic heterogeneity is believed to underlie observed 

differences in prevalence of OFC in populations differing by ancestral origin (Vanderas, 1987). 

Native American and Asian populations have the highest rates of CL/P (1-in-500), whereas 

populations of African origin experience the lowest rates (approximately 1-in-2500). Further 

confounding epidemiological efforts, overt OFC is now believed to exist on a spectrum of more 
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subtle, subclinical features. While it has been long been postulated that susceptibility to OFC 

may be related to facial morphology (Kurisu et al., 1974), it is only by employing in vivo imaging 

techniques such as CT, MRI and ultrasound, that these phenotypes have begun to be 

appropriately classified. For example, ultrasonographical examination of the superior orbicularis 

oris muscle of the upper lip has been identified in populations affected by overt clefting (Martin 

et al., 2000). Subsequently, it was reported that unaffected relatives of individuals with overt 

CL/P were twice as likely to have defects in the orbicularis oris muscle as individuals with no 

family history of orofacial clefting (Neiswanger et al., 2007). Such efforts will improve the power 

of genetic analyses and enhance the accuracy of epidemiological descriptions of affected 

populations (Weinberg et al., 2006, Marazita, 2007)  

The epidemiological distribution of ORC within affected populations still holds some unexplained 

phenomena. For example, unilateral CLO exhibits chirality, with approximately 67% occurrence 

on the left side, irrespective of ethnicity, gender or defect severity (Shapira et al., 1999). A 

smaller but significant left-bias was reported for CLP (58.9%) was also reported (IPDTOC, 

2011). This was a major finding of meta-analysis of 54 cleft registries in 30 countries. Left-right 

asymmetry of gene expression has not been reported in the embryological regions that 

comprise the developing midface, suggesting the possibility that asymmetrical gene expression 

may occur before these regions develop. Current explanations of this phenomenon, relating to 

differences in the architecture of the major vessels supplying the head are somewhat 

unsatisfactory.   

A second unexplained phenomenon is the epidemiologically accepted male predilection for 

CL/P and a corresponding female predilection for CPO. In populations of European ancestry, 

the sex ratio for CL/P is approximately 2:1  (Mossey and Modell, 2012). Less severe gender-

discrepancies have been reported studies of other non-European populations. The female 
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predilection for CPO may possibly be explained by an observed lag palatal closure of female 

embryos (Burdi and Silvey, 1969), although data on this subject is extremely limited.  

As non-invasive imaging techniques such as 3D computer-reconstruction of CT data have 

improved, to accompany advances in economically-feasible genomic sequencing, it is 

anticipated that the quality of epidemiological analysis will be greatly enhanced. This will enable 

specific morphological characteristics in affected populations to be appropriately classified, as 

well as identification of the likely molecular perturbations that underpin them.  
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Part II: An Overview of Mammalian Midfacial Development  

  

The development of the mammalian midface is dependent upon the coordinated growth of the 

five prominences which develop to surround the primitive mouth or stomodeum (Hinrichsen,  

1985). The unpaired Fronto-Nasal Process (FNP), located rostro-ventrally, appears earliest at 

E9.0 in the mouse, Carnegie Stage (CS) 11 in the human,(Otis and Brent, 1954), and develops 

in response to localized synthesis of retinoic acid in a region of cephalic ectoderm, overlying the 

expanding telencephalic vesicles of the forebrain (Carlson, 2013). At around E9.5 in the murine 

embryo (CS12) the pharyngeal arches have begun their iterative development, appearing 

sequentially from rostral to caudal in stereotypic fashion. Of primary importance to midfacial 

development is the first branchial arch (BA1), which uniquely exhibits bifurcated development, 

and as such gives rise to the mammalian jaw, both the maxilla and mandible, as well as the 

lateral skull, middle ear (excluding the stapes), the tongue, and the axial projections (shelves), 

that will comprise the secondary palate (Frisdal and Trainor, 2014). In contrast to the 

development of the FNP (Dupe and Pellerin, 2009), retinoic acid is not a requirement for BA1 

development (Niederreither et al., 2003), but it is required for later development of BA1-derived 

structures, such as molar teeth (Berkovitz et al., 2001) .   

Both the FNP and BA1 display a common requirement for localized epithelial expression of the 

morphogens Sonic Hedgehog (Shh) and Fgf8 (Yamagishi et al., 2006). Shh, expressed in the 

ventral forebrain, and subsequently in the frontonasal ectodermal zone (Hu and Marcucio, 2009) 

regulates expression of ectodermal Fgf8, necessary for the survival and proliferation of the 

mesenchyme that populates the FNP. Similarly, an ectodermal Shh-Fgf8 signal is required for 

survival and proliferation of mesenchymal cells that populate BA1 (Trumpp et al., 1999).        

The branchial arches are composed of pharyngeal endoderm, surface ectoderm, and two 

distinct mesenchymal cell populations. Specifically, they contain cells of true mesodermal origin, 
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derived from the prechordal plate, lateral and paraxial mesodermal populations (Noden, 1988), 

as well as the ecto-mesenchymal Cranial Neural Crest Cells (CNCCs). CNCCs originate at the 

ectodermal-neuroectodermal junction of the neural tube (Trainor, 2005). Labelling studies have 

demonstrated that CNCCs originate from stereotypic locations along the rostro-caudal axis  

(Serbedzija et al., 1992). Their specification involves an Epithelial-to-Mesenchymal Transition  

(EMT), controlled by transcriptional repressors, Snai1 and Slug (Nieto et al., 1994, Nieto et al., 

1992) (-see subsequent chapters in this review), that regulate the expression pattern of cell 

adhesion molecules, including Cadherins, so as to allow delamination and subsequent migration 

at the 4-5 somite stage (Cordero et al., 2011). Specifically, forebrain and rostral midbrain 

CNCCs colonize the frontonasal and periocular regions while caudal midbrain derived CNCCs 

populate the maxillary component of the first branchial arch. The sub-ectodermal migratory 

pathways are highly conserved in vertebrates (Kulesa et al., 2004), and involve attractive and 

repulsive cues derived from neural, facial and pharyngeal epithelia as well as cephalic 

mesoderm (Noden and Trainor, 2005). Cranial NCCs differentiate primarily into bone, cartilage, 

and connective tissues, neurons (facial nerves) and glia, whereas existing mesoderm is 

believed to give rise to the facial musculature (Noden, 1983a, Noden, 1978). While some 

positional and developmental information is conveyed by their neuro-anatomic origin (Noden, 

1983b), it appears that critical patterning information is contributed by ectoderm, endoderm as 

well as cephalic mesoderm (Trainor and Krumlauf, 2000, Couly et al., 2002, Creuzet et al., 

2005).    

At E10.5 in the mouse (CS14), the frontonasal process enlarges around the specialized 

ectoderm of the olfactory placode to form a horse-shoe shaped arrangement composed of the 

medial nasal process (MNP) and the lateral nasal process (LNP) respectively. In combination 

with the maxillary process (MxP) the rostral extent of these structures will form the upper lip and 
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external midface (Jiang et al., 2006). In the murine embryo, the earliest lip development can be 

observed externally from E10.75 and involves contact between the epithelial surfaces of the  

MxP, LNP and MNP at the so-called “Lambdoidal Junction” (Tamarin and Boyde, 1977). 

Morphological studies, primarily by SEM have shed light on the lip fusion event. Loss of 

periderm, as evidenced by extrusion of rounded cells prior to epithelial contact (Losa, 2017) 

appears to be a prerequisite to fusion. This is followed by interdigitation of the epithelial layers 

that commences through filapodial extensions, that span the gap between processes (Senders 

et al., 2003). Strains of mice that exhibit spontaneous cleft-lip phenotypes appear to exhibit 

reduced numbers of these filapodial attachments (Millicovsky et al., 1982) indicating that 

epithelial layers have an active, rather than passive role in lip morphogenesis . Mesenchymal 

confluence is then achieved through apoptosis (Ferretti et al., 2011), migration (Millicovsky and 

Johnston, 1981) or EMT (Losa, 2017)  of intervening epithelia.    

By E12.0 in the mouse (CS16) rapid growth of the MxP pushes the developing nasal pits 

sagittally while the MNPs have expanded ventrally and laterally to give the external aspect of 

the nasal pits an overall slit-like appearance. The MNP acts as the mid-facial “keystone 

process”, due to its sagittal location and its greater growth potential (Chang, 2014). As such, it 

undergoes midline-fusion with the contralateral MNP in a process that, in contrast to the 

lambdoidal junction, does appear to require active epithelial participation (Trasler, 1968, 

Millicovsky and Johnston, 1981).   

Midline fusion of the MNPs results in formation of the philtrum, the central region of the upper 

lip, whereas the LNP reportedly contributes primarily to the alae of the nose (Jiang et al., 2006), 

although species specific differences may play a role in this partition. More caudally, in 

conjunction with an undefined contribution from the MxP, (Barteczko and Jacob, 2004) the MNP 

forms the intermaxillary segment, the structural precursor of the primary palate proper. The  
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MNP, will also give rise, sagittally, to the primitive nasal septum (Warbrick, 1960)  

A hallmark of the normal relationship between the MNP and the MxP in the development of the 

primary palate is a temporary, ventrally located inter-epithelial fusion region known as the 

“nasal-fin” (Kim et al., 2004). Visible by E12.5 in the mouse (CS16), this structure extends 

bilaterally from caudal to the lip for the entire rostro-caudal length of the primary palate. Fusion 

between the MxP and ipsilateral MNP is necessary for  mesenchymal confluence and proper 

development of the primary palate (Barteczko and Jacob, 2004). After fusion, removal of the 

nasal-fin epithelia by degeneration has been reported, but migration of epithelial cells into the 

primitive nasal and oral cavities is also possible (Gaare and Langman, 1977) By approximately 

E13.0 in the mouse (CS17), the epithelial bridge of the nasal fin has disappeared and 

mesenchymal confluence in the primary palate is achieved. However, caudally, a portion of the 

nasal fin remains briefly as the oronasal membrane, before rupturing completely around E13.0 

(CS 17) (Tamarin, 1982) to allow communication between the oral cavity at the posterior/caudal 

aspect of the primary palate, referred to as the primitive choanae, and the nascent external 

nares rostrally (Rude et al., 1994).   

Although not always considered in studies of midfacial morphogenesis, the nasal septum itself is 

believed to be an important driver of midfacial growth (Scott, 1953). Mechanical forces 

originating from septal expansion are hypothesized to impart an rostrally directed force via the 

septo-premaxillary ligament (Latham, 1970) to the sutures of the midface leading to bone 

proliferation and transection of this attachment leads to midfacial (specifically maxillary) 

hypoplasia (Gange and Johnston, 1974).  which is a common sequela to cleft lip and palate 

repair (Ross, 1987).   

The secondary palate is an evolutionarily advantageous structure that has arisen separately in 

different phylogenetic groups. It provides torsional stiffness to the rostral chondrocranium, 

allows for the warming and humidification of inspired air, as well as simultaneous breathing 
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while eating (Brink, 1956).  In mammals, palatal growth follows a stereotypical pattern 

(Ferguson, 1988). The secondary palate becomes visible at E11.5 (CS13) as two parallel, 

rostro-caudally oriented shelves that grow vertically downwards from the axial maxilla on either 

side of the tongue. Between E11.5 and E13.5 the palatal shelves expand in a ventrally oriented 

direction and exhibit stereotypic morphologies from anterior to posterior. By e14.5, the shelves 

adopt a horizontal disposition dorsal to the tongue. The elevation event occurs rapidly, at the 

junction of the rostral (anterior) and middle thirds of the palatal shelves by what has been 

described as a “flip-up event” which can occur asynchronously in normal development (Walker, 

1956). Based largely on morphological evidence, elevation of the posterior palate may involve 

an “oozing flow” remodeling mechanism (Coleman, 1965) that occurs more slowly and is 

incomplete caudally by E15.5 in the mouse. Palatal elevation occurs in a permissive 

environment, one in which transverse midfacial expansion slows while simultaneous 

dorsoventral expansion occurs, allowing the tongue to displace ventrally (Diewert and Tait, 

1979), thereby allowing space for shelf elevation.   

The putative molecular factors responsible for palatal shelf elevation are numerous (-see 

subsequent chapters). Historically, several morphological observations have guided scientific 

inquiry. These include: (1) A decrease in the density of mesenchymal cells in the anterior palatal 

shelf associated with a putative increase in the hyaluronic acid content of the extracellular matrix 

(Singh et al., 1994) (2) A longitudinal arrangement of type1 collagen fibers running from the tip 

of the rostral (anterior) shelf to the maxillary primordia at E13.5, 24 hours before shelf elevation 

(Ferguson, 1988) and (3) Observations of fetal-reflexes, specifically hiccupping, rather than 

swallowing or sucking (which only occur after shelf elevation), that may induce an oronasal 

pressure differential sufficient to facilitate shelf elevation (Humphrey, 1969). None of these early 

hypotheses have proven satisfactory in providing the answer to the question of exactly how 

shelf elevation occurs.    
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After shelf elevation, normal development of the mammalian secondary palate requires loss of 

the intervening epithelial layers between the opposing palatal shelves and subsequent  

mesenchymal confluence. Fusion begins with the formation of the Medial Epithelial Seam 

(MES). The early MES is a two-layer structure (bilaterally) composed of a basal columnar cell 

layer covered by a superficial flattened epithelial layer, -the periderm. (Hammond et al., 2017). 

Although transient, the MES exhibits tenacity after initial shelf-contact (DeAngelis and 

Nalbandian, 1968), likely through the interdigitation of cytoplasmic processes  (filipodia) and 

later desmosomes between epithelia (Dudas et al., 2007, Schupbach and Schroeder, 1986). 

The mid-stage MES is characterized by the thinning of the epithelial layer to a single layer and 

the development of clusters of epithelial cells (triangles) on the oral and nasal surfaces of the 

seam. The late-stage MES is characterized by fragmentation of the basal lamina and 

subsequent mesenchymal confluence although, isolated epithelial islands may be present in the 

mesenchyme but subsequently regress (Chou et al., 2004).   

How mesenchymal confluence between the palatal shelves is achieved after MES-formation has 

been the subject of much research. Crossed recombination experiments indicate that 

differentiation of mouse palatal epithelia is instructed by the underlying mesenchyme in a 

regionally specific (oral, nasal or MES) manner (Ferguson et al., 1984). The epithelial phenotype 

of the MES remains a point of some contention. Observations by SEM of the MES report 

sloughing of periderm cells (Takigawa and Shiota, 2004), as well as “epithelial bulging” of the 

basal layer towards the opposing shelf (DeAngelis and Nalbandian, 1968, Martinez-Alvarez et 

al., 2000), a phenotype that may  be a precursor to apoptosis (Waterman et al., 1973) or 

alternatively, epithelial migration (Carette and Ferguson, 1992, Bittencourt and Bolognese, 

2000). Other morphological studies describe such changes as being inter-epithelial interactions 

that may serve to anchor the opposing shelves while mesenchymal confluence is being 

achieved (Tudela et al., 2002). Shelves denuded of their peridermal layer do not form the 
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normal epithelial triangles associated with the MES, and form a thinner secondary palate, while 

palatal-pairs cultured with migratory inhibitors also do not form MES-associated epithelial 

triangles and significantly, inter-shelf adhesion does not occur (Cuervo and Covarrubias, 2004). 

This would indicate a temporal role for the periderm in the initiation of palatal shelf adhesion with 

a secondary requirement for peridermal or basal epithelial migration out of the seam as part of 

normal palatal development.    

The cellular fate of remaining epithelial cells within in the MES has been a source of contention, 

with some groups identifying widespread cell death, and others demonstrating a role for EMT 

(Dudas et al., 2007). IHC and IF studies of the late-stage MES initially reported the acquisition of 

a mesenchymal cadherin phenotype in MES cells (Fitchett and Hay, 1989, Nawshad et al., 

2004). Other studies, utilizing either TUNEL and activated-Caspase-3 assay, report extensive 

apoptosis of late stage MES cells (Cecconi et al., 1998, Cuervo and Covarrubias, 2004, 

Holtgrave and Stoltenburg-Didinger, 2002). A third group of studies report a combination of both 

phenotypes (Schupbach and Schroeder, 1983, Takigawa and Shiota, 2004). The use of R26R 

reporter mice and epithelial specific Cre-expressing transgenes has enabled tracking of MES 

fate at the cellular level. Despite this enhanced resolution, discordant studies exist (Vaziri Sani 

et al., 2005, Jin and Ding, 2006). Although, as a general theme, studies which report EMT do so 

in a minority of cells.   
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Part III: The Molecular Basis of Midfacial Development 

Early facial development requires complex interplay between the developing forebrain, cranial 

mesoderm, cephalic epithelium and migratory CNCCs. The observed link between brain and 

midfacial development is a long standing one (Demyer et al., 1964) although an understanding 

of the molecular mechanisms involved is relatively recent. The morphogen Sonic Hedgehog 

(Shh) plays a pre-eminent role in this process. At the tri-laminar disk stage, Shh is expressed by 

prechordal plate mesoderm and the neuronal floor plate (Aoto et al., 2009). A gradated Shh 

signal from these two structures is required for forebrain specification and separation of the 

midline ocular field into two distinct domains (Chiang et al., 1996). Disruption of the prechordal 

Shh signal, either directly, or via its downstream effectors, is a major underlying cause of a 

spectrum of midline craniofacial patterning defects, known as holoprosencephaly (Cohen, 2006, 

Dubourg et al., 2007). These range from relatively subtle phenotypes, such closely spaced eyes 

or midline incisor fusion, to more severe forms, such a cyclocephaly.  

At E8.0 Shh is expressed in the ventral forebrain (Shimamura et al., 1995) in response to 

localized synthesis of retinoic acid in a midline region of cephalic ectoderm (Schneider et al., 

2001). The ventral forebrain Shh signal not only plays an important role in forebrain 

development, but is required for formation of critical midfacial signaling centers called the 

Fronto-nasal Ectodermal Zones (FEZs) (Marcucio et al., 2005) which are present bilaterally in 

the murine midface from E10.0 (Hu and Marcucio, 2009). The FEZs represent epithelial 

boundaries between regions of Shh (ventral) and FGF8 (dorsal) expression. Shh expression is 

found in the surface cephalic ectoderm covering the roof of the stomodeum, while Fgf8 

expression is initially spans the midface, by E10.0 it becomes restricted to the edges of the 

MNP and LNP which surround the olfactory placode. The FEZ controls morphogenesis of the 

midface by regulating molecules that are involved in growth. Specifically, these include FGF8 in 

cephalic epithelium and downstream BMPs 2,4 & 7 in the CNCC derived mesenchyme of the 
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FNP  (Hu and Marcucio, 2009). Fgf8 itself is one important signal for migration of CNCC into the 

facial processes (Abu-Issa et al., 2002) and is necessary for the survival and proliferation of the 

mesenchyme that populates the FNP (Yamagishi et al., 2006). In doing so Fgf8 plays roles in 

rostro-caudal extension of the midface as well as organizing the dorso-ventral polarity of the of 

the upper jaw (Hu et al., 2003)   

Shh is also essential for BA1 development (Yamagishi et al., 2006). In normal development, 

Shh is expressed in the pharyngeal endoderm from E8.0. In Shh null embryos BA1 forms, but 

becomes hypoplastic from E9.5 (Chiang et al., 1996), associated with a loss of ectodermal Fgf8, 

and widespread apoptosis of CNCC-derived mesenchyme (Trumpp et al., 1999). The 

downstream effector Bmp4, is lost from maxillary epithelium in Shh mutants, but is retained in 

the FNP and mandibular process, indicating divergent molecular pathways in the development 

of the facial processes (Hu et al., 2015). Indeed, transcriptome analysis of the MNP, LNP and 

MxP indicates divergent patterns of expression in the facial processes of the mouse-embryo 

from E10.0 (Feng et al., 2009)  

Along this theme, strong canonical Wnt activity is evident in the developing MxP (a BA1 

derivative) at E9.5 as well as the FNP (Zhu et al., 2016). However, with development of the 

intranasal depression (E12.0 onwards), the sagittal midface is increasingly a region of minimal 

Wnt activity. (Lan et al., 2006). Several Wnt ligand genes (such as Wnt3, and Wnt9b are 

expressed in developing mouse midfacial ectoderm, specifically the MxP, where they regulate 

proliferation in the underlying mesenchyme (Jin et al., 2012). Lateral growth of the MxP is 

important as it pushes the nasal pits toward the facial midline, effectively narrowing the midface 

(Hinrichsen, 1985). Canonical Wnt activity is essential for normal midfacial development. For 

example, Lef1-/-; Tcf4-/-  compound mutants exhibit shortened, broadened midfaces (with CL in 

4% of cases), but with all skeletal elements present (Brugmann et al., 2007). Excision of β-

catenin from the cephalic epithelium (Crectwt/+; Ctnnbfl/fl) at E8.5, results in dramatic hypoplasia 
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of facial processes after E9.0 associated with complete loss of Fgf8 and Shh expression (Reid 

et al., 2011). Significantly, WNT genes also are associated with cleft palate/lip phenotypes in 

humans (Chiquet et al., 2008).  

Ectodermal BMPs, FGFs and Wnts provide important molecular signals to regulate the 

morphological changes that occur in the facial processes. These signals act to induce or 

repress a diverse range of transcription factors such as such as Dlx and Msx homeobox factors, 

in CNCCs that act to pattern midfacial structures. Dlx genes, downstream targets of BMP 

signaling (Hassan et al., 2006), are essential for proximo-distal patterning of the BA1. Patterning 

of BA1 occurs at around E10.5 (Ferguson et al., 2000), and it is during this timepoint that Dlx 

genes exhibit a nested pattern of expression in the BA1 mesenchyme, where the Dlx code 

appears to regulate both the identity and development of BA1-derived skeletal elements (Depew 

et al., 2005) 

Both Msx1 and Msx2 are transcriptional repressors that exhibit strong, but divergent expression 

in developing craniofacial regions (Alappat et al., 2003). Between E9.5 and E13.5 Msx1 shows 

a broad distribution distally, overlapping the presumptive incisor regions, in the mandible and 

maxilla . At E10.0 Msx1 exhibits intense expression in the rostral MxP and LNP (MacKenzie et 

al., 1997) indicative of an early role in primary palate development, possibly through formation 

of heterodimers with other transcriptional regulators such as Dlx2, Dlx5, Lhx2 and Pax3. 

Interestingly, Dlx5 expression is unaltered in Msx1-/-; Msx2-/- compound mutants at E9.5 (Ishii et 

al., 2005) and, unlike Dlx mutants, homeotic transformations are not observed. Growth factors 

such as Bmp4 and Fgf3 are dependent on Msx1 expression. Msx1 null mutant mice exhibit 

maxillary hypoplasia and CPO (Satokata and Maas, 1994), in conjunction with other craniofacial 

abnormalities. MSX1 mutations are important in human non-syndromic CLP as well as other 

syndromic clefts (van den Boogaard et al., 2000) 
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In contrast to secondary palate development, the molecular pathways that underpin 

development of the intermaxillary segment, the structure derived from fusion of the MxP and 

LNP rostrally, has received relatively less attention. What is clear from morphological studies    

(-see earlier chapter in this review) is that mesenchymal proliferation followed by timely and 

efficient removal of intervening epithelial seams underpins both lip and primary palate 

morphogenesis. Epithelial Bmp4 in the MNP and MxP signals to the underlying mesenchyme of 

the developing primary palate, via Bmpr1a, which exhibits abundant expression in the primary 

palatal mesenchyme (Baek et al., 2011). Tissue specific inactivation of either Bmp4 or Bmpr1a 

results in bilateral cleft lip extending into the primary palate in mice (Liu et al., 2005). Bmp 

activity is upstream of Msx1 (Barlow and Francis-West, 1997), and Msx1 expression is lost after 

conditional loss of Bmp4 from the cephalic epithelium(Liu et al., 2005).   

Growth of the lip and primary palate primordia is also dependent upon canonical Wnt. Wnt9b 

KO mice exhibit bilateral cleft lip, extending into the primary palate with extreme hypoplasia of 

the primary palate (Jin et al., 2012). Loss of downstream canonical Wnt Co-receptor Lrp6 

results in CL/P with dramatic down-regulation of Msx1 and Msx2 at E11.5 (Song et al., 2009). 

Interestingly, Bmp4 expression was not affected in Lrp6-/- mutants, indicating functional 

redundancy within this regulatory system.  

Removal of the epithelial seam, in the context of the lip and primary palate has been studied. In 

the NestinCrewt/+; Bmpr1a fl/fl model system, loss of Bmpr1a from the lambdoidal (lip-fusion 

region) results in premature apoptosis of the epithelial seam (before MxP and MNP contact), 

putatively responsible for the cleft lip and cleft primary palate phenotypes (Liu et al., 2005). 

More recently, Pbx genes were discovered to operate at the apex of a regulatory module that 

involved Wnt9b, P63 and IRF6 and resulting in a failure of apoptosis and fusion at the 

Lambdoidal Junction yielding CL (Ferretti et al., 2011). Reconciling these two differing outcomes 

(failure of apoptosis versus premature apoptosis) is difficult given that at least one factor (P63) 
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is common to both pathways.  What is significant however, is that WNT9B, P63 and IRF6 have 

all been identified in human populations of non-syndromic CLP (Fontoura et al., 2015, 

Leoyklang et al., 2006, Tomita et al., 2017). 

As a model system of epithelial-mesenchymal interaction, few systems have been studied as 

intensively as the development of the secondary palate. The palatal shelves, begin as 

undifferentiated axial outgrowths from the maxillary primordia at E11.5 (Ferguson, 1988). 

Different regulatory networks are believed to operate in development of the anterior and 

posterior fields of the developing palate, which putatively correspond to the hard (osseous) and 

soft (muscular) regions present from birth(Hilliard et al., 2005). For example, rostrally restricted 

factors include Bmp4, Fgf10, Msx1 and Shox2, while caudally restricted factors include Barx1, 

Tbx22, and Mn1 (Liu et al., 2008, Yu et al., 2005, Welsh et al., 2007). These differences are 

believed to reflect differences in the functional end-state (osseous versus muscular) of palatal 

mesenchyme. To date, research efforts have focused on the anterior palate and as such, the 

mechanisms involved in its development are better elucidated. Additionally, oral-specific and 

nasal-specific factors serve to differentiate the future dorsal and ventral aspects of each shelf, 

making for a complex regulatory network.  

Being expressed in the roof of the stomodeum, epithelial Shh is believed to play a role in initial 

outgrowth of the palatal shelf (Rice et al., 2006), through induction of a mitogenic response in 

the underlying palatal mesenchyme (Zhang et al., 2002). As in the lip and primary palate, FGF 

family morphogens are critical to the process of shelf outgrowth. Fgf10 is expressed in the 

rostral mesenchyme of the secondary palate from E12 while Fgfr2β is expressed in the 

epithelium and underlying rostral mesenchyme. Fgf10 KO mutants fail to develop palatal 

shelves (Sekine et al., 1999), as do Fgfr2 KO mice (Hosokawa et al., 2009). Mesenchymal 

expression of Fgf10 exists in a feedback loop with epithelial Shh (Rice et al., 2004). Conditional 

excision of the Shh co-receptor Smoothened (Smh) from palatal mesenchyme results in down-
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regulation of mesenchymal Fgf10 and shelf hypoplasia, via downregulation of cyclin D1/D2 (Lan 

and Jiang, 2009). Conversely, conditional ablation of Fgfr2β from the cephalic epithelium 

dramatically reduced Shh expression in palatal epithelium (Hosokawa et al., 2009). Exogenous 

Fgf10 does not induce proliferation in anterior mesenchyme (Yu et al., 2005), further indicating 

that it’s mitogenic effects are medial via Fgfr2β -Shh in the overlying ventral epithelium. 

Fgf10 also exhibits an oral-side bias in its expression (Porntaveetus et al., 2010). This has been 

postulated to attract migration of mesenchyme from the nasal to the oral side thereby sculpting 

rostral palatal shelf morphology (He et al., 2008). Conversely, Fgf7 exhibits a nasal-side 

expression bias, a pattern it shares with Dlx5, where it putatively acts to inhibit expression of 

Shh in the nasal-side palatal epithelium (Han et al., 2009). It has been postulated that this 

serves to restrict Shh to the ventral (oral) shelf where it plays a key role in rugal formation and 

rostro-caudal extension (-see later in this chapter).  

Whereas canonical Wnt appears to play an essential role in outgrowth the facial processes, it’s 

role in outgrowth of the secondary palate remains incompletely understood. A number of 

modulators of Wnt-signaling, including Wnt2, Wnt3, Wnt4, Fzd6, Dkk1, Lrp5/6 and Gsk3β have 

been observed to be expressed in the palatal epithelium (Warner et al., 2009, Nie, 2005, He et 

al., 2010). Using TOPGAL reporter mice, canonical Wnt activity is detectable in rugae of the 

developing secondary palate (Brugmann et al., 2007). Excision of β-catenin from the 

cephalic/palatal epithelium using the K14-Cre (He et al., 2011) or the Shh-Cre (Lin et al., 2011) 

results in loss of rugae and rostro-caudal shortening, but palatal outgrowth remains unaffected.  

Non-canonical Wnt is also important in palatal outgrowth and morphogenesis. Non-canonical 

pathway members, including Wnt5a, Ror2, Prickle1 are expressed in palatal mesenchyme 

during outgrowth. Ror2 and Wnt5a reportedly exhibit gradated patterns of expression, being 

strongest rostrally, whereas Prickle1 exhibit the inverse (Yang et al., 2014). Prickle1-/-; Wnt5A-/-  

and Wnt5a+/- ; Ror2+/- mice all exhibit CPO (Yamaguchi et al., 1999). Wnt5a KO also mice 
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display a proliferation defect in anterior palatal mesenchyme (He et al., 2008).  In other organ 

systems Wnt5a regulates migration (De Calisto et al., 2005) and it may play a similar role in the 

palate, where rostral to caudal and medial to lateral cellular migration has been reported (He et 

al., 2008).  

The transcriptional regulators of secondary palate outgrowth have been the subject of much 

research.  In addition to its aforementioned patterns of expression in the lip and primary palate, 

from E11.5, Msx1 is expressed in the mesenchyme of the rostral secondary palate (Satokata 

and Maas, 1994), where it regulates Bmp4, Bmp2 and Shh expression (Zhang et al., 2002). 

Bmp4 is expressed in the palatal epithelium early in shelf-outgrowth (E11.5-E12.5) and then in 

the mesenchyme from E12.5 onwards (Parada and Chai, 2012). Mesenchymal Bmp4 putatively 

serves to restrict posterior expressed factors, such as Barx1 (Liu et al., 2005),  and is 

necessary, but not sufficient for expression of the rostral-specific transcription factor Shox2 (Yu 

et al., 2005),  thereby playing a role in delineating rostral and caudal palatal fields. Rostrally, 

mesenchymal Bmp4 maintains epithelial Shh expression and Bmp2 expression in epithelium 

and mesenchyme.  Explant-bead experiments demonstrate that Bmp4 can induce Msx1 

expression in anterior palatal mesenchyme (Hilliard et al., 2005). However, it has also been 

shown transgenic Bmp4 (Bmp4 expressed from the Msx1 locus) does not restore Msx1 

expression, despite rescuing the Msx1-CP phenotype, possibly indicating redundancy in the 

pathways responsible for outgrowth of the rostral palatal shelf.  

The important role of Msx1 in outgrowth of the rostral palate has been further elucidated by 

generation of Msx1-/- ; Dlx5-/-  compound mutants. Like Msx1-/- mutants, Dlx5 KO mutants 

display a CP phenotype (Acampora et al., 1999). However Msx1-/- ; Dlx5-/- do not exhibit CP, 

rather, the oral palatal shelf is enlarged, associated with a midline expansion in Shh activity 

(Han et al., 2009). In Dlx5-/- mutants, expression is Msx1 is unaffected and vice versa (Levi et 

al., 2006), possibly indicating parallel pathways in shelf outgrowth. How this system operates 
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transcriptionally in the Msx1-/- ; Dlx5-/- compound mutant remains incompletely understood, but 

based on in vitro studies, Dlx-Msx dimerization may inhibit the transcriptional activation activity 

of Dlx5 and the transcriptional-repressor activity of Msx1 (Zhang et al., 1997).  

The interplay between Shh and BMPs is believed to be especially important in the regulatory 

feedback loop believed that governs rostral expansion of the hard palate. Shh is expressed 

iteratively, in transversely arranged epithelial thickenings known as “rugae” (Cobourne and 

Green, 2012). Present from E12.0. these structures exist postnatally as palpable ridges on the 

surface of the hard palate. The first rugae is believed to demarcate the posterior boundary for 

rostral Fgf10 expression (Welsh et al., 2007), the caudal boundary of the presumptive hard 

palate. Embryologically they are postulated to function as part of a reaction-diffusion mechanism 

of the type first described by Turing (Economou et al., 2012) Based on this mechanism, some of 

the molecular actors have been identified and mechanisms have been proposed.  

Based on whole mount in situ data, one group (Welsh and O'Brien, 2009) proposed a 

mechanism wherein epithelial Fgf10 (responsible for proliferation of the underlying palatal 

mesenchyme and hence rostral palatal extension) appears to exhibit a gradated pattern of 

expression, tapering away from the each ruga. This pattern was observed to coincide with a 

similar synchronous tapering expression pattern of the Bmp4 inhibitor Sostdc1. At a certain 

threshold level, insufficient Sosdc1 would allow for upregulation of mesenchymal Bmp4 which 

would signal to the underlying palatal epithelium, initiating another iteration of Shh expression 

and thereby continuing the ruga-development cycle. Whilst persuasive, it should be noted that it 

is likely that more molecular players are involved. Compound mutants for the FGF-antagonist 

Sprouty (Spry1−/- ; Spry2−/−)  also exhibit disordered rugal formation  (Economou et al., 2012). 

Loss of epithelial β-catenin also results in loss of rugae, indicating a role for canonical Wnt in 

this process (He et al., 2011).  
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Of all the steps in palatogenesis, the molecular events that govern the change in shelf 

orientation from vertical (beside the tongue) to horizontal (above the tongue) have proven most 

intriguing. While the morphological changes are well characterized (-see earlier chapter), the 

molecular mechanisms at work remains poorly understood. Morphological anomalies in 

structures such as the tongue, or Meckel’s cartilage in the mandibular primordia, can give the 

appearance of an elevation defect without a molecular perturbation intrinsic to the palatal shelf. 

Such anatomical defects appear to underlie elevation-failure phenotypes seen in Alk5flfl ; 

Wnt1Cre+, mutants, (Dudas et al., 2006), Col11A1 KO mutants (Lavrin et al., 2001) or  Egf KO 

mice (Miettinen et al., 1999). 

Much early (and ongoing) work focuses on the role of the Extra-Cellular Matrix (ECM) in the 

process of palatal shelf elevation (Brinkley and Morris-Wiman, 1987, Gkantidis et al., 2012). 

Palatal shelf elevation may be driven by accumulation and hydration of Glycosaminoglycans 

(GAG), such as Hyaluronic Acid (HA), which could provide an intrinsic shelf force, directed by 

components of the extracellular matrix (ECM), as has been demonstrated in other organ 

systems (Kurpios et al., 2008). HAS2 is expressed in the anterior palate mesenchyme regionally 

elevation (E13.5) (Tien and Spicer, 2005). Unfortunately, Has2-/- mice die before secondary 

palate development (Camenisch et al., 2000). Experiments with conditional alleles of Has2 may 

prove illuminative to this long-held theory (Matsumoto et al., 2009).  

Canonical Wnt indeed appears to play a role in shelf elevation. Wn9b-/- mice display normal 

shelf morphology, albeit without rugae, as well as a failure of shelf elevation (Jin et al., 2012), as 

do mice deficient for Wnt-receptors Frizzled1&2 (Fz1–/–; Fz2–/–) (Yu et al., 2010) . Excision of the 

β-catenin degrading enzyme Gsk3β from cephalic and palatal epithelium results in shelf 

elevation failure, with defects in epithelial cell proliferation and increased apoptosis (He et al., 

2010)  Paradoxically the same study reported that cephalic deletion of Ctnnβ1 does not result in 
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a failure of elevation, and Wnt activity, as measured by TOPGAL reporter assay, remains 

unperturbed, indicating that Gsk3β may be operating through other pathways.  

The transcriptional regulation of shelf elevation is, as yet, largely undetermined, although some 

molecular factors have been elucidated. For example, Sox2 haploinsufficient mice, display CPO 

with normal shelf morphology and elevation failure (Langer et al., 2014) . Like Wnt genes, Sox2 

is abundantly expressed in the epithelium of the palatal shelf (Watanabe et al., 2016). Osr2, 

encoding a zinc-finger protein (Lan et al., 2001)is expressed in rostral palatal mesenchyme, 

especially ventrally (orally), but also on the medial (future nasal) edge, from E11.5-E13.5.  In 

addition to a mesenchymal proliferation defect, Osr2 KO mice reportedly exhibit a shelf 

elevation-failure that may, in part, explain their CPO phenotype (Lan et al., 2004). Paired box 

family member, Pax9 also exhibits a similar pattern mesenchymal expression, as well as a 

delay in palatal shelf elevation (Peters et al., 1998). Intriguingly restoration of Osr2 expression in 

the palatal mesenchyme of the Pax9-/- mutant, using a Pax9Osr2KI allele was able to partly rescue 

palatal morphogenesis  (Zhou et al., 2013). However, this was accompanied by restoration of 

Bmp4, Msx1, Shh and Fgf10 expression that were observed to be downregulated in the Pax9-/- 

mutant. This finding is indicative of the difficulty in partitioning shelf-elevation from other 

functions of the transcriptional network, such as proliferation. Intriguingly another group recently 

reported that the elevation defect of Pax9 KO mice was found to be rescued, in 80% of mutant 

embryos, by compound deletion of Wise (Pax9-/- ; Wise-/-) (Li et al., 2017), Wnt-antagonist 

expressed in palatal mesenchyme (Ahn et al., 2010).  The same study (Li et al., 2017) also 

demonstrated upregulation of the Wnt antagonists Dkk1 and Dkk2 in the Pax9-/- mutant, and 

achieved genetic rescue of the Pax9-/-  CPO phenotype by excision of Dkk1 from the CNCC 

population (Pax9−/−Dkk1f/+ ; Wnt1Cre+). This would indicate an epistatic role for Pax9 in 

regulation of Wnt-signaling in shelf elevation.   
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As in the morphogenesis of the lip and primary palate, contact, adhesion and fusion between 

the elevated shelves, requires complex interplay between epithelial surfaces, followed by their 

controlled removal, either by migration, EMT or apoptosis, resulting in mesenchymal 

confluence. Jag2, a notch pathway ligand, is essential in maintaining peridermal integrity (Casey 

et al., 2006). Jag2 KO mice display left palate with aberrant fusion of palatal shelves to the oral 

cavity (Jiang et al., 1998). Such aberrant fusion phenotypes have also been observed in Fgf10 

and Tbx1 KO mice (Goudy et al., 2010, Alappat et al., 2005) and Fgf10-fgfr2β is postulated to 

function upstream of Jag2-Notch signaling to maintain palatal epithelial integrity. As expected, 

other epithelial-specific transcription factors play key roles in this process, and display oral or 

epithelial phenotypes. Irf6 mutants, for example, display CPO (Ingraham et al., 2006). Irf6 

regulates the differentiation of periderm and Irf6-/- mutant mice exhibit similar oral-adhesions to 

the Jag2-/- mutant, as do Jag2+/- ; Irf6+/- compound mutants (Richardson et al., 2009). Expression 

patterns for Jag2 and IRF6 are reportedly unaltered in Jag2 or Irf6 mutants respectively, 

indicating that their relationship is parallel and not epistatic.  

Another epithelial-specific transcription factor, P63 exhibits abundant expression in the oral and 

palatal epithelia from E11.5 (Thomason et al., 2008). P63 KO mice exhibit bilateral CL/P with 

down-regulation of Irf6 but also hypoplastic anterior shelves. P63 also appears to regulate 

mesenchymal expression of Fgf8, Bmp4 and Barx1 (Thomason et al., 2008), indicative of 

additional (non-epithelial specific) roles in morphogenesis. As determined by ChIP and in vitro 

reporter assays, Irf6 is a direct target of P63 (Gritli-Linde, 2010). Compound mutants (P63+/- ; 

Irf684c/+), exhibit normal shelf morphology at E13.5 but exhibit CPO (Thomason et al., 2010) due 

to persistence of periderm cells in the Medial-Edge Epithelia (MEE).  

Once formed, the MEE must then be removed for mesenchymal confluence. Of the pathways 

involved in removal of the MEE, TGFβ-family (Xu et al., 2006) members appear to play 

significant roles. Both Tgfβ1  (Fitzpatrick et al., 1990) and Tgfβ3  (Tudela et al., 2002) are 
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expressed in the MEE during this process of fusion and removal. Tgfβ3-/- mice display CPO with 

persistence of the MEE (Kaartinen et al., 1995). Downstream effectors of TGF-signaling appear 

to involve both canonical and non-canonical pathways. Smad2 overexpression rescues the 

CPO phenotype of Tgfβ3-/- mice (Cui et al., 2005) whereas P38-MAPK inhibition resulted in 

MEE retention in a palatal shelf explant culture of Smad4fl/fl ; K14Cre+ mutant palates. This 

would indicate some functional redundancy in the TGF-mediated mechanisms of MEE removal. 

Epithelial specific (K14Cre-mediated) deletion of TGF-family receptors Alk5  (Dudas et al., 

2006) or Tgfβr2 (Xu et al., 2006) resulted a less severe palatal phenotypes than those seen in 

Tgfβ3-/- mutants involving retention of the MEE, but without mesenchymal confluence. Their 

particular phenotype has been likened to the submucous cleft palate phenotype observed 

clinically (Gosain et al., 1999). Recently, the TGFβ-pathway has been linked to the downstream 

effector Irf6. The submucous-clefting phenotype seen in K14Cre+ ; TgfBr2fl/fl mice can be 

rescued by overexpression of Irf6 which was also found to restore p21 (Cdkn1a) expression (via 

a p63 dependent mechanism) and hence apoptosis in the MEE (Iwata et al., 2013). Importantly, 

mutations in TGFβ3 generate are reported in human non-syndromic CLP (Zhu et al., 2010) 

In addition to the well-established role for apoptosis in MEE removal, EMT and epithelial 

migration has also been proposed to play important roles in this process. Reporter assays, such 

as the ROSA26R transgene to genetically label palatal epithelia, have given equivocal results. 

In one study, which used K14-Cre+; R26R+and Shh-Cre+; R26R+ mice to label palatal epithelia, 

no LacZ stained cells were observed in the palatal mesenchyme of E18 embryos. (Vaziri Sani et 

al., 2005). Conversely, in a palatal culture system utilizing genetically labeled (R26R+) shelves, 

labelled cells were observed in the mesenchyme at E14.5. However later stages were not 

observed (Jin and Ding, 2006a). In the same study, when WT shelves were paired with labelled 

(R26R+) shelves, oral-side migration of labelled epithelia to the non-labelled side was observed, 

indicating an important role for migration of epithelial cells MEE removal as in development of 
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the primary palate.  Interestingly, Apaf1-/- mutants, in which caspase-3 mediated apoptosis is 

abolished, exhibit normal palatal fusion (Jin and Ding 2006). 

Snai1 and Snai2 (Slug) are transcriptional regulators of EMT in a variety of contexts (Nieto et 

al., 1994, Nieto et al., 1992). 50% of Snai2-/- mice exhibit CPO, which increases to 100% on a 

Snai1 deficient background (Snai1+/- ; Snai-/-) (Murray et al., 2007). While Snai1 and Snai2 

exhibit strong mesenchymal and epithelial expression in the palate immediately before elevation 

and contact, neither Tgfβ3  nor Irf6 expression is altered in either Snai2-/- or Snai1+/-; Snai2-/- 

embryos. This indicates that the Snai1/2 TGF pathways might be operating in parallel with the 

TGF-pathway to effect MEE removal. Snai1+/-;Snai2-/- mutant embryos do however exhibit 

impaired migration of the superficial periderm and reduced rates of apoptosis in the MEE 

(Murray et al., 2007), and these may play important roles in the palatal phenotype. EMT 

induction by TGFβ has been observed in epithelial cell lines (Losa, 2017, Miettinen et al., 1994) 

In palatal explant culture systems, EMT induction by Tgfβ has been shown to operate in the 

MEE by a Lef1-Smad dependent mechanism (Nawshad and Hay, 2003). The role of Lef1 in this 

process raises questions regarding putative roles for β-catenin and canonical Wnt in palatal 

EMT. TGFβ3 expression is associated with a down-regulation E-cadherin in the MEE. 

Consequently, β-catenin and E-cadherin can no longer structurally interact, freeing it to act in 

transcription (Niehrs, 2012) . This role has been shown in cell culture  (Kim et al., 2002) but not 

in studies of palate development. It is interesting to note however that excision of β-catenin from 

the cephalic epithelium (K14Cre+ ; CatnbF/F ) results in loss of Tgfβ3 expression from the MEE 

yielding CPO (He et al., 2011).  

Many studies point to regional regulation of palatal morphogenesis and this is not unexpected 

given the different morphological end-states of the rostral (osseous) and caudal (muscular) 

palates respectively (Hilliard et al., 2005). This patterning can be observed to occur at around 

E12.0. As mentioned earlier, the first rugae has been postulated to be the boundary between 
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these two regions (Welsh & O’Brien 2009). It is possible however, based on studies in chick, 

that the rostral-caudal anlagen may be specified earlier in BA1 when Msx1 expression occurs 

distally and Barx1 is confined to more proximal area (Barlow et al., 1999).  In any case, by 

E12.0, transcriptional regulators such as Tbx22, Mn1, Meox2 and Barx1 are restricted to 

posterior palatal mesenchyme.  

35% of Meox2-/- mice exhibit an unusual form of clefting in which the caudal palatal shelves 

initially appose and develop mesenchymal confluence but later pull apart with cranial expansion 

after E15.5 (Jin and Ding, 2006b). Meox2 polymorphisms have been identified in Asian 

populations affected by non-syndromic CL/P (Tran et al., 2017). Tbx22 is T-box containing 

transcription factor (Laugier-Anfossi and Villard, 2000) that exhibits, abundant mesenchymal 

expression in the caudal palate (Bush et al., 2002). Missense mutations of Tbx22 are 

responsible for X-linked cleft palate and ankyloglossa (Pauws et al., 2009b). The mutation 

prevents a post-translational modification (SUMOylation), indicating a role for this process in 

caudal palatal development. Tbx22-/- mice display an unusual rostral-midfacial (clefting) 

phenotype in which a bridge of tissue, dorsal to the palate, links the lateral aspect of the septum 

with the axial aspect of the maxilla, dorsal to the palatal cleft, functionally separating the oral 

and nasal cavities at this location (Pauws et al., 2009a) . Tbx22 appears to be regulated by 

BMP and possibly FGF family members (Fuchs et al., 2010). Specifically, in E12.5 palatal 

explant culture, exogenous Bmp4 resulted in downregulation of Tbx22 expression in caudal 

palatal mesenchyme. In the same study, culture with an FGF-inhibitor had no effect (Fuchs 

2010).  

Mn1 is a mesenchymally expressed transcription factor of the caudal palate that appears to be 

epistatic to Tbx22 (Liu et al., 2008) . In luciferase reporter assays, Mn1 binds to the Tbx22 

promotor and Mn1-/- mice exhibit downregulation of Tbx22 expression. Mn1-/- mice also exhibit a 

proliferation defect in mid-to-posterior palatal mesenchyme at E13.5 due to downregulation of 
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Cyclin D2, which may contribute to the CP phenotype in these mutants. Submicroscopic 

deletions affecting the MN1 gene have been found in a small number of Caucasian children 

(n=7) three of which exhibited clefting phenotypes of the soft-palate (Breckpot et al., 2016).  

BarH-like homeobox 1 (Barx1) (Tissier-Seta et al., 1995) exhibits mesenchymal expression, 

initially widespread along the rostro-caudal palatal axis at E11.5, but progressively restricted to 

the posterior palatal mesenchyme from E12.5 (Welsh and O'Brien, 2009). Barx1 also exhibits 

epithelial expression that appears to be associated with rugal development (Welsh and O’Brien 

2009). Barx1−/– embryos die at around E13.5 (Miletich et al., 2005), making palatal studies 

unfeasible. In explant culture of mandibular mesenchyme, Barx1 expression was expanded by 

exposure to the BMP-antagonist, Noggin (Tucker et al., 1998). Similarly, in the maxilla, excision 

of Bmpr1A from the MxP mesenchyme and cephalic epithelium by NestinCre+ leads to rostral 

expansion of the Barx1 expressing field (Liu et al., 2005). Studies of the P63-/- mouse 

demonstrate loss of Barx1 from anterior mesenchyme very early in palatogenesis. How this is 

related to epithelial loss of Fgf8 and mesenchymal Bmp4 remains to be determined, although it 

would suggest Barx1 expression is controlled in part by FGF and BMP signaling.  
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Part IV: Pbx Proteins -Master Regulators of Morphogenesis 

Undoubtedly, the Pre-B cell leukemia homeobox (PBX) transcription factor family is integral to 

embryonic development. This notwithstanding, Pbx1 was first identified as the novel 

homeodomain in the oncogenic fusion protein, E2a-Pbx1, in human lymphoblastic leukemia 

(Kamps et al., 1990). Contemporaneous studies in Drosophila identified the PBX homolog 

Extradenticle (Exd) (Peifer and Wieschaus, 1990). Intriguingly, embryos lacking Exd were 

observed to exhibit homeotic transformations of body segments without alteration to the 

expression patterns of Drosophila Hox-genes. Both Pbx and Exd belong to the TALE, or Tri-

Amino-acid-Loop-Extension superclass of homeodomain containing transcription factors 

(Gehring et al., 1994). TALE refers a three-amino-acid insertion within the homeodomain, 

specifically between helices 1 and 2 (Mann, 1995) thereby creating a hydrophobic pocket for 

interactions with Hox-cofactors, specifically Hox1–10 (Longobardi et al., 2014). Amongst 

eukaryotes, this feature is highly conserved (Burglin, 1997). Within the TALE superclass, Pbx 

belongs to the PBC-containing sub-class, possessing protein-protein interacting domains, (the 

PBC domain), N-terminal to the TALE homeodomain (Longobardi et al., 2014).  The PBC 

domain, of which there are two, enables interactions with cofactors such as the related MEINOX 

family members, Prep (Berthelsen et al., 1998) and Meis (Moskow et al., 1995) which, as 

cofactors may play roles in nuclear targeting (Abu-Shaar et al., 1999), or regulating Pbx-protein 

stability (Waskiewicz et al., 2001).  

Mammalian cells contain 4 Pbx genes, of which Pbx1 is the best characterized (LaRonde-

LeBlanc and Wolberger, 2003). These 4 Pbx paralogs are translated into 6 proteins, based on 

two alternate isoforms existing for Pbx1.  The functional significance of Pbx isoforms has not 

been extensively researched, although the various isoforms exhibit truncations that affect their 

abilities to dimerize with other cofactors, bind consensus DNA sequences and recruit chromatin 

remodelers (-see later). For example, the Pbx1b isoform reportedly lacks a C-terminal extension 
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Pbx1a, affecting DNA binding affinity as well as rendering it unable to recruit the NcoR and 

SMRT repressor complexes (Asahara et al., 1999).  

Differences in patterns of Pbx1-isoform expression have also been reported. For example, 

Pbx1b is the predominant isoform expressed during murine embryonic development, while 

Pbx1a is expressed in neural tissue (Schnabel et al., 2001).  

Pbx1 deficient mice die at E15.5 and exhibit hypoplasia of visceral organs (lung, liver, gut 

kidney, spleen) and thymus as well as patterning defects of appendicular and axial skeletal 

elements (Selleri et al., 2001).  Recapitulating the observations made in Drosophila Exd 

mutants, neural crest cell-derived skeletal structures of the second branchial arch exhibited 

homeotic transformation into structures reminiscent of first-arch derived elements. Pbx2 is not 

essential as Pbx2-/- embryos exhibit normal development (Selleri et al., 2004). Pbx genes exhibit 

a high degree of sequence homology (Monica et al., 1991), and functional equivalence of Pbx 

paralogs has been demonstrated in Zebrafish (Waskiewicz et al., 2002). Consequently, Pbx 

genes are believed to exhibit some degree of functional redundancy in their expression. This 

hypothesis is underpinned by studies of Pbx1 on a background of Pbx2 haploinsufficiency 

(Pbx1Δ/Δ ; Pbx2+/-  ) which often demonstrates more severe phenotypes that those observed with 

Pbx1 removal alone. For example, truncated hind-limb phenotypes are more severe in  

compound (Pbx1-/-; Pbx2+/-)  mutants than Pbx1-/- mutants (Capellini et al., 2006), loss of 1 allele 

of Pbx2 exacerbated the splenic hypoplasia phenotype seen in Pbx1-/- mutants (Koss et al., 

2012) and the cleft-lip phenotypes seen in Pbx1-/- mutants are exacerbated by Pbx2 

haploinsufficiency (Hart et al., 2017). Pbx3 KO mice develop normally but die from centrally 

mediated hypoventilation (Rhee et al., 2004). Pbx4 is expressed exclusively within the testis 

(Wagner et al., 2001). 

When first discovered, Pbx and Exd offered an elegant solution to the problem of how Hox-

cofactors selectively bind to DNA (Mann et al., 2009). Whereas Hox proteins exhibit weak DNA-
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binding to a TAAT core sequence that occurs, approximately, once in every 500 base-pairs 

within the genome, Hox-Pbx1 heterodimers bind to an octameric sequence of the TGATTXXT 

type (Gehring et al., 1994, Shen et al., 1997), that may occur only once every 8200 base pairs 

(Laurent et al., 2008). Prep-Pbx and Meis-Pbx dimers preferentially bind a decameric sequence 

TGATTGACAG (Chang et al., 1997, Knoepfler et al., 1997)  Ternary complexes, comprised of 

TALE factors and Hox (such as Pbx-Hox-Meis) act to increase DNA selectivity even further. 

Relatively small amounts of sequence divergence amongst Hox paralogs, combined with their 

use of distinct combinations of TALE cofactors would presumably allow for the development of 

new functions while maintaining ancestral ones (Sambrani et al., 2013, Hudry et al., 2012). 

The Hox-TALE transcriptional network has been studied (reviewed in (Moens and Selleri, 2006), 

and forms the basis for much is understood regarding Pbx function. Pbx proteins do not have 

any intrinsic ability to promote or repress transcription and must exert their influence by 

recruitment of other factors (Van Dijk et al., 1993, Lu et al., 1994). For example, in studies of 

Hoxb1-Pbx1a interactions in mammalian cell culture, the Pbx1a N- terminus was found to recruit 

a repressor complex including HDAC1, HDAC3, mSIN3B and N CoR/SMRT while the HOX-

cofactor itself recruited an activator complex containing CBP (Saleh et al., 2000). In this context 

the balance of activator/repressor activity was determined by Protein-Kinase A signaling.  

The repressive functions of Pbx are indeed important in developmental contexts. In long bone 

development, for example, Pbx1-Hox10 dimers occupy the promotors of genes responsible for 

osteogenic differentiation, such as osteocalcin and bone sialoprotein (Gordon et al., 2011). 

HDAC recruitment by Pbx1 maintains these genes in a repressed state allowing for expansion 

of the mesenchymal progenitor pool. The temporally-regulated loss of Pbx1 from these 

promotors later in development functions an important switching step, allowing RNA polymerase 

II and osteogenic transcription factors, such as Runx2, to occupy osteogenic promoters. This 

mechanism may explain the truncated proximal-limb phenotype seen in Pbx1-/-;Pbx2+/-  mutants 
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(Capellini et al., 2006).   Pbx mediated repression of differentiation has been shown to be 

important in several other mesenchymal-cell progenitor populations. In the context of the splenic 

anlage, loss of Pbx results in de-repression of CDKN2b (p15INK4b), a cell cycle inhibitor (Koss 

et al., 2012), while in the developing kidney, loss of Pbx1 from the vascular mural cells 

results in upregulation of Pdgfrβ and ineffective vasculogenesis (Hurtado et al., 2015).   

Pbx proteins have also been shown to facilitate rather than repress transcription thereby 

enabling differentiation. In the context of muscle development, four regulatory myogenic genes, 

MyoD, Myogenin, Myf5 and Mrf4 operative under transcriptional control, in part, regulated by 

Pbx-Meis heterodimers (Berkes et al., 2004). Specifically, temporal ChIP experiments 

demonstrated (1) constitutive binding of Pbx1-Meis to the myogenin promotor and (2) that MyoD 

interacts, in a temporally regulated manner, with the myogenin promotor through Pbx1. MyoD is 

then able to recruit SWI/SNF chromatin remodeling enzymes to the myogenin locus facilitating 

transcription.  

These studies suggest roles for Pbx TFs as pioneer factors, occupying promotors of 

heterochromatic genes in complex with transcriptional repressors, until such time as activators 

of transcription (such Hox or MyoD) arrive to relieve Pbx mediated co-repressor activity. This 

idea was furthered by a comprehensive Chip-Seq analysis of TALE protein (specifically Pbx, 

Prep and Meis) binding using mouse E11.5 truncal tissue (Penkov et al., 2013). In this study 

several interesting patterns were observed: Firstly, a significant number of Pbx1 binding sites 

were bound by homodimeric Pbx, or Pbx complexed with factors other than Prep or Meis. 

Interestingly, these regions tended to be intergenic or far-intergenic and, did not have strict DNA 

binding consensus sequences. The most likely explanation for this observation is that sequence 

selectivity was influenced by Pbx dimerization partners in an organ specific manner. For 

example, in pancreatic development Pdx1 and Pbx1 interact to regulate development (Kim et 
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al., 2002), and removal of the PBC (Pbx-interacting) domain prevented a Pdx1 transgene from 

rescuing the Pdx1-/- phenotype (Dutta et al., 2001).   

Secondly, Penkov et al showed that Pbx1-Prep heterodimers showed a high affinity for 

transcriptional start sites, and these sites were divergent from those bound by Pbx-Meis, which 

showed preference for intergenic regions. These results suggest a framework in which Pbx, 

being widely expressed in the embryo, is regulated in its activity by dimerization partners, to 

affect transcription both locally at the level of the promotor and at cis-regulatory elements.  

Because the ability of Pbx to colonize euchromatic regions, it is not unreasonable to expect that 

the nuclear localization of Pbx proteins is tightly controlled. Interestingly, Exd was one of the first 

homeodomain containing proteins to show regulation at the level of the nucleus in the context of 

drosophila leg development (Aspland and White, 1997), a finding later recapitulated in the 

mouse limb bud (Gonzalez-Crespo et al., 1998) . Exd and its homologs have two Nuclear 

Localization Signals (NLS) within the homeodomain (Abu-Shaar et al., 1999) and two Nuclear 

Export Signals (NES) located within the conserved PBC-A domain at the N-terminus. Pbx-Meis 

dimerization within the cytoplasm enhances protein stability in vivo  (Waskiewicz et al., 2001), 

and is necessary, in part, for nuclear localization as the PBC-A domain binds, intramolecularly 

to its own homeodomain (Saleh et al., 2000). At the same time Pbx-Meis interaction shields the 

signal for nuclear export, containing Pbx within the nucleus (Berthelsen et al., 1999). Pbx 

homodimerization presumably could also achieve the same outcome  (Saleh et al., 2000). 

Based on these studies, it is not unreasonable to propose that subcellular distribution of Pbx is 

based on the balance of available NLS and NES activity, which in turn is dependent upon (1) 

the Pbx concentration and (2) the availability of cofactors such as Meis. However additional 

mechanisms of Pbx regulation have been identified. Firstly, Protein Kinase-A (PKA) signaling 

appears to play a role in localization of Pbx to the nucleus. Specifically, the phosphorylation of 

conserved serine residues within the PPC-B domain, by PKA, blocks nuclear export of Pbx1, 
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thereby providing a link between extracellular signals and Pbx localization (Kilstrup-Nielsen et 

al., 2003). Secondly, cytoskeletal elements appear to play additional roles. Non-muscle myosin 

II heavy chain B, a cytoskeletal protein involved in cell adhesion, migration and division 

(Vicente-Manzanares et al., 2009) has been proposed to regulate the subcellular localization of 

PBX (Huang et al., 2003). Specifically, NMHCB-PBX colocalization was observed in the mouse 

embryo distal limb bud, a region where Pbx is known to be localized in the cytoplasm. Entry to 

the nucleus would therefore depend on sufficient levels of Meis, or Prep1 proteins to effectively 

compete with NMHCB for interaction with Pbx.   Another cytoskeletal element, actin binding 

protein, FilaminA (FNLA) has been proposed to be involved in nuclear transport of Pbx1 and in 

the formation of and the formation of a transcriptionally inactive, FOXC1-PBX1a complexes 

targeted to HP1α-rich, heterochromatic regions of the nucleus (Berry et al., 2005), again 

suggesting a pioneer-role for Pbx. 

These studies indicate that while progress has been made, much remains unknown regarding 

how Pbx and TALE proteins in general regulate transcription. What is clear however is that, in 

developmental contexts, Pbx TFs have a profound ability to affect the behavior of gene 

regulatory networks involved in differentiation. Pbx TFs appears to function as bridging 

molecules in gene-regulatory networks, thereby facilitating interactions between gene specific 

transcription factors, chromatin remodeling enzymes and organ-specific genes and their 

associated cis-regulatory elements. Furthermore, Pbx may act as a pioneer factor, effectively 

priming these networks for activity once the temporal and spatial requirements for differentiation 

have been met. It is conceivable that during organogenesis, Pbx-proteins, as general 

interactors, can switch from one developmental program into another the allowing subgroups of 

proliferating cells to differentiate appropriately thereby producing the diversity of cell types which 

constitutes a functional organ.  
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CHAPTER 2 
 

Pbx Loss in Cranial Neural Crest, Unlike in Epithelium, Results in Cleft Palate 
Only, and a Broader Midface 

 

This chapter has been submitted as a complete paper to the Journal of Anatomy. As of 

December 4th, 2017, it has been accepted for publication (with revision).   
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Part II: Introduction 

Orofacial Clefting represents the most common craniofacial birth defect (Dixon et al. 2011). 

While not a major cause of mortality, this congenital malformation imposes a significant burden, 

both psychological and financial, on affected individuals, their families, and society (Zeytinoglu & 

Davey, 2012). The phenotypic spectrum of this disorder is wide, and ranges from microform lip 

defects, to clefting that can involve the lip, the alveolus, as well as the primary and/or secondary 

palate (Kim et al. 2010; Howe et al. 2015). It is believed that cleft lip with or without cleft palate 

(CL/P) is genetically distinct from cleft palate only (CPO) (Lidral & Moreno, 2005). In addition, 

facial clefting can be either a major or minor phenotype in a variety of uncommon syndromic 

conditions, many of which have well characterized genetic mutations. In contrast, non-

syndromic or isolated clefting involves complex interactions between numerous genetic and 

environmental risk factors, which differ in their importance to affected populations (Leslie & 

Marazita, 2013). Recent epidemiologic and genome-wide studies of affected groups have led to 

the identification of putative genetic determinants of facial clefting, some of which have been 

evaluated in mouse models (Gritli-Linde, 2012). Conversely, molecular analyses of mouse-

mutants generated by gene targeting have helped to uncover regulatory networks as well as 

identifying new candidate genes for human clefting. As a result of these studies, numerous 

factors have been found to be involved in normal development of the lip, primary and secondary 

palates (Kousa & Schutte, 2016; Tam et al. 2016). 

In mammals, growth of the secondary palate follows a stereotypical pattern (Ferguson, 1988). 

The secondary palate becomes visible at E11.5 as two parallel shelves that are rostro-caudally 

oriented and grow vertically downwards from the maxilla on either side of the tongue. 

Concomitantly, vertical outgrowth of the shelves is also accompanied by growth along the 

anterior-posterior axis of the midface (comprised of premaxilla, maxilla, and palatine bones). By 

E14.5, the shelves further grow towards the midline and then adopt a horizontal disposition 
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dorsal to the tongue. Subsequently, they fuse in the sagittal plane as well as with the nasal 

septum dorsally and the caudal border of the primary palate rostrally. Development of the 

secondary palate involves various basic cellular behaviors including migration, proliferation, 

apoptosis, and differentiation (Cox, 2004; Bush and Jiang, 2012). During morphogenesis of the 

upper lip, primary palate, and other organ systems, these behaviors have been shown to 

operate, at least in part, under mechanisms that are controlled by Pbx homeodomain 

transcription factors (TFs) (Capellini et al. 2011; Ferretti et al. 2011).  

Mammalian Pbx genes (Pbx 1,2,3,4) encode Three Amino-acid Loop Extension (TALE) 

homeodomain-containing TFs (Longobardi et al. 2014; Moens & Selleri, 2006), which play 

integral roles in the development of many organs in the mouse embryo, such as skeleton, lung, 

heart, pancreas, spleen, and kidney (Selleri et al. 2001; Kim et al. 2002; Stankunas et al. 2008; 

Koss et al. 2012; Li et al. 2014; Hurtado et al. 2015). Pbx genes also have important functions in 

craniofacial development (Ferretti et al. 2011). We reported that, among all the Pbx compound 

constitutive mutant genotypes generated, only Pbx1−/−;Pbx2+/− (Pbx1/2) 

and Pbx1−/−;Pbx3+/− (Pbx1/3) mutant embryos show fully penetrant bilateral or unilateral CL/P, 

whereas single mutants for Pbx1 or Pbx2 do not exhibit orofacial clefting. In addition, 

Pbx1+/−;Pbx2+/−;Pbx3+/− mutants die at birth with CPO. Thus, we established that Pbx1 plays a 

preeminent role in midfacial morphogenesis, as well as in the development of other organ 

systems, while Pbx2 and Pbx3 execute collaborative functions in domains of coexpression 

(Capellini et al. 2006; Capellini et al. 2008; Capellini et al 2010; Ferretti et al. 2011; Koss et al. 

2012; Golonzhka et al. 2015). Notably, loss of Pbx2 alone does not yield any detectable 

phenotypes in the mouse (Selleri et al. 2004) and single loss of Pbx3 results in postnatal 

lethality due to respiratory failure (Rhee et al. 2004). Furthermore, we described that Pbx1 loss 

from Foxg1-positive (and Crect-positive) cephalic epithelial domains, on a Pbx2- or Pbx3-

deficient background, results in CL/P, fully recapitulating Pbx1/2 and Pbx1/3 compound 
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constitutive mutant phenotypes (Ferretti et al. 2011). In contrast, we reported that Pbx1 

inactivation in Wnt1-positive cranial neural crest cell (CNCC)-derived mesenchyme on a Pbx2-

deficient background does not yield CL but results in CPO (Ferretti et al. 2011). These 

published findings suggest distinct tissue-specific roles, both spatially and temporally, for Pbx 

TFs in murine midfacial development. We also reported the cellular and molecular mechanisms 

underlying the CL/P phenotype in mutants with cephalic epithelium-specific loss of Pbx1, on 

a Pbx2-deficient background, establishing a Pbx-directed regulatory network that controls 

cellular apoptosis at the seam (lamdoidal junction) wherein the frontonasal processes fuse with 

the maxillary process (Ferretti et al. 2011). Conversely, the anatomical, cellular, and molecular 

basis of the craniofacial defects caused by CNCC-specific loss of Pbx1 have not, as yet, been 

characterized.  

Here, we provide a detailed analysis of the tissue-specific roles of PBX TFs in the murine 

CNCC, together with a complete description of the developmental abnormalities resulting from 

their loss in the mouse embryonic secondary palate. Furthermore, we compare and contrast the 

phenotypes resulting from PBX loss in CNCC to those arising from PBX loss in the surface 

cephalic epithelium. Notably, as opposed to the lip and primary palate defects associated with 

Pbx1 loss in the epithelium, loss of Pbx1 in the CNCC affects only secondary palate 

morphogenesis at later developmental stages while severly disrupting the organization of the 

craniofacial skeletal complex. Together, our findings highlight distinct roles and iterative 

functions of PBX TFs in the coordinated development of the midfacial complex. 
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Part III: Materials & Methods 

Mice 

The mutant alleles used in this study have been published previously and include: the Pbx1 

conditional allele (Koss et al. 2012), the Pbx2 constitutive knock-out allele (Selleri et al. 2004), 

the Wnt1-Cre transgene (Lewis et al. 2013) and the Foxg1-Cre knock-in allele (Hebert & 

McConnell, 2000). The Foxg1-Cre deleter line was maintained on a pure Swiss Webster genetic 

background and the Wnt1-Cre transgenic line was kept on a mixed Swiss Webster/C57Bl6 

genetic background.   

Mouse embryos were harvested at the appropriate developmental stage from pregnant dams. 

The presence of a vaginal plug was assessed as embryonic day 0.5 (E0.5). For these studies, 

embryos were harvested from E10.5 to E18.5. Mutant and control embryos were either somite 

matched (E10.5, E11.5) or matched by crown-rump length (E12.5 onwards). Dams were 

euthanized by CO2 administration followed by cervical dislocation as approved by Weill Cornell 

institutional IACUC protocol.   

Histological Analysis   

Embryos were harvested and fixed O/N at 4 °C in 0.1M phosphate buffer (PB) containing 4% 

(w/v) paraformaldehyde (PFA). Fixation time varied from O/N (minimum) for E10.5-E12.5 

embryos to longer times as appropriate for larger embryos. Embryonic tissues were dehydrated 

in serial alcohols before clearing in a proprietary clearing agent (Histoclear-National 

Diagnostics) followed by paraffin wax embedding. After sectioning, paraffin-embedded sections 

were dewaxed, re-hydrated, stained with hematoxylin before being counterstained with eosin. 

Images were obtained using a Zeiss AxioPlan upright microscope.  
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Scanning Electron Microscopy 

Embryos were harvested and fixed at 4 °C in 0.1M phosphate buffer containing 4% (w/v) 

paraformaldehyde (PFA) for several days. Paired samples were then immersed in 2.5% 

glutaraldehyde, 4% paraformaldehyde, 0.02% picric acid in 0.1M phosphate buffer O/N. Post 

fixation samples were treated with aqueous osmium-tetroxide ferricyanide solution (1% OsO4-

1.5%K- ferricyanide) O/N. After dehydration through a graded ethanol series and critical point 

drying through liquid CO2, samples were mounted on aluminum stubs and sputter coated with 

gold-palladium. Samples were imaged using a ZEISS LEO 1550 Scanning Electron Microscope. 

Immunofluorescence Antibody Staining 

Embryos were harvested in cold PBS and briefly fixed in 0.1M phosphate buffer containing 4% 

PFA at 4°C according to gestational age: (E10.5: 45min; E11.5: 1hour; E12.5: 1.5 hours; E13.5: 

2hours). After washing in cold PBS, embryos were incubated O/N at 4°C in 30% Sucrose/PBS. 

Embryos were then embedded in a 1:1 mixture of OCT and 30% Sucrose.  

After cryo-sectioning at a standard thickness of 10µm, slides were allowed to warm to 

room temperature. Slides were washed with PBS and treated with a solution of Sodium 

borohydride (NaBH4) in PBS depending upon gestational stage: (E10.5/E11.5: 0.01% solution 

for 10 minutes; E12.5: 0.1% solution for 5 minutes; E13.5: 0.1% solution for 5 minutes). After 

three washes in PBS, slides were immersed in TSP Buffer (0.5% Triton, 0.1% Saponin, 1X 

PBS) for 10min before blocking in 1% Normal Donkey Serum (NDS) in TSP for 1hr at 37°C with 

gentle rocking. Depending upon gestational age, primary antibodies were applied at the 

following concentrations and incubation times at 37°C in 1% NDS/TSP: Anti-active Caspase-3 

pAb (Promega): 1:200 for 1 hour; anti-Pbx1 (Cell Signaling) E10.5/E11.5, 1:100 for 1 hour; 

E12.5, 1:75 for 2 hours; E13.5, 1:50 for 2 hours); anti-Pbx2 (Santa-Cruz) E10.5, 1:100 for 1 
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hour; E11.5/E12.5, 1:50 for 2 hours. Slides were then washed. After washing, fluorescent 

secondary antibody, AlexaFluor™647 (Invitrogen-ThermoFisher Scientific) was applied, for 1 

hour at 37°C in 1% NDS/TSP, at a dilution of 1:200. Slides were then washed and counter-

stained with DAPI at (1:5000) for 10 minutes prior to cover-slipping.  

MicroCT Imaging and Cephalometric Analysis 

Fixed, unstained E18.5 mouse embryos were scanned at 18 µm resolution using a Zeiss Xradia 

Versa 520 XRM (Cornell University BRC Imaging Facility; x-ray source 80kV/7W, LE1 filter), 

following established protocols. 3D reconstructions of the data were generated using OsiriX 

software (Pixmeo SARL). Images were obtained using the automated OsiriX 3D segmentation 

tool followed by manual refinement (Rosset et al. 2004). Manual 2D bone measurements were 

obtained in OsiriX. For 3D measurements, landmarks were manually placed in Osirix, and Excel 

was used to compute distances between the XYZ coordinates of each landmark. All 

measurements were normalized to the rostral-caudal length of the skull and made relative to the 

wild type average. P values were calculated using two-tailed Student's t-tests with unequal 

variance. 

Cell Proliferation Assays  

The Click-iT EDU reaction assay was carried out according the manufacturer’s instructions 

(ThermoFisher Scientific). This labelling reaction makes use of the copper catalyzed addition of 

an azide dye to the alkyne group of 5-Ethynyl-2´-deoxyuridine (EdU), which is a thymidine 

analog that can be incorporated into DNA synthesis. Pregnant dams were administered EdU at 

50µg/kg by intraperitoneal injection before sacrifice. Sacrifice was carried out after 30 mins, 45 

mins, or 1 hour for E11.5, E12.5, and E13.5 stages, respectively. Embryos were processed for 

cryosectioning as for immunofluorescence antibody staining. After sectioning, slides were 
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washed and permeabilized with 0.5% Triton X-100 in PBS. The Click-iT™ reaction was 

prepared and applied to slides as per the manufacturer’s instructions. After development, slides 

were washed and counter-stained with DAPI at (1:5000) for 10 minutes, followed by cover-

slipping.  EdU-positive cells were counted from 3 embryos per each time-point examined. A total 

of 3 sections each, corresponding to anterior, middle, and posterior secondary palate, were 

examined for each embryo. Quantification of the percentage of EdU-positive cells versus total 

number of cells present in each palatal domain was performed using algorithms generated with 

MATLAB software (MathWorks). All cells within enclosed areas were counted for all slides 

analyzed corresponding to anterior, middle, and posterior domains. The percentage of 

proliferating cells at each developmental stage examined was calculated by dividing the number 

of EdU-positive cells by the total number of counted cells (400 – 700) on each section. 

Apoptosis Assays 

Embryos were harvested in cold PBS and cryo-preserved as described previously (see 

Immunofluorescence Antibody Staining). After three washes in PBS, slides were immersed in 

TSP Buffer (0.5% Triton, 0.1% Saponin, 1X PBS) for 10min before blocking in 1% Normal 

Donkey Serum (NDS) in TSP for 1hr at 37°C with rocking. Depending upon gestational age, 

anti-active Caspase-3 primary antibody (Promega Corp.) was applied at 1:200 in 1% NDS/TSP 

for one hour 37°C with rocking.  After washing, fluorescent secondary antibody, 

AlexaFluor™647 (Invitrogen-ThermoFisher Scientific) was applied, also at a dilution of 1:200. 

Slides were then washed and counter-stained with DAPI at (1:5000) for 10 minutes, followed by 

cover-slipping. Three pairs of embryos (control and mutant) were analyzed for each time point 

(E11.5-E13.5). Palatal sections were categorized as anterior, middle or posterior depending on 

their location and stereotypical morphology. Fluorescent images of palatal sections were 

obtained using a Hamamatsu C4742-95 camera (Hamamatsu Corp.), mounted on a Nikon 

Eclipse TE200 microscope (Nikon Corp.). Quantification of the percentage of Caspase-3 
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positive cells versus total number of cells present in each palatal domain was performed using 

algorithms generated with MATLAB software (MathWorks), as described above for the Cell 

Proliferation Assay. The total number of cells counted on each section was 400 – 700. 

Preparation of In Situ Hybridization Probes  

Murine cDNA probes for Msx1 (Hill et al. 1989) and Barx1 (Miletich et al. 2005) were obtained 

from Drs. Richard Maas and Paul Sharpe, respectively. For murine Tbx22, a 1250 bp cDNA 

probe corresponding to nucleotides 307-1547 of RefSeq NM_145224 was TA cloned from 

E14.5 C57Bl6 cDNA and transcribed with Sp6 RNA polymerase. For murine Shox2, a 660bp 

cDNA sequence within the Shox2 RefSeq NM_013665.1 was PCR amplified with primers 

appended with the recognition sequence for T7 RNA polymerase. The purified PCR product 

was subsequently used as a template for in vitro transcription and DIG labeling. All probes were 

labelled using a commercially available in vitro transcription kit (Roche), following 

manufacturer’s instructions. 

In Situ Hybridization 

All embryos were dissected into cold PBS and fixed O/N in 4% PFA/PBS. Based on genotype 

and crown-rump length, embryo littermates were paired (Mutant:WT) for subsequent in situ 

studies. The head of each embryo was dissected and the lower jaw was removed, exposing the 

palatal shelves. Embryonic heads were then washed twice in PBS with 0.1% Tween (PBT) and 

dehydrated through a methanol-PBT series, with gentle rocking at room temperature. Embryos 

were stored at -20°C in 100% methanol until processing.  

After bleaching in 6% hydrogen peroxide for 20 minutes, embryos were treated with Proteinase 

K (20µg/ml) for 10 minutes and then quenched with glycine solution (2mg/ml) before being 

washed twice in PBT. Embryos were then re-fixed in 4% PFA/0.2% glutaraldehyde in PBT for 
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20 minutes before being washed twice in PBT. Embryos were then transferred to pre-

hybridization solution for 1 hour at 70°C. Riboprobes were added (1µg/ml) for incubation 

overnight at 70°C.  

The following day embryos were washed and treated with anti-digoxigenin-AP antibody (Roche) 

at a concentration of 1:2000-1:4000 (dependent on probe) and incubated overnight at 4°C with 

rocking. The following day embryos were washed extensively in TBST buffer at room 

temperature. Samples were then washed with alkaline phosphatase buffer, prior to colorimetric 

detection with BM-Purple Chromogenic Reagent (Roche), until development was deemed 

complete. Subsequently, embryos were washed and post-fixed with 4% PFA/0.2% 

glutaraldehyde. Embryos were imaged using a Leica MZ75 Stereo Zoom Microscope and an 

Omax A3590U 9MP digital camera. A minimum of 3 pairs (WT-mutant) were used to assess the 

palatal expression pattern of each reported probe.  
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Part IV: Results 

 

Dynamic spatiotemporal patterns of PBX1 and PBX2 localization in the developing 

primary and secondary palate 

Previous studies have reported widespread expression of genes encoding TFs of the PBX 

family in the developing rodent embryo (Roberts et al. 1995), including the nascent secondary 

palate (Schnabel et al. 2001). Because mouse mutants with compound constitutive loss of Pbx1 

and Pbx2 (Pbx1-/- ;Pbx2+/-) display craniofacial phenotypes including CL/P  (Ferretti et al. 2011), 

we sought to fully characterize the roles of PBX TFs in the development of the midface. To this 

end, we first analyzed in detail the spatiotemporal patterns of expression within the facial 

prominences, as well as primary and secondary palate. By immunofluorescent antibody (Ab) 

staining, we detected PBX1 and PBX2 protein products in the cephalic epithelium and 

mesenchyme from early stages of facial development (E10.5) (Figure 1 and Figure 2). At the 

level of the dorsal maxillary process (MxP), both PBX1 and PBX2 are present at high levels in 

the epithelium and throughout the underlying mesenchyme (Figure 1, E, F and Figure 2, E, F), 

while in the ventral MxP they are localized to the more rostral epithelium and in a medially 

restricted band in the underlying mesenchyme (Figure 1, H, I and Figure 2, H, I). 

By E11.5, during primary palate morphogenesis and fusion, PBX1 is evident in the cephalic 

epithelium and exhibits highest levels at the lambdoidal junction where the medial nasal process 

(MNP), lateral nasal process (LNP) and MxP converge (Figure 3, A-D). These findings 

corroborate earlier reports of the requirement for Pbx1 and Pbx2 cephalic epithelial expression 

during lip and primary palate formation (Ferretti et al. 2011). At the site of primary palate fusion, 

PBX1 also shows a mesenchymal enrichment (Figure 3, A, B). Along the anterior-posterior (A-

P) axis of the developing secondary palate, PBX1 is present in a restricted band that extends 

medio-laterally from the forming palatal shelf (Figure 3, E, F, I, J) to the epithelial invagination 

that will give rise to the naso-lacrimal groove (de la Cuadra-Blanco et al. 2003). More 



Figure. 1. Localization of PBX1 in the embryonic head at E10.5. Representative micrographs of 
immunofluorescence with PBX1-specific antibody on transverse sections of the head (see schematic, L). 
Sections are presented from rostral to caudal (A,D,G,J). Images in the middle column (B,E,H,K) correspond 
to the rostral aspects of the head (refer to red box in A) while images in the right column (C,F,I) represent more 
caudal aspects (refer to green box in A). PBX1 is abundant in the optic cup (white arrowhead in B), but more 
caudal mesenchymal tissues show low levels or absence of PBX1 protein (white empty arrowhead in C). At the 
level of the dorsal Mxlevel of the dorsal MxP (E,F) PBX1 is present in the epithelium (white arrowhead in E) and in the underlying 
mesenchyme (white arrowhead in F). At the level of the ventral MxP (H,I) PBX1 is localized to the more rostral 
epithelium (white arrowhead in H) and the underlying mesenchyme in a medially restricted band 
(white arrowhead in I). Within the proximal aspect of the Mb process of branchial arch 1 (Mb BA1), 
PBX1 is present in the epithelium (white arrowhead in K) as well as in a medially restricted band in Mb BA1 
mesenchyme (white arrowhead in K). Abbreviations – FoD, Floor of Diencephalon; Mb BA1, Mandibular 
Process of BranchialProcess of Branchial Arch 1; MxP, Maxillary Process; NT, Neural Tube; OC, Optic Cup; RP, Rathke’s Pouch; 
Te, Telencephalon. Scale bar: 200µm.
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Figure 2. Localization of PBX2 in the embryonic head at E10.5.  Representative micrographs of 
immunofluorescence with PBX2-specific antibody on transverse sections of the head (see schematic, L). 
Sections are presented from rostral to caudal (A,D,G,J). Images in the middle column (B,E,H,K) correspond 
to the rostral aspects of the head (refer to red box in A) while images in the right column (C,F,I) represent more 
caudal aspects (refer to green box in A). PBX2 is abundant in the optic cup (white arrowhead in B), albeit at lower 
levels as compared to the presence of PBX1, but more caudal mesenchymal tissues show low levels or absence 
of PBX2 protein (white empty arrowhead in C).of PBX2 protein (white empty arrowhead in C). At the level of the dorsal MxP (E,F) PBX2 is present in the 
epithelium (white arrowhead in E) and the underlying mesenchyme (white arrowhead in F).At the level of the 
ventral MxP (H,I) PBX2 is localized to the more rostral epithelium (white arrowhead in H) and more diffusely 
distributed to the underlying mesenchyme (white arrowhead in I) as compared to PBX1 patterns. 
Within the proximal aspect of the Mb process of branchial arch 1 (Mb BA1), PBX2 is present in the epithelium 
(white arrowhead in K) as well as diffusely distributed in the underlying mesenchyme. 
Abbreviations – FoD, Floor of Diencephalon; LNAbbreviations – FoD, Floor of Diencephalon; LNP, Lateral Nasal Process; Mb BA1, Mandibular Process of 
Branchial Arch 1; MxP, Maxillary Process; NT, Neural Tube; OC, Optic Cup; RP, Rathke’s Pouch. 
Scale bar: 200µm. 
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posteriorly, this band of mesenchymal PBX1 localization appears to become dorsally restricted 

and to divide the palatal field into dorsal and ventral (presumptive nasal and oral) domains 

(Figure 3, M, N). At this stage, PBX2 largely overlaps, albeit not as widespread (Figure 3, C, D, 

G, H, K, L, O, P), the spatial patterns observed for PBX1. 

At E12.5, PBX1 is excluded from the medial aspect of the primary palate epithelium and is 

largely confined to the region lateral to the developing incisor bud, while mesenchymal PBX1 is 

localized to the maxilla and extends medially into the dorsal aspect of the primary palate (Figure 

4, A). At the level of the anterior secondary palate, PBX1 is present at high levels along the 

medial aspect of the palatal shelf (both epithelium and mesenchyme) and extends dorso-

laterally into the maxillary primordium (Figure 4, C). In the mid-secondary palate, PBX1 is 

localized to the mesenchyme of the dorsal aspect of the maxilla and palatal shelf (Figure 4, E), 

but is absent from the ventral domain of the latter. In contrast, the mesenchyme of the posterior 

secondary palate appears to exhibit lower levels of PBX1, except for the oral palatal epithelium 

(Figure 4, G). As with earlier stages, PBX2 shows similar patterns in these domains as PBX1, 

although levels appear overall weaker and more diffuse (Figure 4, B, D, F, H). 

Figure 3. (See overleaf.) Localization of PBX1 and PBX2 in the developing midface at E11.5. Representative 
micrographs of immunofluorescence with PBX1- and PBX2-specific antibodies on coronal sections through the 
primary and secondary palate. Cartoons of Primary Palate, Rostral (Secondary) Palate, Mid (Secondary) Palate, 
and Caudal (Secondary) Palate are shown in left-most column for reference.  PBX1 and PBX2 proteins are 
revealed as fuchsia signal, while DAPI highlights the nuclei in blue. Primary Palate: (A-D) PBX1 and PBX2 are 
localized to the midfacial mesenchymal core wherein MNP, LNP, and MxP converge (white arrowhead), as well 
as in the overlying epithelium (pink arrowhead). Dorsally, the epithelium of the olfactory pit exhibits high levels of 
PBX1 (pink asterisk in B) but low levels of PBX2 (empty pink asterisk in D). Rostral Secondary Palate:  (E-H) 
Mesenchymal localization of PBX1 extends as a band from the naso-lacrimal groove (NLG; pink arrowhead in E) 
into the palatal shelf primordium (white arrowhead in F). PBX2 shows a similar, albeit restricted, pattern (G,H). 
Both PBX1 and PBX2 also localize to the epithelium of the developing palatal shelf (F,H). Middle Secondary 
Palate: (I-L) Mesenchymal localization of both PBX1 and PBX2 extends medially from the NLG (pink arrowhead 
in I,K) into the palatal primordia in a dorso-ventrally compressed band (pink asterisk in I,K) and is also maintained 
in the mesenchyme and epithelium of the palatal shelf primordia (white arrowhead in J,L). In addition, PBX1 and 
PBX2 are localized to the tongue mesenchyme and epithelium (white asterisk in I,K). Caudal Secondary Palate: 
(M-P) PBX1 localization extends from the maxillary primordia into the palatal shelf primordia (pink asterisk in M), 
while PBX2 mesenchymal expression is scant (empty pink asterisk in O). In the overlying epithelium presence of 
PBX1 is uniform (white arrowhead in N), while PBX2 is restricted to the ventral-lateral epithelium of the shelf 
(white arrowhead in P). Abbreviations – LNP, Lateral Nasal Process; Mb, Mandible; MNP, Medial Nasal Process; 
MxP, Maxillary Process; PS, Palatal Shelf; T, Tongue. Magnification: columns 3 and 5 represent higher 
magnifications of the fields highlighted within the red box in the schemata of column 1. Scale bar: 200µm. 
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Figure 4. Localization of PBX1 and PBX2 in the developing midface at E12.5. Immunofluorescent detection of PBX1 
and PBX2 (revealed as fuchsia signal) on coronal sections through the primary and secondary palate (DAPI 
highlights the nuclei in blue). Cartoons of Primary Palate, Anterior (Secondary) Palate, Mid (Secondary) Palate, and 
Posterior (Secondary) Palate are shown in left-most column for reference. Primary Palate: (A,B) PBX1 and PBX2 
are present within the oral epithelium, but their levels are higher lateral to the incisor bud (white arrowhead in A,B) 
throughout the surface cephalic ectoderm. PBX1 is present in the mesenchyme of the primary palate but it is 
excluded from the condensation adjacent to the incisor bud (white empty asterisk inexcluded from the condensation adjacent to the incisor bud (white empty asterisk in A). In addition, PBX1 is 
localized to the nasal epithelium (white arrow in A). In contrast, PBX2 is detectable throughout the anterior 
midfacial mesenchyme (B). Anterior Secondary Palate: (C,D) PBX1 levels are higher in the dorsal aspect of the 
MxP as well as the palatal shelf proper (white arrowhead in C) and overlying epithelium (white arrow in C). 
PBX2 is present at comparable levels in the palatal shelf, and also at lower levels in the MxP (D).  Middle 
Secondary Palate: (E,F) Mesenchymal localization of PBX1 and PBX2 is confined to the dorsal-most aspect of 
the palatal shelf and Mxthe palatal shelf and MxP (white arrowhead in E,F), while it is absent from the ventral-most mesenchyme. In the 
epithelium, PBX1 levels are low and restricted to the medial domain (white empty arrowhead in E) while PBX2 is 
more broadly distributed (F). Posterior Secondary Palate: (G,H) Mesenchymal levels of PBX1 and PBX2 in the 
palatal shelf mesenchyme are weak (white empty asterisk in G,H), although a band of signal is detectable in the 
MxP dorsal to the shelf proper (white arrowhead in G,H). Epithelial localization of PBX1 and PBX2 is confined to 
the oral side (G,H). Abbreviations – Mb, Mandible; MxP, Maxillary Process; NS, Nasal Septum; 
PPP, Primary Palate; PS, Palatal Shelf; T, Tongue. Scale bar: 200µm.

Figure 4.
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Notably, IF analysis at the earlier stages demonstrates largely overlapping localization of PBX1 

and PBX2, with PBX2 consistently restricted to fewer cells in primary and secondary palatal 

domains. Moreover, our previous genetic studies reported that PBX1 plays the prominent role in 

directing development of multiple organ systems including limb, axial skeleton, visceral organs, 

brain, and midface, while other PBX family members such as PBX2 function collaboratively to 

modulate PBX1-dependent regulatory networks in domains of co-expression (Capellini et al. 

2006; Capellini et al. 2008; Capellini et al. 2010; Ferretti et al. 2011; Koss et al. 2012; 

Golonzhka et al. 2015; reviewed in Capellini et al. 2011). Accordingly, we focused our 

subsequent studies on PBX1 localization at later gestational stages. In particular, IF analysis at 

E13.5 demonstrates that while PBX1 is absent from the premaxillary condensation of the 

primary palate, it continues to be localized to spatial domains critically involved in secondary 

palate morphogenesis (Figure 5, A-D). For example, PBX1 shows marked enrichment within the 

medial aspect of the palatal shelf along its entire anterior-posterior (A-P) axis (Figure 5, B-D). 

Conversely, along the A-P axis, PBX1 appears to be down-regulated in lateral aspects of the 

more posterior maxilla. Similarly, while epithelial PBX1 levels are high in the anterior domain of 

the primary and secondary palate, they are reduced in the epithelium of the more posterior 

secondary palate (Figure 5, A-D).  

It is noteworthy that in the primary and secondary palate there is an overlap of localization 

patterns of PBX1 with other transcription factors and signaling molecules that have established 

roles in directing midfacial development, including PAX9, DLX5, FGF7 (Alappat et al. 2005; 

Almaidhan et al. 2014; Zhou et al. 2013). In summary, our findings establish that PBX1 and 

PBX2 proteins show localization in epithelial and CNCC-derived mesenchymal domains that are 

critically involved in morphogenesis of both the primary and secondary palate. The dynamic 

spatiotemporal pattern of Pbx1 and Pbx2 expression suggests that these genes play tissue-

specific, iterative roles during critical phases of midfacial morphogenesis. 



Figure 5: Localization of PBX1 in the developing palate at E13.5. Representative micrographs of 
immunofluorescence with PBX1-specific antibody on sequential coronal sections through the primary and 
secondary palate. Cartoons of Primary Palate, Anterior (Secondary) Palate, Mid (Secondary) Palate, and 
Posterior (Secondary) Palate are shown in left-most column for reference. Primary Palate: PBX1 is concentrated 
in the oral epithelium lateral to the incisor bud (white arrowhead) (A). PBX1 is present in the mesenchyme of the 
primary palate but it is excluded from the premaxillary condensation (white empty asterisk in A). In addition, 
PBX1 is localized to the nasal epithelium (white arrow inPBX1 is localized to the nasal epithelium (white arrow in A). PBX1 is concentrated in the dorsal aspects of the 
MxP as well as the palatal shelf proper (white arrows in B) and overlying epithelium (white arrowhead in B).  
Mid Palatal Shelf: PBX1 is restricted to the mesenchyme of the palatal shelf proper (white arrow) and overlying 
epithelium (white arrowhead). Relative to the medial aspect of the palatal shelf, the epithelium of the lateral 
aspect shows weaker expression of PBX1 (white empty arrowhead in C). Posterior Palatal Shelf: While PBX1 
levels appear to be lower in the palate mesenchyme (white empty arrowhead in D), as compared to the 
mesenchyme of the anterior palatal shelf, they are significant in the epithelium of the oropharyngeal isthmus mesenchyme of the anterior palatal shelf, they are significant in the epithelium of the oropharyngeal isthmus 
(white arrowhead in D). Abbreviations – In, Incisor Tooth Bud; M, Molar Tooth Bud; MxP, Maxillary Process; 
NS, Nasal Septum; PP, Primary Palate; PS, Palatal Shelf; T, Tongue. Scale bar: 200µm.

Figure 5.
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Strikingly different phenotypes result from loss of Pbx genes in cephalic epithelium or 

cranial neural crest-derived mesenchyme.  

Development of both primary and secondary palate is believed to require reciprocal interactions 

between mesenchyme and overlying pharyngeal ectoderm (Ferguson, 1984). Because we 

observed Pbx1 expression in mesenchymal and epithelial domains of both primary and 

secondary palate during early-to-mid palatogenesis, we sought to genetically dissect the tissue-

specific roles of PBX TFs in either the epithelium or mesenchyme of the developing midface, 

using a Pbx1 conditional allele that we previously generated (Koss et al. 2012). To conditionally 

inactivate Pbx1 in the cephalic epithelium, we utilized the Foxg1-Cre knock-in allele (Hebert & 

McConnell, 2000), which directs Cre-mediated recombination in the surface cephalic epithelium 

and telencephalon. In contrast, to excise Pbx1 from the CNCC-derived mesenchymal population 

of the developing midface, we utilized the recently engineered Wnt1-Cre transgene (Lewis et al. 

2013), which exhibits activity in the pre-migratory CNCC population. While CL/P was fully 

penetrant in Pbx1fl/fl;Foxg1Cre/+ epithelial mutants, in order to generate a robust and fully 

penetrant midfacial phenotype in Pbx CNCC mutants, we employed a Pbx2 sensitized genetic 

background, as reported (Ferretti et al. 2011). Thus, all CNCC mutant embryos analyzed were 

heterozygous for a Pbx2 constitutive null allele (Pbx1fl/fl;Pbx2+/-;Wnt1-CreTg/+ embryos). We 

validated the activity of both Cre mouse strains via IF detection of PBX1 protein either in 

Pbx1fl/fl;Foxg1Cre/+ or Pbx1fl/fl;Pbx2+/-;Wnt1-CreTg/+ embryos (Figure 6, A’-D’ and Figure 7, A’-D’). 

We observed complete epithelial or CNCC mesenchymal excision of Pbx1 in both mutant 

genotypes. 

In order to finely characterize the tissue-specific functions of PBX1 during morphogenesis of the 

primary and secondary palate, we employed scanning electron microscopy (SEM) and 

histological analyses to compare and contrast the phenotypes resulting from epithelial 

(Pbx1fl/fl;Foxg1 Cre/+) and CNCC-derived mesenchymal (Pbx1fl/fl;Pbx2+/-;Wnt1-Cretg/+) Pbx1 loss 



Figure 6: Epithelial-specific loss of Pbx1 in the developing palate at E13.5. Representative micrographs of 
immunofluorescence with PBX1-specific antibody on sequential coronal sections through the primary and secondary 
palate in Control (Pbx1fl/+;Foxg1Cre/+) (left; A-D) and Mutant (Pbx1fl/fl;Foxg1Cre/+) (right; A’-D’) at E13.5. 
Cartoons of Primary Palate, Anterior (Secondary) Palate, Mid (Secondary) Palate, and Posterior (Secondary) Palate 
are shown in left-most column for reference. Cre-mediated excision of Pbx1 from the epithelia of the primary and 
secondary palate is complete by E13.5 (compare white arrowheads in A-D to white empty arrowheads in A’-D’). 
Localization of PBX1 (white asterisk) is maintained in the cranial neural crest-derived mesenchyme of the Mutant. Localization of PBX1 (white asterisk) is maintained in the cranial neural crest-derived mesenchyme of the Mutant. 
PBX1 is also present in a minority of epithelial cells in the mandible of the Mutant (white arrow in C’). 
Abbreviations – In, Incisor Tooth Bud; M, Molar Tooth Bud; NS: Nasal Septum; PP, Primary Palate; 
PS, Palatal Shelf; T, Tongue. Scale bar: 200µm.

Figure 6.
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Figure 7: Cranial neural crest cell (CNCC)-specific loss of Pbx1 on a Pbx2-deficient background in the developing 
palate at E11.5. Representative micrographs of immunofluorescence with PBX1-specific antibody on sequential 
coronal sections through the primary and secondary palate in Control (Pbx1fl/+;Pbx2+/-;Wnt1-CreTg/+) (left; A-D) 
and Mutant (Pbx1fl/fl;Pbx2+/-;Wnt1-CreTg/+) (right; A’-D’) at E11.5. Cartoons of Primary Palate, Anterior 
(Secondary) Palate, Mid (Secondary) Palate, and Posterior (Secondary) Palate are shown in left-most column 
for reference. Within the primary palate, as well as all levels of the secondary palate (anterior, middle, and 
posterior), PBX1 is lost from the mesenchymal compartments; see white asterisks in Control (A-D) versus white posterior), PBX1 is lost from the mesenchymal compartments; see white asterisks in Control (A-D) versus white 
empty asterisks in Mutant (A’-D’). Epithelial PBX1 is retained in the Mutant (white arrowheads). 
Abbreviations – E, Eye; Mb, Mandible; MxP, Maxillary Process; N, Nasal Cavity; NS, Nasal Septum; OC, 
Oral Cavity; PP, Primary Palate; PS, Palatal Shelf; T, Tongue; VN, Vomero-Nasal Organ. Scale Bar: 300µM.

Figure 7.
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(hereafter referred to as epithelial and CNCC mutants, respectively). Our gross morphological 

analysis demonstrated that CNCC mutants display CPO with full penetrance and comparable 

expressivity. In contrast, the epithelial mutants exhibit clefting phenotypes of the lip and primary 

palate with variable expressivity, confirming and expanding previously published results on a 

Pbx2 sensitized background  (Ferretti et al. 2011; summarized in Figure 8, A-E and Table 1). 

Briefly, epithelial mutants exhibit either normal lip and primary palate, with clefting of the 

secondary palate (33%), or unilateral or bilateral clefting of the lip and primary palate 

accompanied by clefting of the secondary palate (62%). A single epithelial mutant displayed 

  

 Unilateral Cleft Lip 
Normal Primary 
Palate 
Normal Secondary 
Palate 
 

Normal Lip 
Normal Primary 
Palate 
Cleft Secondary 
Palate 

 

Unilateral Cleft Lip 
Unilateral Cleft Primary 
Palate 
Cleft Secondary Palate 

Bilateral Cleft Lip 
Bilateral Cleft Primary 
Palate 
Cleft Secondary Palate 

 
Total 

N 1 7 8 5 21 

% 5% 33% 38% 24% 100% 

 

Total mutants examined by histology (coronal section): 21 

Total embryos harvested: 102 

Total litters examined: 11 

 

normal primary and secondary palate with unilateral cleft lip (5%). In all cases except for one the 

phenotype of the lip and primary palate were correlated. SEM of the developing oral cavity in 

epithelial mutants from E13.5 to E15.5 revealed dysmorphic primary palate in conjunction with 

cleft lip (Figure 9, top rows for all gestational days). Specifically, at E13.5, the primary palate 

appears broader, consistent with lack of fusion of the facial prominences. For the secondary 

palate, SEM also revealed a widening of the gap intervening between the anterior-most aspects 

of the palatal shelves, indicative of an overall broadening of the midface (Figure 9, A-H). Both 

Table 1.  Tabulated data relating to the images presented in Figure 8. 
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SEM and histology on serial coronal sections demonstrated relatively comparable morphologies 

of the secondary palate in controls and epithelial mutants, even though by E14.5 mutants failed 

to elevate the palatal shelves (Figure 9, I-P). Histology at E14.5 and E15.5 suggests that failure 

to elevate can be unilateral or bilateral and can be at least in part caused by trapping of the 

shelves below the tongue (Figure 9, second and third rows for all gestational days). By E15.5 

the net effect of these perturbations is clefting of the secondary palate with or without 

associated clefting of the lip/primary palate. This underscores the notion that early epithelial loss 

of PBX1 during primary palatogenesis subsequently results in a lack of coordination in the 

morphogenesis and outgrowth of both the primary and secondary palate, which ultimately 

disrupts the overall development of the midfacial complex.  

Whereas excision of Pbx1 from the cephalic epithelium results in lip and palatal clefting 

phenotypes, excision from pre-migratory CNCC-derived mesenchyme, on a Pbx2 deficient 

background, yields a strikingly different phenotypic outcome (Figure 10 and Figure 11). At 

E11.5, SEM and histological analyses demonstrated that control and mutant embryos were 

largely comparable as far as their gross morphology. Two subtle morphological perturbations 

observed at this gestational day include: (1) a reduction in size of the embryonic choanae and 

(2) a narrowing of the inter-palatal shelf distance (Fig. 4A,B). However, by E12.5, marked 

morphological abnormalities were obvious in the developing anterior secondary palate (Figure 

11, A, B). In controls, outgrowth of the midfacial complex between E11.5-12.5 can be visualized 

by the increasing separation of the primary palate from the secondary palate, via the 

interposition of an anterior palatal domain that will form the presumptive hard palate adjacent to 

the nasal choanae. This domain expands uniformly along the medial aspect of the elongating 

secondary palatal shelf (Figure 10, A,B and Figure 11, A,B). In wild type embryos, a transient 

groove, visualized by SEM, normally separates the presumptive hard palate from the 

presumptive soft palate at E12.5. Anterior to this groove will be the formation of the first palatal 



Figure 8: Variable penetrance and expressivity of orofacial clefting defects associated with epithelial-specific loss of Pbx1. Representative coronal sections from 
Control (Pbx1fl/+;Foxg1Cre/+ ; column A) and Mutant (Pbx1fl/fl;Foxg1Cre/+) embryos; columns B,C,D,E) showing the full phenotypic spectrum for upper lip, 
primary palate, and secondary palate at approximately E14.75. For all litters at this stage, shelf elevation has occurred in control embryos. All littermates were 
marked on the right side for further identification. No phenotypic preference of clefting was detected relative to left or right side. Lip (upper lip): phenotype varied 
from absence of clefting, to unilateral or bilateral clefting, with unilateral clefting being the most common. Figure 8 (Cont) : from absence of clefting, to unilateral or bilateral clefting, with unilateral clefting being the most common. Figure 8 (Cont) : Primary Palate: bilateral clefting of 
the primary palate was always accompanied by bilateral clefting of the upper lip. Similarly, unilateral clefting of the primary palate was always associated 
with ipsilateral clefting of the upper lip. In one embryo (N=1), unilateral cleft lip was not associated with clefting of the primary palate. Secondary Palate: the 
phenotype of the secondary palate varied from normal secondary palatal shelf fusion, to lack of fusion at the midline of elevated palatal shelves (B), to complete 
lack of elevation of the palatal shelves (C,D,E). Scale Bar: 400µM. Seelack of elevation of the palatal shelves (C,D,E). Scale Bar: 400µM. See Table 1 for distribution of phenotypic penetrance. 

Figure 8.
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ruga (Welsh & O’Brien, 2009). In CNCC mutants, by E13.5, there is a marked exaggeration of 

this groove, which abnormally persists, and a lateral displacement of the presumptive hard 

palate, with consequent dysmorphology and separation of the secondary palatal shelf into two 

distinct territories along the medial aspect (Figure 10, I,J). Of note, is the striking resemblance 

between this phenotype and the previously reported palatal phenotype in Satb2-null mice 

(Britanova et al. 2006; Dobreva et al. 2006). As a consequence of the lateral positioning of the 

presumptive hard palate, the forming mutant soft palate fails to be displaced posteriorly and 

maintains aberrant proximity to the primary palate. This causes, at least in part, a reduction of 

the embryonic choanae as compared to the equivalent structures in controls (Figure 10, A, B, I, 

J and Figure 11, A, B, I, J). From E12.5 onwards, the abnormal positioning of the presumptive 

soft palate in relation to the primary palate and developing sinus cavities results in a bridge of 

tissue that extends between the lateral aspect of the embryonic nasal septum and the ipsilateral 

maxillary primordium. This aberrant bridge functionally separates the oral and nasal cavities in 

CNCC mutants, as visualized by histological analysis via H&E staining of coronal sections 

(Figure 10, K, L, S, T and Figure 11, C, D, K, L), similar to the phenotype observed in Tbx22-null 

mice (Pauws et al. 2009). From E12.5 to E15.5, the mutant anterior palatal shelves beneath this 

bridge are markedly hypoplastic (Figure 10 K, L, S, T and Figure 11, C, D, K, L). While clefting 

Figure 9. (See overleaf.) Epithelial loss of PBX1 results in clefting of the primary and secondary palate (CL/P). 
Scanning Electron Micrographs (SEM; top) and Hematoxylin & Eosin (H&E) stained coronal sections (bottom) of 
the embryonic palate and oral cavity from E13.5-E15.5. Representative Control: Pbx fl/+;Foxg1Cre/+ (left) and 
Mutant: Pbx1fl/fl;Foxg1Cre/+ (right) embryos are shown for each time point. E13.5: SEM shows dysmorphic primary 
palate in the mutant (empty white asterisk in B) as compared to control (white asterisk in A). Accompanying the 
primary palate defects, the rostral palatal shelves appear to be more widely spaced in the mutant (white double-
headed arrows in A,B). H&E illustrates mild outgrowth defects of the rostral secondary palatal shelves in the 
mutant (empty black arrowhead in D) as compared to control (black arrowhead in C). The morphology of the 
mutant middle and caudal secondary palatal shelves is otherwise comparable to that of control. E14.5: SEM 
highlights striking bilateral clefting of the lip and primary palate in the mutant (J) versus control (I). The secondary 
palatal shelves remain un-elevated and have not made contact medially (open white arrowhead in J), whereas in 
the control they have elevated and made contact (white arrowhead in I). H&E suggests that failure to elevate the 
secondary palatal shelves in the mutant is a consequence of aberrant trapping by the tongue along the rostral-
caudal axis of the shelves (empty black arrowhead in L,N,P), as compared to control (black arrowhead in K,M,O). 
E15.5: SEM shows that failure of secondary palate shelf elevation in the mutant results in complete clefting of the 
secondary palate (open white arrowhead in R) versus control (white arrowhead in Q). H&E illustrates that the 
mutant secondary palatal shelves are cleft along the entire rostral-caudal axis and exhibit an aberrant contact 
with the tongue (open black arrowhead in T,V,X) as compared to control (black arrowhead in S,U,W). 
Abbreviations – M, Molar Tooth Bud; NS, Nasal Septum; PS, Palatal Shelf; T, Tongue. Scale bar: 400µm.   
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of the secondary palate is complete along the A-P axis of CNCC mutants, the posterior palatal 

shelves corresponding to the presumptive soft palate appear to be less compromised and, by 

E15.5, show evidence of medially directed growth (Figure 10, W, X). Interestingly, by E14.5, the 

CNCC mutant midface also appears overall shorter and wider along the rostro-caudal axis 

(Figure 11, I, J). 

 

Pbx CNCC mutants present secondary palate clefting and more severe A-P 

disorganization of the craniofacial skeleton compared to epithelial mutants. 

To define the impact of the early morphogenetic defects observed in Pbx epithelial and CNCC 

mutants on subsequent shaping of skeletal structures, we carried out MicroCT (µCT) imaging of  

E18.5 control and mutant crania followed by computer-aided 3D reconstruction and 

Figure 10. (See overleaf.) Cranial neural crest cell (CNCC)-specific loss of Pbx1 on a Pbx2-deficient 
background results in isolated clefting of the secondary palate (cleft palate only; CPO). Scanning Electron 
Micrographs of the developing palate (SEM; top) and Hematoxylin & Eosin (H&E) stained coronal sections 
(bottom) of the embryonic palate and oral cavity at E11.5, E13.5, and E15.5. Representative Control: 
Pbx1fl/+;Pbx2+/-;Wnt1-CreTg/+ (left) and Mutant: Pbx1fl/fl;Pbx2+/-;Wnt1-CreTg/+ (right) embryos are shown. E11.5: 
SEM demonstrates that at this gestational day morphology of the domains that will form the primary (white 
asterisk) and secondary (white arrowhead) palate is comparable in control (A) and mutant (B). In the mutant, 
embryonic choanae appear to be smaller (empty black arrowhead in B) versus control (black arrowhead in A) and 
the distance between the palatal shelf primordia is subtly constricted (B). H&E illustrates that while the nascent 
palatal shelves along the anterior-posterior axis appear grossly comparable in control and mutant (black 
arrowheads in C-H), the dorsal aspect of the forming nasal septum exhibits a mildly altered morphology in the 
mutant (black asterisk in D). E13.5: SEM shows normal formation of the primary palate (white asterisk in I,J) in 
control and mutant. However, profound dysmorphology is evident in the mutant secondary palate with aberrant 
organization of its anterior versus posterior domains, which are separated by an abnormal groove (white arrow in 
J). Specifically, in the mutant the anterior palatal domain bearing rugae (presumptive hard palate) (white empty 
arrowhead in J) appears to be positioned more laterally and posteriorly than in control (white arrowhead in I). 
H&E highlights that in the mutant the anterior palatal shelves are markedly hypoplastic (black empty arrowhead in 
L) versus control (black arrowhead in K). The aberrant anterior to posterior organization of the secondary palate 
in the mutant results in an abnormal connection between the nasal septum and the maxilla (black asterisk in L). 
In addition, sections of the middle palate further demonstrate the presence of epithelial thickenings (black arrows 
in N) consistent with the presence of rugae in more posterior domains of the mutant shelves as compared to 
control (M). In contrast, the posterior presumptive soft palate appears to be comparable in control and mutant 
(black arrowheads in O,P). E15.5: SEM clearly illustrates reduced outgrowth of the midfacial complex in mutant 
versus control (compare length of black and white bars along the anterior to posterior snout in Q and R, 
respectively). Lack of palatal shelf fusion is evident in the mutant (white empty arrowhead in R) as compared to 
control (white arrowhead in Q). H&E demonstrates that in the mutant the vestigial anterior palatal shelves do not 
make contact medially (black empty arrowhead in T) versus control (black arrowhead in S). In addition, in the 
mutant the abnormal tissue connection between the nasal septum and the maxilla persists (black asterisk in T). 
Mid-palatal sections show dysmorphic palatal shelves and clefting at the midline in the mutant (black arrow in V). 
Posterior palatal sections demonstrate clefting of the soft palate (empty black arrowhead in X) as compared to 
control (black arrowhead in W). Abbreviations – LNP, Lateral Nasal Process; MNP, Medial Nasal Process; M, 
Molar Tooth Bud; MxP, Maxillary Process; NS, Nasal septum; PS, Palatal Shelf; T, Tongue.  Scale bar: 400µm.  
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Figure 11.

Figure 11: Cranial neural crest cell (CNCC)-specific loss of Pbx1 on a Pbx2-deficient background results in isolated 
clefting of the secondary palate (cleft palate only; CPO). Scanning Electron Micrographs of the developing palate 
(SEM; top A,B,I,J) and Hematoxylin & Eosin (H&E) stained coronal sections (bottom C-H, K-P) of the embryonic 
palate and oral cavity at E12.5 and E14.5. Representative Controls: Pbx1fl/+;Pbx2+/-;Wnt1-CreTg/+ (left; A,I) and 
Mutant: Pbx1fl/fl;Pbx2+/-;Wnt1-CreTg/+ (right; B,J) embryos are presented. E12.5: SEM demonstrates normal 
formation of the primary palate (white asterisk) in control and mutant. However, profound dysmorphology is 
evident in the mutant secondary palate with aberrant organization of its anterior versus posterior domains, which evident in the mutant secondary palate with aberrant organization of its anterior versus posterior domains, which 
are separated by an abnormal groove (white arrow in B). As a consequence, in the mutant the forming sinus 
cavities and choanae appear to be smaller and narrower (empty black arrowhead in B) as compared to control 
(black arrowhead in A). H&E illustrates that in the mutant the anterior palatal shelves are highly hypoplastic 
(empty black arrowhead in D) versus control (black arrowhead in C) and an abnormal mesenchymal bridge 
connects the maxilla to the nasal septum (black asterisk in D). In the mutant middle secondary palate, the aberrant 
organization of its anterior versus posterior domains is evidenced by the presence of an abnormal groove that organization of its anterior versus posterior domains is evidenced by the presence of an abnormal groove that 
separates the anterior versus posterior aspects of the palatal shelf (black arrow in F), mirroring the SEM 
observations. Morphology of the posterior secondary palate is more comparable between control and mutant 
(black arrowheads in G,H). E14.5: SEM shows the exaggerated dysmorphology and reduced anterior outgrowth 
of the palatal shelves in the mutant versus control (compare length of white bars along the anterior to posterior 
axis in I,J). In the mutant, the presence of an abnormal groove (white arrow in J) underscores aberrant palate shelf 
morphogenesis, positioning, and outgrowth. H&E demonstrates that in the mutant the anterior secondary palate morphogenesis, positioning, and outgrowth. H&E demonstrates that in the mutant the anterior secondary palate 
(black empty arrowhead in L) is hypoplastic, dysmorphic, and lacks the characteristic finger-like projections of the 
secondary palate (black arrowhead in K). In the middle secondary palate, mutant shelves remain unelevated 
(black empty arrowhead in N) as compared to control (black arrowhead in M). In the posterior secondary palate, 
while control palatal shelves are in the process of re-organizing to adopt an horizontal conformation 
(black arrowhead in O), no such change is observable in the mutant (black empty arrowhead in P). 
Abbreviations – M, MolarAbbreviations – M, Molar Tooth Bud; NS, Nasal Septum; PS, Palatal Shelf; T, Tongue. Scale bar: 200µm.
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morphometry (Figure 12 and Figure 13). Integration of comprehensive 3D µCT-based imaging 

and genetic analyses has proven to be a powerful approach for the quantitative assessment of 

phenotypes and for highlighting potential regulatory mechanisms underlying craniofacial bone 

development (Percival et al. 2014; Ho et al. 2015). Our previous studies have highlighted that 

PBX1 controls the dynamics of proliferation versus differentiation of skeletal progenitors during 

endochondral ossification (Selleri et al. 2001). Accordingly, we set out to examine how 

perturbations of primary and secondary palatal morphogenesis might impact overall 

development of the craniofacial complex in Pbx mutants.  

Excision of Pbx1 from the cephalic epithelium resulted in minor albeit statistically significant 

differences in measurements of overall cranial structures and palatal elements, including: I) 

widening of the distance between both the premaxillae and maxillae (Figure 12, B, 

measurement 2, 3); II) rostro-caudal shortening of the pre-maxilla (Figure 12, B’, measurement 

5); III) diagonal lengthening of the maxilla (Figure 11, B’’, measurement 7); IV) reduction of the 

maxillary width at the junction with the premaxilla (Figure 12, B,  measurement 8); and V) 

increase in the distance from the incisor alveolus to the basisphenoid. Interestingly, the 

morphological changes observed in the maxillary bone are associated with a near-complete loss 

of the palatine process of the maxilla (Figure 12, A’’,B’’), a structure that forms the greater part 

of the hard palate (Richman et al. 2006). The palatine bone itself clearly shows altered 

morphology when compared to controls (Figure 12, A’’’,B’’’); however significant size differences 

were not detected. Of all the morphological abnormalities listed above, rostro-caudal shortening 

of the pre-maxilla (Figure 12, B’, measurement 5) was the most significant. Overall, our data 

establish that Pbx1 deletion from the cephalic epithelium results in CL/P with associated skeletal 

defects limited to alterations in the premaxillary and maxillary bones. Notably, epithelial loss of 

Pbx1 does not disrupt the overall A-P organization of the midfacial complex in these mutants. 



Figure 12.

Figure 12. Tissue-specific loss of Pbx genes results in distinct clefting defects with CNCC-specific loss concomitantly 
causing altered positioning and proportions of midfacial skeletal elements. Morphometric analysis of premaxilla, 
maxilla, and palatine bones in E18.5 wild type and mutant embryos with epithelial- and cranial neural crest cell 
(CNCC)-specific loss of Pbx genes. (A-C) Ventral µCT reconstructions of the palatal regions showing premaxilla 
(green), maxilla (purple), and palatine bones (pale blue). Ventral and lateral views of individual bones are shown in 
((A’-A’’’) wild type, (B’-B’’’) Pbx1fl/fl;Foxg1Cre/+ and (C’-C’’’) Pbx1fl/fl;Pbx2+/-;Wnt1-CreTg/+ embryos. In the lateral 
views, ventral side oriented towards the right. (D) Diagram of the wild type palatal region illustrating the location of 
the individual measurements quantified in (E). (E) Morphometric measurements of the palatal structures in 
Pbx1fl/fl;Foxg1Cre/+ (medium gray; n=3) and Pbx1fl/fl;Pbx2+/-;Wnt1-CreTg/+ mutants (dark grey; n=3) relative to 
wild type controls (light grey; n=4). Colors and numbers correspond to those used in the diagram shown in (D). 
Compared to wild type and epithelial-specific loss of Pbx1, the CNCC-specific loss of Pbx1 on a Pbx2-deficient 
background exhibits significant shortening and widening of the maxilla (Cbackground exhibits significant shortening and widening of the maxilla (C’’; see measurements 7,9,10). In addition, 
this mutant displays an abnormally elongated structure comprising the palatal process of the maxilla fused to the 
palatine bone (C’’’; palato-maxillary process, see measurements 11,13). Data are reported as averages ± SEM. 
Statistical significance: *: p < 0.05; **: p < 0.01; ***: p < 0.001. Scale bars = 1 mm.
Attributive note: These data were a collaboration between Joel Brown, James Hart and Ian Welsh.
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Figure 13.

Attributive note: These data were a collaboration between Joel Brown, James Hart and Ian Welsh.
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Figure. 13. Epithelial- and Cranial neural crest cell (CNCC)-specific loss of Pbx genes result in distinct abnormal 
morphologies of the basisphenoid with CNCC mutants presenting altered A-P positioning of midfacial skeletal 
elements. Morphometric reconstructions of premaxilla, maxilla, and palatine bones (shown in Fig. 5), as well as 
basisphenoid, in wild type, epithelial- and CNCC-specific Pbx mutants at E18.5. (A-C) Overview of the palatal 
region showing the basisphenoid (red) in (A) wild type, (B) Pbx1fl/fl;Foxg1Cre/+ and (C) 
Pbx1fl/fl;Pbx2+/-;Wnt1-CreTg/+ embryos. (A’-C’) Ventral and lateral views of the basisphenoid. 
Epithelial-specific Pbx LOF results in subtle defects of the basisphenoid, involving widening of the pterygoid Epithelial-specific Pbx LOF results in subtle defects of the basisphenoid, involving widening of the pterygoid 
processes. In contrast, CNCC-specific Pbx LOF yields more severe dysmorphology of the basisphenoid with 
malpositioning of the pterygoid processes along the A-P axis. In the lateral view, the ventral side is oriented 
towards the right. Scale bars = 1 mm.
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Excision of Pbx1 from pre-migratory CNCC-derived mesenchyme, on a Pbx2-deficient 

background, yielded a fully penetrant CPO phenotype, rather than CL/P (Figure 10), together 

with a strikingly severe disruption of A-P craniofacial skeletal organization (Figure 12, C). In 

contrast to epithelial mutants, µCT-based morphometry highlighted a number of major 

differences in measurements of overall cranial structures and palatal elements in CNCC 

mutants. Statistically significant alterations in these mutants include: I) a slight increase of the 

inter-maxillary distance (Figure 12, C, measurements 1, 2); II) increase of premaxillary width 

(Figure 12, C’, measurement 4); III) profound shortening and widening of the maxillae (Figure 

12, C’’, measurements 7,9,10); and IV) rostro-caudal shortening of the cranial base, as 

measured from the basioccipital bone to the incisor alveolus. The overall effect of these 

perturbations is a dramatic broadening and shortening of the CNCC mutant midface (Figure 12, 

C). In addition, the maxillary malformations in CNCC mutants produce a partial occlusion of the 

infra-orbital foramen, where the maxillary branch of the trigeminal nerve egresses the cranium 

(Figure 12, C’’), as well as markedly abnormal caudal palatine structures (Figure 12, C’’’). 

Specifically, there is a significant rostro-caudal elongation of the presumptive palatine bone, 

which is highly dysmorphic and positioned more anteriorly within the midfacial complex. 

Rostrally, the palatine bone is ectopically fused with a small, elongated structure that, based on 

morphology and topology, would appear to be the palatine process of the maxilla. This ectopic 

fusion generates a neomorphic mutant skeletal element that we refer to as the “palato-maxillary 

process” (Figure 12, C, C’’’). Lastly, in CNCC mutants the relationship between the 

basisphenoid, pterygoid, and palatine bones is altered. Specifically, the pterygoid bone, which is 

normally located ventrally to the basisphenoid, is shifted rostrally to the basisphenoid in CNCC 

mutants (Figure 13, C, C’). This malformation bears consequences for the functional 

architecture of the caudal pharyngeal region and the associated musculature. Consequently, 

these defects could have a deleterious impact on deglutition and mastication.  
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In summary, our findings establish that loss of PBX function in either the cephalic epithelium or 

CNCC-derived mesenchyme results in orofacial clefting phenotypes, CL/P or CPO, respectively. 

Importantly, the CNCC-specific perturbation also produces markedly more severe alterations to 

the morphology of individual skeletal elements and the overall A-P organization of the midfacial 

complex. The presence of the ectopic and neomorphic bone formation that we describe in 

CNCC mutants strongly suggests that PBX TFs function in the CNCC to control the 

spatiotemporal dynamics of osteoblast differentiation during ossification of the craniofacial 

skeleton, an hypothesis supported by the role we previously described for PBX1 in 

endochondral ossification (Selleri et al. 2001; Gordon et al. 2010; Gordon et al. 2011). 

 

Temporally-restricted proliferation defects during development of the secondary palate 

in CNCC mutants are not accompanied by altered apoptosis  

PBX TFs are known to play integral roles in the regulation of mesenchymal progenitor cell 

proliferation (Brendolan et al. 2005) and in preventing premature cell cycle exit and subsequent 

differentiation (Gordon et al. 2011; Hurtado et al. 2015). Based on our observations that in 

CNCC mutants the anterior palatal shelves appear hypoplastic and dysmorphic starting at 

E12.5, we examined proliferation rates within the shelves and adjacent maxillae during early-to-

mid palatogenesis (E11.5-E13.5). Specifically, we carried out detection of EDU-labelled S-

phase cells (Buck et al. 2008) on serial coronal sections of secondary palates in control and 

mutant littermates (N=3 per genotype, per time-point). Shelves were assigned to one of three 

anatomic levels along the rostro-caudal axis based on stereotypical morphology. In control 

palates, we observed a progressive reduction in the mitotic index from E11.5 to E13.5 from 

approximately 30% to 20% of EdU-positive cells (Figure 14, A-G ; Figure 15, A, B). While at 

E11.5 proliferation rates in the developing secondary palate of CNCC mutants were only 

moderately reduced as compared to controls (Figure 15, A), at E12.5 the proliferative defect 



Figure 14. Cranial neural crest cell (CNCC)-specific loss of Pbx1 on a Pbx2-deficient background results in 
proliferation defects along the anterior to posterior axis of the secondary palate. Proliferation rates assayed 
by immunofluorescent detection of EdU incorporation in S-phase cells of the developing secondary palate at E12.5. 
Three pairs of Controls: Pbx1fl/+;Pbx2+/-;Wnt1-CreTg/+ (left) and Mutant: Pbx1fl/fl;Pbx2+/-;Wnt1-CreTg/+ (right) 
littermates were processed simultaneously. Sections were designated anterior, middle, or posterior based on 
morphological landmarks (left panels, A-F: representative micrographs). Quantification of EdU incorporation is 
presented via box and whisker plots of E12.5 datasets corresponding to anteriopresented via box and whisker plots of E12.5 datasets corresponding to anterior, middle, or posterior secondary 
palatal domains (right panel, G). Red bars inside the boxes represent median values. At this gestational time-point, 
mutant embryos exhibit a significant reduction in proliferation rates in all anterior to posterior palatal domains. 
Abbreviations – PS, Palatal Shelf; NS, Nasal Septum; T, Tongue. Scale bar: 200µm.  
Attributive note: These data were a collaboration between James Hart, Ian Welsh and Robert Aho.

Figure 14 
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became pronounced in the mutants, which displayed around 20% of EdU-positive cells versus 

25% in controls (Figure 14, G). However, by E13.5, differences of proliferation were no longer 

evident in mutants compared to controls, in both of which approximately 20% of mesenchymal 

cells were EdU-positive (Figure 15, B). These results are consistent with a precocious cell cycle 

exit of CNCC mutant palatal progenitor cells. 

PBX loss is not typically associated with increased apoptosis in vivo, and indeed absence of 

PBX TFs results in suppression of physiological apoptosis at the site of facial prominence fusion 

in the mouse embryo (Ferretti et al. 2011). However, it has been reported that PBX loss from 

specific cellular populations (Murphy et al. 2010; Grebbin et al. 2016) results in impaired cell 

survival. For this reason, we examined programmed cell death in the developing secondary 

palate from early- to mid-palatogenesis (E11.5-E13.5), similarly to the proliferation assays 

described above (Figure 15, C). Immunofluorescent Ab staining for activated Caspase-3 on 

serial coronal sections revealed no detectable differences in numbers of Caspase-3 positive 

cells between controls and mutant palates at all time-points examined, with negligible apoptotic 

cells in either genotype (Figure 15, C).  

 

Normal patterning but altered positioning of the presumptive anterior and posterior 

secondary palatal domains in Pbx CNCC mutant embryos visualized by marker gene 

expression  

Our characterization of the morphogenetic and skeletal phenotypes in CNCC mutants 

demonstrates that early defects in the outgrowth of the presumptive anterior hard palate at 

E12.5 result in significantly altered morphology and A-P organization of individual skeletal 

elements of the upper jaw. These abnormalities are responsible for the shorter and wider 

midfacial complex of E18.5 mutants. Many studies have established that distinct regulatory 

networks are responsible for the development of the anterior and posterior regions of the 



Figure 15

Figure 15: Onset of proliferation defects at E11.5 in mutants with cranial neural crest cell 
(CNCC)-specific Pbx LOF is not accompanied by alterations in apoptosis in the secondary palate. Controls 
(Pbx1fl/+;Pbx2+/-;Wnt1-CreTg/+; N=3) and Mutants (Pbx1fl/fl;Pbx2+/-;Wnt1-CreTg/+; N=3) littermates were 
processed simultaneously for each time-point per each assay. (A-B) Proliferation rates assayed by 
immunofluorescent detection of EdU incorporation in S-phase cells of the developing secondary palate at E11.5 
and E13.5. Controls: light grey boxes. Mutants: dark grey boxes. The reduced proliferation rates observed in 
mutants at E12.5 (see Fig. 6) are presaged by a moderate proliferative reduction along themutants at E12.5 (see Fig. 6) are presaged by a moderate proliferative reduction along the A-P axis of E11.5 
mutant palates. Conversely, by E13.5, the proliferation rates in controls and mutants become comparable, with an 
overall noticeable reduction of cell proliferation in controls from E11.5 to E13.5. (C) Representative 
photomicrographs of apoptosis in the developing secondary palate detected by immunofluorescence antibody 
staining of activated Caspase-3 at E11.5, E12.5, and E13.5. Apoptosis is observed in both control and mutant 
laterally to the molar groove (white arrowheads) at all time points analyzed. However, no significant apoptosis is 
recorded along therecorded along the A-P axis of the secondary palate at any time-point in controls or mutants. Scale bar: 200µm.

A

Attributive note: These data were a collaboration between James Hart, Ian Welsh and Robert Aho.
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secondary palate (Hilliard et al. 2005; Okano et al. 2006; Gritli-Linde, 2007), which give rise to 

its osseous and muscular components, respectively. In order to determine if loss of PBX in 

CNCC results in altered A-P patterning of the secondary palate, we examined the spatial 

expression of a number of marker genes that define the presumptive anterior and posterior 

palatal fields in E12.5 control and CNCC mutant embryos (Figure 16). We first examined Msx1, 

an early marker of anterior secondary palate, which is present in the maxillary component of the 

first branchial arch (BA1) starting at E9.5 and later in the developing lip, primary palate, and 

anterior secondary palate at E11.5 - E12.5 (Hill et al. 1989). Loss of Msx1 results in CPO in 

mice (Satokata & Maas, 1994) and is associated with non-syndromic forms of CL/P in humans 

(Yu et al. 2017). It was also reported that Msx1-/- mice exhibit a proliferation defect in the 

anterior palatal mesenchyme (Zhang et al. 2002). At E12.5, we observed comparable levels of 

Msx1 expression in the upper lip and primary palate of control and mutant embryos (Figure 16, 

A-D). Strikingly, however, in the CNCC mutant anterior secondary palate the domain of Msx1 

expression was smaller than in controls and did not extend to the midline, rather it was localized 

laterally to the groove that separates the presumptive hard (anterior) from soft (posterior) 

secondary palate (Figure 16, A-D). The perturbation of Msx1 expression patterns in CNCC 

mutant palates closely mirrors the dysmorphology observed by SEM at the same gestational 

day (see also Figure 11, A, B) 

We next assessed the expression pattern of short stature homeobox gene Shox2 (Blaschke et 

al. 1998). It was described that, similar to our CNCC mutants, loss of Shox2 from the anterior 

palate results in proliferation defects localized to the anterior palatal mesenchyme, yielding CPO 

(Yu et al. 2005). In normal development, Shox2 expression initiates at E11.5 only in the 

mesenchyme of the anterior palate and remains exclusively localized to the presumptive hard 

palate of mice (Sun et al. 2013), while in humans it is detected from Carnegie Stage (CS) 13 

onwards (Clement-Jones et al. 2000). At E12.5, we observed expression of Shox2 restricted to 



Figure 16. Altered positioning of transcriptional domains along the anterior to posterior axis of the palatal shelf in 
mutant embryos with cranial neural crest cell (CNCC)-specific loss of Pbx1 on a Pbx2-deficient background. 
WISH reveals that spatial expression of anterior palate markers: Msx1 (A-D); Shox2 (E-H); epithelial-Barx1 (I-L), 
as well as posterior palate markers: mesenchymal-Barx1 (I-L), and Tbx22 (M-P) is perturbed in E12.5 mutants 
with CNCC-specific loss of Pbx1 on a Pbx2-deficient background versus controls (anterior is to the top in oral 
views and to the right in sagittal views). Positions marked by a, b, and c indicate the anterior boundary of (a) 
anterior secondary palate, (b) posterior secondary palate, and (c) molar tooth bud, respectivelanterior secondary palate, (b) posterior secondary palate, and (c) molar tooth bud, respectively. All gene 
transcripts are detectable at comparable levels in control (top) and mutant (middle) palates; however spatial 
expression domains in the anterior vs posterior secondary palate show altered organization along the anterior 
to posterior (A-P) axis in mutants as compared to controls. The A-P length of the posterior secondary palate is 
similar between controls and mutants (light blue dashed outline), while the length of the mutant anterior secondary 
palate is slightly reduced (light purple dashed outline; compare distance a-c). Significantly, rather than being 
positioned rostral to the posterior secondary palate as in controls (distance a-b > b-c), the anterior secondary positioned rostral to the posterior secondary palate as in controls (distance a-b > b-c), the anterior secondary 
palate in mutants is more caudal (distance a-b < b-c) and lateral (black arrows) to the posterior secondary palate. 
Furthermore, this maxillary dysmorphology is accompanied by defective elongation of the sinus cavity and nasal 
septum (black double headed arrows in oral view of Msx1 expression). Morphogenetic and anatomical defects 
observed upon CNCC-specific loss of Pbx1 on a Pbx2-deficient background are summarized schematically 
(bottom row; Q). Consistent with highly coordinated outgrowth of the midfacial complex, extension of the anterior 
secondary palate (light purple) rostral to the posterior secondary palate (light blue) is perturbed in mutants resulting secondary palate (light purple) rostral to the posterior secondary palate (light blue) is perturbed in mutants resulting 
in cleft palate and consequent reduced expansion of the sinus cavity. Scale bar: 200µm. 

Figure 16

Attributive note: These data were a collaboration between James Hart, Ian Welsh and Irina Grishina
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the anterior domain of the CNCC mutant palate as in controls (Figure 16, E-H). However, 

recapitulating the above described perturbed expression pattern of Msx1, in CNCC mutant 

palates the Shox2 expression domain was laterally constricted and failed to extend medially and 

anteriorly to the presumptive posterior palatal shelf (Figure 16, E-H). Importantly, it was reported 

that mesenchymal Msx1 expression is unperturbed in the anterior palatal mesenchyme of 

Shox2-/- mutants (Yu et al. 2005), indicating that Msx1 is not downstream of Shox2 during 

anterior secondary palate development. 

Because we observed a proliferation defect spanning the entire secondary palate at E12.5 and 

given the altered anatomic relationship between the anterior and posterior palatal domains in 

our CNCC mutants, we set out to further examine expression of known markers of posterior 

palatal fate. In normal development, BarH-like homeobox 1 (Barx1) is expressed in both the 

anterior and posterior palatal shelves with restricted epithelial localization only to the anterior 

domain. Starting at E11.5, mesenchymal Barx1 expression in the posterior palate complements 

the anterior expression patterns of Msx1 (Welsh & O'Brien, 2009). In CNCC mutants, loss of 

PBX TFs from the CNCC-derived mesenchyme did not result in marked alteration of the spatial 

expression of Barx1; however, its anterior boundary remained in closer proximity to the primary 

palate as compared to controls (Figure 16, I-L). Moreover, in CNCC mutant secondary palates, 

similar to the perturbed expression of Msx1 and Shox2, the anterior epithelial expression 

domain of Barx1 was lateralized versus controls (Figure 16, I-L). Lastly, we examined 

expression domains of Tbx22, a gene that is detected in the rostral-half of the presumptive 

posterior (soft) palate (Fuchs et al. 2010). Loss of Tbx22 causes clefting of the posterior soft 

palate and morphological alterations of the palatine bones (Pauws et al. 2009). In CNCC 

mutants, Tbx22 mRNA spatial levels did not appear significantly altered as compared to 

controls, while the posterior boundary of its expression was slightly abnormal (Figure 16, M-P).   
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Collectively, our expression analysis establishes that specification of the presumptive anterior 

and posterior secondary palatal domains is correctly established in Pbx CNCC mutant embryos, 

despite their significantly perturbed and dysmorphic A-P positioning (Figure 16, Q). This 

suggests that loss of PBX in CNCC alters other morphogenetic behaviors (e.g. differentiation, 

migration, oriented cell division) that drive the growth of the anterior hard palate, which in turn is 

required for separation of the primary palate from the posterior (soft) secondary palate. Indeed, 

the reduced proliferation that we observe specifically at E12.5, at the onset of grossly detectable 

dysmorphology in CNCC mutant palates, combined with the ectopic ossification present at 

E18.5, are consistent with a role for PBX factors in regulating the transition from outgrowth to 

differentiation of CNCC. Overall, the abnormalities caused by CNCC-specific PBX loss result in 

reduced elongation and concomitant broadening of the mutant midfacial complex. 
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Part IV: Discussion 

In the midface, primary and secondary palate development involves stereotypic morphogenetic 

processes (outgrowth, proliferation, elevation, fusion) (Bush & Jiang, 2012). The sequential 

execution and coordination of these events requires multiple factors with restricted 

spatiotemporal expression patterns to drive reciprocal tissue interactions between cephalic 

epithelium and CNCC-derived mesenchyme (Hilliard et al. 2005). Accordingly, the identification 

of key regulatory factors involved in the control of these dynamic events, and the establishment 

of their patterns of expression, are critical to our understanding of how coordinated midfacial 

development is achieved (Lane & Kaartinen, 2014). Among multiple TFs, our study establishes 

that PBX homeodomain proteins, which are expressed both in the epithelium and CNCC-

derived mesenchyme throughout primary and secondary palate development, function 

iteratively to govern the morphogenesis and fusion of the primary and secondary palate.  

Pbx genes are expressed in both cephalic epithelium and CNCC-derived mesenchyme from the 

early stages of midfacial development, before primary and secondary palatogenesis has 

occurred and before the facial processes have fully developed. This finding is in agreement with 

our previous studies that established very early roles for Pbx genes in the patterning of the 

midface and subsequent coalescence of the frontonasal and maxillary processes resulting in 

upper lip and primary palate fusion (Ferretti et al. 2011). Expression patterns of Pbx genes at 

later developmental stages show high levels of PBX1 and PBX2 proteins in both the epithelium 

and mesenchyme of the secondary palatal shelves. Notably, PBX1 and PBX2 exhibit largely 

overlapping localization patterns, with PBX2 consistently present at apparently lower levels in 

primary and secondary palatal domains. This underlies collaborative roles and iterative 

functions of these two family members in patterning and morphogenesis of the primary and 

secondary palate, which complements previously reported genetic interactions of Pbx1 and 

Pbx2 in directing the development of multiple organ systems (Capellini et al. 2006; Capellini et 
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al. 2008; Capellini et al. 2010; Koss et al. 2012; Ferretti et al. 2011; reviewed in Capellini et al. 

2011). Previous studies have shown preeminent roles of PBX factors in the mesenchymal 

compartments of various organs, including limb (Capellini et al. 2006), axial skeleton (Capellini 

et al. 2008); spleen (Koss et al. 2012), pancreas (Kim et al. 2002), kidney vascular mural cells 

and nephrogenic mesenchyme (Hurtado et al. 2015), and lung (Li et al. 2014). However, 

additional evidence also supports important functions for PBX factors in the epithelial 

compartments of vital organ systems including the frontonasal processes (Ferretti et al. 2011) 

and the pancreas (Kim et al. 2002), as well as ectodermally-derived tissues (Golonzhka et al. 

2015; Villaescusa et al. 2016; Grebbin et al. 2016). Consistent with the expression of Pbx1 and 

Pbx2 in both the epithelium and CNCC-derived mesenchyme of the midface, we observed 

striking but distinct phenotypes in the primary and secondary palate of Pbx epithelial and CNCC 

mutant embryos, respectively (Figure 17).  

By studying conditional loss of PBX factors in the cephalic epithelium, here we expanded 

previous findings on the early roles of these homeodomain proteins in upper lip and primary 

palate morphogenesis and fusion (Ferretti et al. 2011). Notably, in the present study, only 

epithelial mutant embryos present CL/P with 67% penetrance. An earlier report in epithelial 

mutants demonstrated the presence of CL/P with 100% penetrance (Ferretti et al. 2011). 

However, in that study embryos were also heterozygous for a null Pbx2 allele (Pbx1fl/fl;Pbx2+/- 

;Foxg1Cre/+), thus sensitizing the genetic background so as to increase the penetrance of this 

phenotype. In epithelial mutants with unilateral cleft lip, we did observe a relationship between 

clefting of the lip and clefting of the primary palate. In only one instance did we observe cleft lip 

that did not extend into the primary palate on the ipsilateral side. In contrast, isolated cleft lip is 

reportedly as high at 42% in some human populations (Elahi et al. 2004). However, another 

study suggested that individuals diagnosed with CL may have under-diagnosed, sub-clinical 

palatal defects (Gosain et al. 1999). These findings give weight to the current notion that, while 



Figure 17. Model for palate morphogenesis in mutant embryos with epithelial- and cranial neural crest cell 
(CNCC)-specific loss-of-function of Pbx genes. Top Panels: Schematics of early expression domains 
(fuchsia color) of Pbx1 and Pbx2 in cephalic epithelium and CNCC-derived mesenchyme of the midfacial 
prominences that will give rise to the primary and secondary palate in E11.5 wild type (left), epithelial-specific 
mutant (middle), and CNCC-specific mutant (right). Domains of tissue-specific loss of Pbx expression 
highlighted in grey. Middle Panels: Scanning Electron Microscopy images of E14.5 wild type (left), 
epithelial-specific mutant with severe clefting of the lip/primary palate and cleft secondary palate (CL/P) (middle), epithelial-specific mutant with severe clefting of the lip/primary palate and cleft secondary palate (CL/P) (middle), 
and CNCC-specific mutant with normal lip/primary palate but striking anterior to posterior (A-P) dysmorphology 
and clefting of the secondary palate (CPO; right). Bottom Panels: µCT reconstructions of upper jaw skeletal 
element morphology of E18.5 wild type (left), epithelial-specific mutant (middle), and CNCC-specific mutant 
(right). Premaxilla, maxilla, and palatine bones pseudo-colored in green, light purple, and light blue, respectively.  
Compared to wild type, Pbx epithelial-specific loss results in cleft premaxilla and secondary palate (CL/P) with 
widening of the basisphenoid but unalteredwidening of the basisphenoid but unaltered A-P organization of individual skeletal elements. In contrast, 
Pbx CNCC-specific loss yields severe clefting of the secondary palate only (CPO) accompanied by shortening 
and widening of the maxillary bone and profoundly aberrant A-P organization of upper jaw skeletal elements. 
The altered organization of individual skeletal elements observed at E18.5 is presaged by the secondary palate 
A-P dysmorphology observed at E14.5 and at earlier stages of development 

Figure 17.
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in mouse models such variable defects may be interpreted as lack of penetrance, in humans 

overt clefting phenotypes may be part of a broad morphological spectrum (Marazita, 2012). 

Here, we also demonstrate a high incidence (95%) of cleft secondary palate in epithelial 

mutants. However, morphometry shows that these mutants exhibit a significant increase in the 

distance between premaxillae and maxillae, as shown by µCT analysis. Given such a widening 

of the primary palate at the onset of secondary palate morphogenesis in epithelial mutants, it is 

not unreasonable to assume that overall disruption of normal midfacial proportions could make 

clefting of the secondary palate a probable outcome.  

Parallel characterization of mutant embryos with conditional loss of Pbx1 in CNCC-derived 

mesenchyme, on a Pbx2-deficient background, does not result in clefting of the lip or primary 

palate. Rather, our analysis revealed a later role for PBX factors in morphogenesis of the 

midfacial complex and secondary palate. Indeed, CNCC mutants exhibits fully penetrant CPO 

(Figure 17). CNCC mutants also display strikingly altered A-P positioning of the presumptive 

anterior and posterior secondary palatal domains, as shown by SEM and marker gene 

expression, and markedly more severe morphological alterations of individual craniofacial 

skeletal elements than the epithelial mutants, as visualized by µCT analysis. All of these defects 

result in greatly perturbed organization of the midfacial complex of CNCC mutants, including 

rostro-caudal shortening of the cranial base; increased premaxillary width; shortening and 

widening of the maxillae; and rostro-caudal elongation of the presumptive palatine bones. The 

latter are dysmorphic and ectopically fused with the presumptive palatine process of the maxilla, 

forming a neomorphic structure that we name the “palato-maxillary process”. An alternative 

interpretation of this phenotype could be that a rostral duplication of the palatine bone has 

occurred while the palatine process of the maxilla has not formed, generating a dysmorphic 

palato-maxillary process, consistent with potential roles of PBX factors as homeotic proteins. 

However, the absence of accompanying changes in A-P identity of the domains comprising the 
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presumptive secondary palate, as shown by in situ hybridization experiments with select gene 

markers, argue against this interpretation. Overall, all of the described morphological 

perturbations result in a striking widening and shortening of the CNCC mutant midface.  

As reported above, proliferation rates in the developing secondary palate of CNCC mutants 

were only moderately reduced versus controls at E11.5. However, a pronounced proliferative 

defect became evident in the mutants at E12.5. Interestingly, by E13.5, differences in 

proliferation rates were no longer detected in mutants as compared to controls. These results 

suggest the presence of a precocious cell cycle exit of CNCC mutant palatal progenitor cells, 

consistent with the roles of PBX factors in maintaining the progenitor cell state and in preventing 

premature differentiation, as reported in other cellular systems (Selleri et al. 2001; Ficara et al. 

2008; Gordon et al. 2010; Gordon et al. 2011; Ficara et al. 2013; Hurtado et al. 2015). 

Accordingly, the ectopic bone formation in the lateral maxilla, the significant reduction of the 

infra-orbital foramen that is partially obstructed by ectopic bone, and the abnormal palato-

maxillary process noted above in Pbx CNCC mutants are all consistent with a conserved role for 

PBX factors in governing the dynamics of progenitor renewal versus differentiation (Selleri et al. 

2001; Gordon et al. 2010; Gordon et al. 2011) during midfacial morphogenesis. Therefore, we 

hypothesize that such precocious osteoblast differentiation in Pbx CNCC mutants interferes with 

morphogenetic cellular behaviors within the CNCC population that are required for the normal 

rostral extension of the midfacial complex, via the interposition of the presumptive hard 

secondary palate anteriorly to the presumptive soft secondary palate. Together these processes 

drive normal midfacial elongation, which is perturbed in CNCC mutants.  

Notably, a dual role for PBX factors in the control of programmed cell death has been reported 

in some contexts of the developing mouse embryo. Specifically, while in tissues like the corneal 

epithelium (Murphy et al. 2010) and neural precursors (Grebbin et al. 2016) PBX loss causes 

impaired cell survival, in other embryonic domains such as the upper lip and primary palate the 
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absence of PBX TFs results in failure to induce normal apoptosis that is required for facial 

prominence fusion (Ferretti et al. 2011). In this study, the numbers of apoptotic cells in the 

developing secondary palate of both control and CNCC mutant embryos were found to be 

negligible at all time-points examined. Additionally, no significant alterations of programmed cell 

death were identified in CNCC mutants as compared to controls from early to mid-palatogenesis 

(E11.5-E13.5). In conclusion, while in the upper lip and primary palate apoptosis in the cephalic 

epithelium is extensive and is PBX-dependent, in the secondary palate apoptosis is negligible 

and is not altered by loss of PBX factors. 

Related to the phenotypes that we described upon tissue-specific PBX loss, regulation of the 

morphogenetic events that link primary and secondary palate formation is still poorly 

understood. This study establishes that PBX factors play critical and distinct tissue-specific roles 

in the sequential formation of the midfacial complex. The presence of PBX TFs in both the 

epithelium and CNCC mesenchyme suggests that additional tissue-specific cofactors provide 

context-dependent functional output to PBX regulation of target genes in these tissues. We 

envisage two possible models whereby Pbx1 binding to regulatory elements has either a 

primary instructive role in target gene transactivation in vivo, or it plays a permissive role as a 

pioneer factor (Sagerstrom, 2004). The second model is in keeping with multiple reports that 

have proposed Pbx and Meis as ‘poising’ factors that penetrate chromatin and mark specific 

genes by forming complexes with tissue-specific proteins/cofactors that will modify the 

chromatin environment for activation or repression (Berkes et al., 2004; Sagerstrom, 2004; 

Choe et al., 2009; Grebbin et al., 2016). We therefore propose the latter scenario as a possible 

mechanism through which PBX coordinates the sequential morphogenesis of the primary and 

secondary palate.  

It is interesting to speculate how primary palate morphogenesis may influence secondary palate 

development as a requirement for the coordination of midfacial growth. Accordingly, µCT-based 
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morphometry of mouse models with orofacial clefting should comprise characterization of the 

skeletal elements of the entire craniofacial complex, and those that do are a valuable aid to 

phenotypic interpretations (Ho et al. 2015; Percival et al. 2014). In evolutionary contexts, it was 

reported that variation in the outgrowth of the midfacial complex (comprised of premaxilla, 

maxilla, and palatine bones) is driven by species-specific mechanisms that act following primary 

palate formation (Young et al. 2014). For example, in avians midfacial length is determined 

primarily by growth of the premaxilla and palatine bones, whereas the intervening maxilla is 

rudimentary and is associated with obligate clefting of the secondary palate. In contrast, in non-

avians variation in midfacial outgrowth is determined primarily by differential growth of the 

maxilla (Young et al. 2014). With direct relevance to human disease, it is notable that studies in 

human populations have shown the presence of broadening of the faces in patients affected by 

CL/P (Manyama et al. 2014). In this study, we have characterized two mouse models of 

orofacial clefting that result from PBX loss-of-function in cephalic epithelium or CNCC-derived 

mesenchyme, both of which yield CL/P or CPO together with significant widening of the 

midfacial complex, establishing these mouse strains as unique models to further dissect the 

complexities of orofacial clefting. Notably, midfacial broadening is more striking in Pbx CNCC 

mutants, which is underpinned by early perturbations in the positioning of A-P secondary palatal 

domains and resultant marked widening of the maxilla. This closely links PBX homeodomain 

proteins to the variation in maxillary shape and size that occurs in pathological settings, and 

further suggests possible involvement of these transcription factors in an evolutionary context of 

midfacial morphological diversity. 
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CHAPTER 3 

Directions for Further Studies 

 

The results reported in this thesis constitute the first detailed descriptive analysis of the 

craniofacial phenotypes that result from the excision of Pbx TFs from the superficial cephalic 

epithelium and the CNCC mesenchymal populations respectively. They also document, in 

detail, for the first time the expression patterns of Pbx1 and Pbx2 in the primordia that constitute 

the developing midface. As such they will provide a detailed resource to the craniofacial field, 

one that will aid in the interpretation of craniofacial phenotypes that may be related to loss of 

Pbx or more importantly, given the transcriptional linker-functions of Pbx, phenotypes resulting 

from loss of Pbx interacting factors.  

A major strength of studies of Pbx in development has been the use of Pbx-mutants to either 

confirm the mechanistic roles of factors already considered important in developmental 

processes, or the identification of novel factors which can then be screened for in human 

populations affected by the developmental anomaly in question. An example of the former is the 

Pbx-Wnt9b-Irf6 regulatory module that brings about apoptosis of the epithelial seam in upper lip 

formation (Ferretti et al., 2011), while an example of the latter is the identification of a missense 

mutation of the homeobox TF NKX2.5 in patients with congenital asplenia, after down-regulation 

of Nkx2.5 was identified in a Pbx-deficient mouse model (Koss et al., 2012). It is therefore 

logical to assume that the two craniofacial phenotypes characterized in this thesis may offer 

opportunities (of both types) to further our understanding of the molecular mechanisms behind 

midfacial morphogenesis.  
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Further studies relating to the shelf-elevation failure phenotype of Pbx1fl/fl ; FoxG1Cre+ 

mutants 

The data collected in this thesis strongly suggests failure of elevation underlies the CP 

phenotype of the Pbx1fl/fl ; FoxG1Cre+ mutant (Figures 8 & 9). However, the FoxG1Cre allele can 

be considered an imperfect reagent for this experiment as it is a “knock-in”, and hence all 

mutants are haploinsufficient for FoxG1 (Hebert and McConnell, 2000). FoxG1 KO embryos die 

shortly before birth  (Hanashima et al., 2004). FoxG1 heterozygous null mice (FoxG1+/−) were 

previously thought to have no abnormal phenotype (Hebert and McConnell, 2000).  However it 

has been reported that FoxG1+/- mice exhibit subtle microcephaly (Shen et al., 2006). Given the 

link between the brain and facial development, this is potentially problematic to phenotypic 

interpretation. For this reason, it is not unreasonable to repeat these experiments with other 

readily available Cre-expressing reagents. These would include; (1) CrectCre (Reid et al., 

2011), a transgene that expresses Cre-recombinase using an AP2α ectodermal specific 

enhancer from E8.5, or (2) K14Cre (Dassule et al., 2000) which using a Keratin-14 specific 

promotor to express Cre-recombinase in oral ectoderm from E11.75. Furthermore, a tamoxifen 

inducible form of the K14Cre (Vasioukhin et al., 1999) may be useful to more precisely define 

the temporal requirements for Pbx in the oral epithelium in relation to shelf elevation.  

 

Transcriptional profiling of palatal tissue  

As genes are believed to operate in regulatory networks (Davidson and Erwin, 2006), 

investigations of the transcriptional output of such networks affords the best way to understand 

palatogenesis. Relatively low-cost transcriptome profiling, using high throughput sequencing, 

has made transcriptome analysis at the tissue sub-compartment level, a viable experimental 

approach in craniofacial development (Wang et al., 2009). As an organ system, the palate has 

several attributes that lend itself to this type of analysis. Firstly, unlike more complex organs, it is 

a relatively simple tissue, consisting of mesenchyme with overlying epithelium, Secondly, 
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although palatogenesis is a complex and incompletely understood process, it consists of several 

morphologically defined temporal steps (growth, elevation, adhesion and fusion) (Ferguson, 

1988). When examined in coronal section, these individual steps are clearly observable, as they 

occur in relatively large mid-gestational embryos (E11.5-E15.5). As such, individual embryos 

can be categorized, to allow for appropriate mutant-WT pairings for transcriptome-based 

analyses.  

Laser Capture Microdissection (LCM) is a highly useful technique to obtain homogenous cell 

samples from tissue sections (Thennavan et al., 2017). This technology can be utilized with 

cryopreserved tissue, allowing for subsequent RNA extraction and cDNA library preparation. 

One observed disadvantage to cryopreservation is loss of histological detail in cryosection (Liu, 

2010). Fortuitously, the relatively simple (epithelial-mesenchymal) structure of the developing 

palate potentially avoids the problem of heterogenous tissue isolation that may be encountered 

with other more complex organ systems.  

This notwithstanding, understanding regional and sub-regional patterns of gene expression will 

be integral to a full understanding of palatogenesis (Hilliard et al., 2005). Any investigation of the 

palatal transcriptome should not only be organized in a temporal manner, it should also take into 

consideration sample location along the rostral-caudal axis and the dorsal-ventral (oral-nasal) 

axis as well. Fortuitously, well established palatal markers, based on available in situ data 

(http://www.informatics.jax.org/gxd) can be used to help ensure valid WT-mutant tissue 

comparisons are made.  

For example, the isolation of Shox2 (Yu et al., 2005) transcript in a tissue sample would indicate 

tissue destined to become rostral (osseous) hard palate, whereas Mn1 (Liu et al., 2008) 

transcript abundance may indicate tissue destined for caudal (muscular) palatal fate. Prior 

examination of marker gene expression, by whole-mount in situ hybridization (as presented in 

this thesis) will be essential to determine (1) that marker gene expression remains unperturbed 
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in mutant palatal tissue and (2) the exact anatomic location of marker expression in the mutant 

palate.  

Proposed RNASeq experiment for the Epithelial (Pbx1fl/fl ; FoxG1Cre+) Mutant: 

The Pbx1fl/fl ; FoxG1Cre+ mouse model affords the opportunity to examine one of the most 

intriguing questions in craniofacial development, namely the molecular mechanisms that 

underpin palatal shelf elevation. Based on reported observations of palatal shelf elevation 

including; (1) that shelf elevation is a relatively rapid process, complete by E14.5. (Walker, 

1956), and (2) that shelf elevation begins in the mid-rostral region of the palate, it would make 

sense to examine the transcriptional profile of epithelium and mesenchyme in this region up to 

24 hours before shelf elevation occurs. As reported in this thesis, Pbx1 exhibits intense 

expression in the epithelium of the leading (future oral) edge of the rostral palatal shelf and the 

underlying mesenchyme at E13.5 (Figure 5). Using LCM techniques, it should therefore be 

feasible to obtain RNA for transcriptome profiling from these two locales (epithelium and 

mesenchyme) in mutant and comparable WT controls.  

Proposed RNASeq experiment for the Mesenchymal (Pbx1fl/fl ; Pbx2+/- ; Wnt1Cre+) Mutant: 

The data presented in this thesis indicates that two phenotypic anomalies exist in the 

mesenchymal mutant at E12.5. Specifically, these are; (1) an aberrant tissue bridge joining the 

rostral primitive nasal septum with the axial maxilla from E12.5 (Figure 11), and (2) a 

proliferation defect affecting the rostral-caudal extent of the secondary palate (Figure 16). Based 

on these observations it would be rational to examine the palatal transcriptome at E11.5 at 

several sites along the rostral-caudal palatal axis.  

Because of the observed reorganization of the relationship between rostral and caudal palatal 

anlagen, present from E12.5 (Figure 18), several pilot studies would be need to be carried out to 

ensure valid comparisons are made. Firstly, the expression patterns of established palatal 
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markers, such as Shox2 and Mn1, should be documented, by serial section or whole mount in 

situ hybridization. The data presented in this thesis demonstrates significant perturbations in the 

relationship between the rostral and caudal palatal fields from E12.5, as demonstrated using 

whole mount in situ for markers of the rostral (Msx1, Shox2) and caudal (Barx1, Tbx22) palatal 

fields (Figure 18). These studies are necessary to ensure transcriptional profiles are compared 

between equivalent anlagen. This step would provide additional rigor to the selection of 

comparable tissue based on morphology alone. As the morphological data (Figure 10) suggests 

the absence of a phenotype, or at least a very subtle phenotype, from E11.5, it would made 

sense to undertake transcriptional profiling at this early stage of palatogenesis in the Pbx1fl/fl ; 

Pbx2+/- ; Wnt1Cre+ mutant. 

Candidate Gene Approaches to Uncover Downstream Effectors of Pbx 

RNASeq experiments of the type outlined previously, offer a non-biased approach to discover 

molecular perturbations at the transcript level in Pbx mutants. Furthermore, they offer the only 

opportunity to uncover novel transcripts that may be affected by loss of Pbx TFs. In this respect, 

RNASeq studies become sources of candidate genes for further investigation. However, 

classical candidate gene approaches, based on available databases, such as OMIM 

(www.omim.org) and FACEBASE (http://www.emouseatlas.org/emage/facebase/), as well as 

data from epidemiological studies could be utilized to guide research efforts in this vein.  

Candidate Genes for Investigation in the Mesenchymal (Pbx1fl/fl ; Pbx2+/- ; Wnt1Cre+) Mutant: 

Tbx22 

Tbx22 is a member of the T-box containing family of transcription factors, which are believed to 

be evolutionarily conserved (Bush et al., 2002). While Tbx22 is probably the least well 

characterized of the family, extrapolations can be made from other members (Papaioannou, 

2014). A key feature of Tbx proteins is the DNA-binding motif, or T-box domain which binds 

http://www.emouseatlas.org/emage/facebase/
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DNA in a sequence-specific manner, recognizing either AGGTGTGAAA as a monomer or 

possibly as a near-palindromic sequence when dimerized. T-box proteins are believed to be 

able function as transcriptional repressors or activators. Target gene recognition and selectivity, 

although incompletely understood, is believed to involve interactions with other co-factors. For 

example, Tbx proteins bind homeobox containing factors. Of note to the study of Pbx is the 

interaction between Tbx5 and Nkx2.5, a TF for which an epistatic relationship with Pbx in the 

splenic anlage has previously been identified (Hiroi et al., 2001, Koss et al., 2012). Loss of 

function mutations of Tbx22 are believed responsible for X-linked secondary palate and 

ankyloglossa (tongue-tie), although it has recently been identified in populations affected by 

NSCLP as well (Packham and Brook, 2003). Tbx22 is especially interesting because, rostrally 

the Tbx22-/- mouse displays a “bridging phenotype” strikingly similar to the Pbx1fl/fl ; Pbx2+/- ; 

Wnt1Cre+ mutant (Figure 11) and (Pauws et al., 2009). Although, Tbx22 appears to be a 

caudally restricted TF at E12.5, and Pbx1 appears to exhibit most it’s most intense expression 

rostrally within the secondary palate at this time-point (Figure 4), the potential for physical 

interaction exists very early in midfacial development. Specifically, interaction could occur at 

E10.5 when Tbx22 is expressed in the distal mesenchyme of the MxP (Barlow et al., 1999), a 

pattern similar to that reported for Pbx1 and Pbx2 in this thesis (Figures 1 & 2).  

A practical initial experiment would be the investigation, either by IF antibody on cryosection, or 

in situ hybridization on tissue-section, of Tbx22 expression in the MxP of the Pbx1fl/fl ; Pbx2+/- ; 

Wnt1Cre+ mutant at E10.5. 

Another, albeit more time consuming, approach would be to cross the Tbx22 null allele into the 

Pbx1fl/fl ; Pbx2+/- line, and subsequently examine Pbx1fl/+ ; Pbx2+/-; Tbx22+/-; Wnt1Cre+ mutants 

for a CP phenotype. 
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A third approach would be a Re-ChIP experiment (Truax and Greer, 2012) to allow for 

sequential immunoprecipitations (Pbx1 followed by Tbx22) to investigate potential Pbx1-Tbx22 

interactions in the context of chromatin harvested from the MxP at E10.5.   

p15Ink4b 

In the context of splenic development (Koss et al., 2012), loss of Pbx1 was shown to result in 

de-repression of p15Ink4b (CDKN2B) which complexes with cyclin dependent kinases, Cdk4 or 

Cdk6 to prevent their activation of CyclinD, thereby preventing progression through the G1 

phase of the cell cycle (Morgan, 1997). Given the discovery of a proliferation defect in the 

developing palate at E12.5 (Figure 16) it would be reasonable reasonable to examine, by in situ 

hybridization or IF on cryosection, expression patterns of Ink4-family and Cip-Kip family cyclin 

dependent kinase inhibitor proteins in Pbx1fl/+ ; Pbx2+/- Wnt1Cre+ mutants. Of potential interest 

(apart from p15Ink4b) would be p57Kip2, as P57Kip2-/- mice exhibit cleft palate.  

Pax9  

Pax9 is a member of the paired box (Pax) family of transcription factors (Chi and Epstein, 2002). 

These are highly conserved in vertebrates and play key roles in organogenesis. In addition to 

the Pax homeodomain, Pax9 possesses an eight-amino acid domain that functions as a 

transcriptional repressor (Eberhard et al., 2000). Pax TFs are expressed in multiple developing 

CNCC-derived structures and participate in basic cellular processes such as: migration, 

proliferation and differentiation (Monsoro-Burq, 2015). Pax9-/- mice display a CP phenotype in 

which palatal shelved fail to elevate (Peters et al., 1998) and conditional ablation of Pax9 using 

Wnt1Cre mice leads to CP (Kist et al., 2007).  In the developing secondary palate (E12.5), 

Pax9 exhibits a pattern of expression in the rostral palate that closely overlies the pattern first 

reported here in this thesis for Pbx1 (Almaidhan et al., 2014) and (Figure 4), being strongest in 

the leading (nasal) edge of the palatal epithelium and underlying mesenchyme. 

https://en.wikipedia.org/wiki/G1/S_transition
https://en.wikipedia.org/wiki/Pax_genes
https://en.wikipedia.org/wiki/Transcription_factor
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Based on these observations it would be reasonable, by whole mount in situ hybridization to first 

examine the expression pattern of Pax9 in Pbx1fl/+ ; Pbx2+/- Wnt1Cre+ and Pbx1fl/fl ; FoxG1Cre+ 

mutants. Based on these results, further experiments could include crossing in the conditional  

allele of Pax9 (Kist et al., 2007) to examine Pbx1fl/+ ; Pbx2+/-; Pax9fl/+ Wnt1Cre+ and Pbx1fl/+ ; 

Pax9fl/+ ; FoxG1Cre+ embryos.  Re-ChIP experiments, as described earlier, could then be used 

to identify loci where Pax-Pbx interactions occur in the developing midface.  

Jag2 

The Notch-pathway ligand Jag2 is expressed in the oral epithelium from as early as E12.5 and 

Notch1 is expressed in the developing oral periderm from E11.5 (Casey et al., 2006). Jag2 KO 

mice display left palate with aberrant fusion of palatal shelves to the oral cavity (Jiang et al., 

1998). Such aberrant fusion phenotypes have also been observed in Fgf10 and Tbx1 KO mice 

(Goudy et al., 2010, Alappat et al., 2005). Because the Pbx1fl/+ ; Pbx2+/- Wnt1Cre+ exhibit 

aberrant adhesions (bridging) between the nasal septum and the axial maxilla (Figure 11), it 

may be useful to examine, by IF-antibody assay on cryosection, the expression pattern of Jag2 

and Notch1 in the early stages of palatogenesis (E11.5-E12.5). As Pbx appears to play a role in 

the coordination of proper development of epithelia in the midface (Ferretti et al., 2011) this may 

be a fruitful avenue of further investigation.  

Wnt5A 

Non-canonical Wnt is important midfacial morphogenesis, especially rostral-caudal outgrowth. 

Non-canonical pathway members, including Wnt5a, Ror2, Prickle1 are expressed in palatal 

mesenchyme during outgrowth. Ror2 and Wnt5a reportedly exhibit gradated patterns of 

expression, being strongest rostrally, whereas Prickle1 exhibit the inverse (Yang et al., 2014). 

Prickle1-/-; Wnt5A-/-  and Wnt5a+/- ; Ror2+/- mice all exhibit CPO (Yamaguchi et al., 1999, He et 

al., 2008, Yang et al., 2014), with the Wnt5anull mutant demonstrating particularly severe 
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truncation in rostral extension of the midface. Pbx1fl/+ ; Pbx2+/- Wnt1Cre+ mutants also display 

rostro-caudal shortening in key elements  of the midface (Figures 10 & 13). Like Pbx1fl/+ ; Pbx2+/- 

Wnt1Cre+ mutants (Figure 16),  Wnt5a null mice also mice display a proliferation defect in anterior 

palatal mesenchyme (He et al., 2008).  In other organ systems Wnt5a regulates migration (De 

Calisto et al., 2005) and it may play a similar role in the palate, where anterior to posterior and 

medial to lateral cellular migration has been reported (He et al., 2008). The Pbx1fl/+ ; Pbx2+/- 

Wnt1Cre+ exhibits aberrant positioning of the rostral palatal anlagen (Figure 18). Specifically, 

the rostral palatal field is lateralized relative to the caudal field which is shifted sagittally and 

rostrally. For this reason, examination of Wnt5a expression, either by whole mount in situ 

hybridization or by IF on serial cryosection may prove valuable in the Pbx1fl/+ ; Pbx2+/- Wnt1Cre+ 

mutant. If perturbations in Wnt5a expression are detected, then crossing in the Wnt5anull allele 

(Yamaguchi et al., 1999), may provide evidence of a genetic interaction between Wnt5a and 

Pbx. Pbx proteins have already been shown to regulate canonical Wnts (Wnt9b and Wnt3) 

(Ferretti et al., 2011). As such it might prove fruitful to investigate the Wnt5 locus for Pbx-Prep 

or Pbx-Meis binding sites in silico, and if found they could then be examined by ChIP-PCR.   

Dlx5/Fgf7 

As described previously, in the rostral palate, mesenchymal expression of Pbx1 exhibits overlap 

with Dlx5 and Fgf7 (Wu et al., 2015). In this respect, expression is confined to the medial, 

(future dorsal/nasal) side of the palatal shelf and axial maxilla (Figure 4). Dlx5 and Fgf7 

putatively act to inhibit expression of Shh in the nasal-side palatal epithelium (Han et al., 2009), 

and loss of Dlx5 in Msx-null embryos (Msx1-/- ; Dlx5-/- ) results in a midline expansion of Shh 

activity (as determined by Gli1 transcript analysis by in situ on section), which rescues the hypo-

proliferative CP phenotype of Msx1-/- mice (Han et al., 2009). Given the reported function of Pbx 

as a transcriptional repressor, and the expression data presented in this thesis, it would not be 

unreasonable to examine the Pbx1fl/+ ; Pbx2+/- ; Wnt1Cre+ mutant for changes in Dlx5 and Fgf7 
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expression. This could be done using IF on cryosection or at the transcript-level by in situ 

hybridization on cryosection. Alternatively, if Dlx5 expression is found to be unperturbed, as is 

the case for Msx1-/- mutants (Levi et al., 2006), then it may still be instructive to determine if 

removal of Dlx5 is able to rescue the hypo-proliferative phenotype of the Pbx1fl/+ ; Pbx2+/- ; 

Wnt1Cre+ mutant, by crossing the Dlx5null allele into the Pbx1fl/+ ; Pbx2+/- line.  

As mentioned in previous chapters, Dlx genes, downstream targets of BMP signaling (Hassan 

et al., 2006), are essential for proximo-distal patterning of the BA1 (Depew et al., 2005). It is 

possible that Dlx5 and Pbx interact within the facial processes prior to palatal development 

(E10.5 or earlier). In this regard, it may prove interesting to examine the expression patterns of 

Dlx5 immediately before palatogenesis in the Pbx1fl/+ ; Pbx2+/- ; Wnt1Cre+ mutant and compare 

that to the E10.5 Pbx expression data presented in this thesis.  

Canonical Wnt/Gsk3β 

Wn9b-/- mice display normal palatal shelf morphology until E14.5 when they exhibit a failure of 

shelf elevation (Jin et al., 2012), as do mice deficient for Wnt-receptors Frizzled1&2             

(Fz1–/–; Fz2–/–) (Yu et al., 2010). As mentioned in earlier chapters, excision of the β-catenin 

degrading enzyme Gsk3β from cephalic and palatal epithelium also results in shelf elevation 

failure, with defects in epithelial cell proliferation and increased apoptosis (He et al., 2010)   In 

the context of lip development, a regulatory Pbx-Wnt9b-P63-Irf6 regulatory module mediates 

apoptosis in the epithelium at the lambdoidal junction resulting in fusion and normal lip 

development (Ferretti et al., 2011). Studies using section in situ report that Wnt9b is absent from 

palatal epithelium, (Warner et al., 2009), however other Wnts, including Wnt4 and Wnt10 exhibit 

significant expression in palatal epithelia at E13.5 prior to shelf elevation. Another study, using 

RT-PCR reported 11 Wnt genes in palatal tissue (epithelium and mesenchyme) at E13.5 (Reid 

et al., 2011), 24 hours before shelf elevation occurs. For these reasons it would not be 

unreasonable to examine, by in situ on tissue section, expression of canonical Wnts and their 
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receptors in the Pbx1fl/fl ; FoxG1Cre+ mutant. If suggested by in situ and IF data, this could follow 

on to ex vivo experiments wherein palatal explants are cultured with Wnt-inhibitors (Minke et al., 

2009) or Wnt-agonists to effect or inhibit palatal shelf elevation in WT and Pbx1fl/fl ; FoxG1Cre+ 

mutant embryos respectively.  
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