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Cell Cycle Arrest of the Midface Epithelium Promotes Face Morphogenesis in 

Mice and Humans and is Disrupted in Craniofacial Disorder Models 

Brandon Hugh Chacón 

Abstract 

 To orchestrate the complex events of craniofacial morphogenesis requires a concerted 

effort between gene expression and tissue specific events. In the embryonic midface, facial 

prominences must execute a coordinated fusion between maxillary, medial and lateral nasal 

prominences at the lambdoidal junction, requiring breakdown and removal of epithelium to 

permit coalescence of underlying mesenchyme. When this process is disrupted by genetic 

mutations, cleft lip, the most common craniofacial birth defect in humans, is created. Key to 

understanding cleft lip pathogenesis is the reliance on mouse models. Models of cleft lip and 

studies of the role of epithelium are rare in comparison to cleft palate and research on underlying 

mesenchyme. The epithelium possesses discrete roles that facilitate fusion at the lambdoidal 

junction, including apoptosis and epithelial to mesenchymal transitions. To better understand its 

heterogeneity, we sought to enrich for the midface epithelium and isolate it from mesenchyme to 

gain fuller resolution of the lambdoidal junction transcriptome. This dissertation contains the 

product of that endeavor to focus on the role of the epithelium alone both in normal conditions 

and in cleft lip pathogenesis. In doing so, an atlas of lambdoidal junction epithelium at 

timepoints before, during and after fusion of the midface was created and validated. Through 

these methods, a deep analysis of each cluster resulted in the localization of a cluster undergoing 

cell cycle arrest and located at the fusion site of each prominence. A series of experiments were 

conducted which demonstrated that cell cycle arrest is characteristic of this population that is 
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altered in cleft lip models. Additional research yielded ties to normal midface morphogenesis as 

well as novel orofacial cleft risk candidates, including Zfhx3 a gene with ties to cell cycle arrest. 

This thesis also expands upon the phenotypic characterization of a novel mouse cross which 

conditionally removes Bmpr1a from the ectoderm of the embryo, creating a model of cleft lip 

and palate. This work collectively produces knowledge of the midface epithelium at a scale of 

resolution not seen before as well as describes in detail how cell cycle arrest is a characteristic of 

primary palate fusion.  
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CHAPTER 1: INTRODUCTION 

The head is the most complicated part of the vertebrate body, home to not only our brain 

and sensory organs, but also our identity in the form of a recognizable face. Facial development 

begins early in embryonic development. This allows time for the complex patterns of tissue 

morphogenesis to sculpt a variation that is uniquely me or you. Remarkably, the infinite variation 

of faces among humans as well as across vertebrate taxa employs many conserved cellular, 

developmental, and genetic mechanisms around which this variation emerges. This conservation 

allows researchers to better understand our own facial morphogenesis while using laboratory 

models such as the mouse. The laboratory mouse, Mus musculus, allows for genetic 

manipulation which can mimic disorders of craniofacial development, including the most 

common craniofacial birth defect in humans: cleft lip and palate.   

1.1 Midface Development in Mouse and Human Embryos and Cleft Lip Pathogenesis 

Among the variety of orofacial clefts, cleft lip with or without cleft palate is the product 

of midface morphogenesis gone awry. The midface is the center of the face, defined as the region 

between the eyes and the upper lip, including the nose, nostrils, philtrum, primary palate, and the 

maxillary component of the upper jaw. It is in this region that a structural developmental disorder 

can arise, cleft lip with or without cleft palate (CL/P), beginning in early embryonic 

development. Cleft lip (CL) and cleft palate (CP) are related yet distinct in spatial-temporal 

development. CL affects the primary palate, which forms initially in development and consists in 

humans of structures anterior of the incisive foramen, including the alveolar arch, pre-maxilla, 

and upper lip, which form during the 4th to 5th week of gestation through week 7. Homologous 

structures develop in mice from stages E9.5 through E12.5 CP affects the secondary palate, 

which forms later in development and consists of hard and soft palate structures posterior of the 
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incisive foramen that derive from the maxillary prominences at the 7th week of gestation in 

humans and E11.5 in mice. 

 In both mouse and humans, the emergence of two bulges in the frontonasal prominence 

around the olfactory placode heralds the formation of the lateral and medial nasal prominences 

(LNP and MNP respectively) between gestational day (E) E9.5 and E10.5 in mouse and weeks 4-

5 of human embryonic development.  In humans the LNP will give rise to the region of the alae 

and sides of the nose, and the MNP the midline of the face, nose, and philtrum. The first 

branchial arch (BA1), which formed at E9.5 in mouse (week 4 human), before the nasal placode 

expansion, has split to become the maxillary prominence (MxP) and the mandibular prominence 

(MdP), connected by a hinge of tissue which will later become the corners of the mouth. The 

maxillary prominence will contribute to both maxillae, the cheeks, and parts of the upper lip. 

When the lateral and medial nasal prominences swell and meet with the maxillary prominences 

on both sides of the face, they create a three-way juncture called the lambdoidal junction due to 

its resemblance to the Greek letter λ. 

Within the span of one developmental stage, these prominences should merge, leaving no 

trace of the seam that once separated the three. Eventually, in the fully developed human face, 

only the edges of the philtrum leading anteriorly to the nostrils demarcate the once separate 

facial anlagen. When this fusion of the prominences fails, the prominences continue to grow with 

a gap between them that persists until birth. This gap, or cleft, can occur on one or both sides of 

the upper lip (unilateral or bilateral cleft lip) where, in humans, the philtral columns/ridges 

should be normally present. The gap(s) prevents a newborn from suckling properly without a 

proper mouth seal. In mice litters, pups with cleft lip, with or without cleft palate, typically 

cannot feed and die perinatally.  
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The prevalence of CL/P is high in the United States, where a recent analysis of 26% of all 

live births between 2010-2014 found that it ranked third in birth defect prevalence (10.00 in 

10,000 live births), behind only Down syndrome (14.14 in 10,000), and clubfoot (16.87 in 

10,000) (Mai et al., 2019). Of all craniofacial birth defects, it is the most common worldwide 

with an incidence of 1 in 700 births (Watkins et al., 2014). Both genetic and environmental 

factors can influence the occurrence of CL/P, such as maternal smoking or other teratogenic 

exposures, however the majority (70%) of CL/P cases are non-syndromic, wherein no other 

anomalies are detected (Murthy & Bhaskar, 2009). Without surgical intervention, CL/P can lead 

to malnutrition, dental anomalies, and speech impediment, severe respiratory infections, as well 

as social and psychological impacts due to a highly visible physical disfigurement. Although 

medical intervention is often quickly performed in the form of surgery, continued orthodontics, 

speech therapy, and more are needed, at great cost to families and individuals (Rochlin et al., 

2022). Even with these interventions, visible scars and speech difficulties cannot be fully 

corrected with current methods and socio-psychological impacts can remain (Lorot-Marchand et 

al., 2015). It is worthwhile for the field of medicine to be able to prenatally diagnose and one day 

intervene in the onset of orofacial clefts in utero. A developmental biology perspective would be 

of great aid in this effort, while expanding upon the foundations of midface development.  

1.2 Historical Context of Facial Morphogenesis and Cleft Lip 

Knowledge of both facial morphogenesis and of what can happen when it goes awry 

dates to ancient times. Attempts to explain why some babies were born with clefts in the upper 

lip range from evil spirits (Ancient Greece and Rome) to the superstition of jumping over a hare 

while pregnant (16th century Sweden)(Bhattacharya et al., 2009). Treatment of people with CL/P 

likewise ranged from the barbaric, such as leaving newborns to die or drown in rivers (largely 
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justified by notable scholar Plato), to the sensible, such as in the documented successful surgical 

repair of CL in 3rd century BC China. The patient, a young Wey Young-Chi, placed the credit of 

his later career and military successes on his corrective surgery (Wong K. Chiminand Wu Lien-

teh, 1932). 

 Embryological perspectives of lambdoidal junction fusion were established before the 

age of molecular biology. Wilhelm His Sr. provided early close studies of facial morphogenesis, 

observing early stages of development that include the changing shapes of the midface and 

branchial arches. His noted the formation of several (five) processes [prominences] of the face 

which when improperly fused, he believed contributed to orofacial clefts (Hopwood, 2000).  In 

addition to contributing theory to cleft lip formation, Wilhelm His theorized that differential 

growth of regions in the embryo contributed to the formation of complex shapes and patterns he 

observed, a theory that predates knowledge of the molecular events needed to alter the 

proliferation rates of cells (Richardson & Keuck, 2022). His’ observations and theory 

nevertheless pinpoint a tie between cellular proliferation rates and morphogenesis which, when 

coupled with modern molecular biology, begins to shed light on how structures as complex as the 

face can develop. Neural crest cells invade the prominences and contribute to the bulk of 

mesenchymal tissue during the prominence formation. It was shown through multiple studies 

that defects in cranial neural crest cells (CNCs) can manifest in orofacial clefts (OFCs). Some of 

these defects are due to proliferation defects in the mesenchyme, in which the volume of the 

prominences doesn’t expand to create a proper lambdoidal junction in the first place. 

Proliferation of neural crest derived mesenchyme alone, as with His’ theory, cannot fully explain 

the formation or not of OFCs. Further analysis of the mesenchyme and the tissue surrounding the 

prominences, the epithelium, unveils a suite of cellular behaviors with genetic regulatory 
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networks (GRNs) underpinning their dynamics. Although His did not have knowledge of the role 

of DNA, mRNA, proteins, or how they come together to execute a cellular behavior, I believe he 

was prescient in discussing a basic mechanism of development that we now know requires as 

much genetic regulation as any other: cell cycle dynamics.  

1.3 Cell Cycle Arrest in the Context of Embryonic Development 

Cell cycle regulation is part of everyday growth and regulation for all forms of life. 

Vertebrate animal cell cycles have layers of redundancy to ensure that careful coordination of 

growth and avoidance of unchecked proliferation are the norm (Casimiro et al., 2012). In the 

developing embryo, cell growth and proliferation are more frequent than rest and quiescence, 

such as in the face, where the embryo must rely on proliferation to expand the volume of the 

underlying mesenchyme of the midfacial prominences. Specific moments of cell cycle arrest and 

quiescence are rarer in embryonic development but are needed to complete the body plan before 

birth (Brantley & Di Talia, 2021; O’Farrell, 2011). A growing understanding of the role of both 

cell cycle pausing and modulation, and the loss of cells through programmed cell death in normal 

embryonic development has emerged. 

 There are several instances of reported cell cycle dynamics at play that include slowed 

cell cycle progression in the shaping of the developing embryo. In the apical ectodermal ridge 

(AER) of the limb bud, a specialized area of epithelium known as the progress zone undergoes 

cell cycle arrest in the distal epithelium, a trait believed to involve cellular senescence (Kumari 

& Jat, 2021). Similarly, epithelial cells in the developing tooth bud undergo a G1 arrest in the 

enamel knots, both primary and secondary (in the case of molars) (Mogollón et al., 2021). 

Disruption of this arrest permits continued proliferation of these regions that interferes with their 

role as signaling centers in their respective tissues and leads to malformation of the limb bud and 
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tooth respectively. In both examples a relatively thin layer of epithelium performs the role of cell 

cycle modulation in the epithelium as opposed to a more abundant neighboring mesenchyme. 

Both the AER and enamel knot exert an influence on their surrounding tissues that includes 

epithelial-mesenchymal cross talk and a temporary status as a signaling node that ends in 

apoptosis for the arrested epithelial cells. These roles tend to be associated with “temporary” 

structures in embryonic development in a way that is evolutionarily conserved (Villiard et al., 

2017). What role cell cycle arrest has been known to play in development in the primary palate is 

not understood and has not been noted in published literature aside from evidence of lowered 

proliferation in the epithelium at the fusion site (Jin et al., 2012; Song et al., 2009).  Greater 

evidence is needed to ascertain this phenomenon, its ties to cleft lip pathogenesis, and any 

molecular mechanisms responsible for its onset.  

1.4 Epithelial Specific Roles in Midface Development 

The role of the epithelium in the midface is one that has been highlighted recently. The 

epithelium represents approximately 10% of the cells of the midface at E10.5 of mouse 

development. This layer is derived from the surface cephalic ectoderm and creates a single cell 

thick sheath around the prominences of the head. The role of epithelium is one that is both 

independent and context-dependent, in which signaling to the underlying mesenchyme is critical. 

The epithelium of both forebrain and facial ectoderm is required to properly direct CNC growth 

in the developing frontonasal prominence (FNP) (D. Hu & Helms, 1999) and to ensure 

specification of CNC fate (Kimmel et al., 2001). In contrast, mesenchymal signals can also 

influence the overlying epithelium as in the case of Meis2 loss in the mandibular CNC cells 

abolishing Shh expression in the oropharyngeal epithelium and causing improper patterning of 

BA1 (Fabik et al., 2020).  Though the field has largely focused on the role of the more abundant 
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mesenchyme, both independently and through its mesenchymal interactions, the epithelium 

possesses its own suite of cellular behaviors that shape both midface fusion and the occurrence 

of cleft lip.  

Even without considering genetics or subcellular mechanisms, close analysis of the 

fusion site using electron microscopy reveals changes in the outer layers of the midfacial 

prominences as fusion occurs in mouse at E10.5. Filopodial extensions of the epithelium as well 

as cellular blebbing indicate an active process taking place between epithelium on either side of 

the fusion seams, rather than one passively occurring due to the pressure of prominence 

expansion or other mechanical means. This blebbing and formation of epithelial bridges in the 

lambdoidal junction epithelia is found to be evolutionarily conserved in human face development 

during fusion (Hinrichsen, 1985).  

Behavior of the epithelium during primary palate fusion is complex but has the ultimate 

goal of being removed from the distal tips of the prominences to make way for invading 

mesenchyme to bridge the gap and unite the tissues. Various mechanisms of epithelium removal 

are both known and proposed including apoptosis, epithelial to mesenchymal transition (EMT), 

collective cell migration, and cell migration (Ferretti et al., 2011; Losa et al., 2018; Teng et al., 

2022). Some of these are proposed based on evidence from related yet distinct mechanisms of 

epithelial removal during secondary palate formation.  

Specific genetic disturbances in the epithelium as opposed to the mesenchyme promote 

the creation of cleft lip. As highlighted by Pbx1 conditional loss in the mesenchyme using Wnt1-

Cre on a Pbx2 deficient background creates a cleft palate, whereas use of Crect-Cre removes 

Pbx1 in the surface cephalic epithelium and produces cleft lip along with cleft palate (Welsh et 

al., 2018). The loss of Pbx genes is accompanied by defective epithelial cell behaviors at the 
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fusion site, normally needed for its removal, with both apoptosis and EMT programs becoming 

abrogated from the loss of Pbx upstream of two parallel pathways (Losa et al., 2018). In the case 

of apoptosis, cells at the fusion site that normally would bleb at E10.5 and begin to self-destruct 

would instead retain a flattened morphology (Ferretti et al., 2011) and fail to undergo 

programmed cell death. These cells could begin to form adhesions between each other, blocking 

the progression of mesenchyme invasion. EMT was characterized as a normal part of epithelial 

cell removal at the prominence fusion site in mouse embryos at E11.5 (Losa et al., 2018). Pbx 

genes, whose expression in the midface is more abundant in the epithelium was shown to be a 

critical upstream regulator of apoptosis through Wnt3/9b, establishing a PBX-WNT-TP63-IRF6 

axis which has been linked to orofacial cleft risk in humans (Maili et al., 2020). EMT regulation, 

meanwhile, was seen to be mediated by Pbx genes through the downstream mediators SNAI1 

and SMAD4. Tgfβ, a known OFC risk gene in its own right, has a role upstream of Pbx1 and thus 

also upstream of EMT and apoptosis pathways linked to Pbx loss, suggesting further that Pbx 

links a variety of developmental signaling pathways enriched at the lambdoidal junction.   

1.5 Mouse Models of Cleft Lip 

Orofacial clefts are categorized in epidemiology by the presence of cleft palate, cleft lip, 

or the combination of both. In one study of European and US populations (OMIM database 

2000), unilateral CL with CP was ranked highest at 30-35% of cases, CL on its own was 20%, 

CP 25%(Mossey & Modell, 2012). Of all oral clefts, 15% were deemed syndromic. Additional 

classifications include breakdowns of unilateral versus bilateral occurrences. For CLP the 

majority were unilateral at 80%, and 20% were bilateral. The rarity of bilateral clefts was echoed 

in another report finding an occurrence of CL (10.3%) and CLP (30.2%) cases (IPDTOC 2011). 

The relative severity of CP versus CL, failures to distinguish between the two in reporting, and 
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its greater ties to associated defects may in turn influence the lack of research dedicated solely to 

CL, and abundance of mouse models focused on the secondary palate. Nevertheless, the diversity 

of orofacial clefts and rates of occurrence is matched by the varied types of CL/P mouse models.  

There are numerous mouse models of orofacial clefts. Some exhibit cleft lip, others cleft 

palate only (CPO), and some both with varying degrees of penetrance. The vast range of genetic 

models highlights the diversity and complexity of molecular and cellular events needed to 

perform fusion of the facial prominences. Distinguishing between genetic models that affect the 

secondary palate and the primary (lip) can be difficult, especially when non-specific tissue 

deletions, as in some Cre mouse lines, is involved. The number of mouse models with CL/P is 

low in comparison to CPO. Likewise, the effects of a constitutive null allele can produce a more 

severe phenotype than a tissue specific one, including to the point of early embryonic lethality, 

precluding study of later stage morphogenesis in the face.  

In the early 20th century, a genetic basis for CL in mice was found in the newly 

established A strain mouse lines. These mice and the subsequent A/J lines were found to be 

susceptible to spontaneous CL/P (Reed & Snell, 1931) Similarly, the development of the CL/Fr 

line through repeated inbreeding and selection for the CL phenotype resulted in a 26% frequency 

of CL in viable mouse pups compared to the 14% in A/J (Bornstein et al., 1970). In these 

predisposed mice, hypoxia and hyperoxia during pregnancy was found to influence the incidence 

rate of CL/P, highlighting an interplay between environmental effects and genetic background 

(Millicovsky & Johnston, 1981). Future studies reexamined the A-line strain with highest 

incidence of CL/P, the A/WySyn (20-30% incidence rate) mouse line. Alterations to the clf1 

(found to be a retrotransposon) locus were found responsible for epigenetic dysregulation of 

nearby Wnt9b (Green et al., 2019; Juriloff et al., 2005). In the case of CL/Fr, mRNA profiling of 
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palatal shelves indicated alterations in several genes related to cell cycle and proliferation 

(Ywhab, Nek2, Tacc1)(Sasaki et al., 2014). Through artificial selection both the A/J and CL/Fr 

lines attained relatively high rates of CL/P, however in contrast to single or multiples gene 

targeted knockout mice, the etiopathogenesis of these models is complicated by the incomplete 

penetrance and ties to environmental influence.  

Currently, genetic mouse models that exhibit CL/P number 20 in total. In contrast, over 

600 mouse lines are reported to possess a cleft palate phenotype (JAX informatics) (Gritli-Linde, 

2008; S. K. Lee et al., 2020). Single gene disturbance genetic mouse models that include a CL 

phenotype largely were created in the early 2000’s, including Bmp4, Bmpr1a, Wnt9b, Mkx, Lrp6, 

Sox11, Tgfbr1,Trp63, Tfap2a, Folr1, Spry2, Sumol, and Tbx10 (Alkuraya et al., 2006; Bush et al., 

2004; S. G. Gong et al., 2000; S.-G. Gong & Eulenberg, 2001; Y. X. Li et al., 2007; Liu et al., 

2005; Nottoli et al., 1998; Sock et al., 2004; Song et al., 2009; Thomason et al., 2008; Welsh et 

al., 2007). Only the recent addition of Esrp conditional and constitutive null mice has 

supplemented this list (S. K. Lee et al., 2020). Compound deletions of multiple genes also 

expands the list of CL mouse models further including Boc and Cdo (W. Zhang et al., 2011), 

Hhat and Ptch1 (Kurosaka et al., 2014), Tfap2a and Fgf8 (Green et al., 2015), Pbx1 and Pbx2 or 

Pbx3 (Ferretti et al., 2011), and Pbx1 and Wnt9b (Ferretti et al., 2011).  

This striking imbalance of mouse model types in the face of CL prevalence in human 

patients highlights an area in need of further research. Disentangling the complexity of face 

morphogenesis and of CL/P by necessity will require a need for more precise models in the 

future. Separating CL pathogenesis from CP may necessitate usage of tissue-specific deletions 

and the creation of more specific Cre recombinase mouse lines active in the face. A growing 

number of population studies in CL/P patients may uncover novel risk candidate genes which 
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can provide guidance on mouse model creation. Altogether these improvements will aid in the 

phenocopying of human patients whose condition of CL does not align with CP studies.  

1.6 Single Cell RNA Sequencing as a Method of Uncovering Heterogeneity in Facial 

Tissues 

There have been several attempts to analyze the transcriptome of the developing face 

during midface prominence fusion beginning with early microarray analysis and continuing into 

the present with single cell RNA sequencing (scRNAseq). Since its inception scRNAseq 

provided a means to capture moments in transcriptomic time for cells too few to be gathered in 

bulk (Tang et al., 2009). Since then, advances in barcoding and cell capture efficiency have 

brought the technique into the mainstream (Islam et al., 2012; Klein et al., 2015; Zheng et al., 

2017). Single cell analysis has greatly aided the unveiling of heterogeneity in cell populations 

once thought homogeneous (Soldatov et al., 2019) (Choi & Kim, 2019).  

Microarrays provided an early means of investigating the heterogeneity of the developing 

midface. Sasaki et al 2014 employed CL/Fr mouse lines to investigate the gene expression 

differences between mutants with CL/P versus controls yet focused entirely on gene expression 

patterns in the secondary palate shelves at E13.5, excluding primary palate tissue (Sasaki et al., 

2014). Brunskill et al 2014 focused on earlier timepoints E8.5-E10.5 of the developing mouse 

head (Brunskill et al., 2014). Using laser capture microdissections they sampled regions of 

mostly cranial NCC and neuroepithelial cells, with the exception of olfactory placode cells at 

E10.5 and created microarray profiles of each region. Additionally, by physically picking 11 

single cells from regions of interest at E8.5 and using microarray, the study created an early 

semblance of modern single cell profiling for three tissue compartments, one of which was 

epidermal ectoderm. 
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 Recent publications have taken the steps towards unveiling the heterogeneity of the 

midface through scRNAseq, with most taking the approach of whole dissection of the face or 

midfacial prominences prior to sequencing. Li et al 2019 investigated and validated the 

transcriptomics of E11.5 whole lambdoidal junctions creating a cell atlas of unsorted midfacial 

tissues (H. Li et al., 2019). Xu et al 2019 similarly performed an analysis of the whole 

mandibular prominences at E10.5 (Xu et al., 2019). Siewert et al 2023 performed a retrospective 

analysis of the Li et al 2019 dataset alongside whole embryo data to search for novel OFC 

candidate genes (Siewert et al., 2023). Recently, Cai et al 2023 performed scRNAseq on whole 

lambdoidal junctions on stages E10.5-E12.5 with some validation approaches, and an emerging 

study (Rajderkar et al., 2023) has taken the approach of combining scRNAseq and single nucleus 

ATACseq of E11.5 -E15.5 whole faces (Cai et al., 2023). Despite the sudden influx of studies 

using this technology to explore the midface transcriptome, no publications stand out in their 

ability to highlight novel roles of the epithelium in the development of the midface or to attribute 

specific biological roles to the identified cellular clusters. Critically, these studies done in wild-

type tissues also lack comparative analysis of genetic mutants.  

Nguyen et al 2024 was the most recent publication to investigate the transcriptomes of 

the developing midface and took the novel approach of enriching for a single cell type, CNCs as 

well as investigating changes in transcriptomes in a model of midfacial clefts, the Tfap2a/2b 

mutants (Nguyen et al., 2024). It should be noted that these mutants do not possess CL/P. This 

approach allowed for greater read depth, and thus more precise cluster and trajectory analysis.  

scRNAseq has limitations in both the ability to capture all cell types and to perform an 

adequate read depth for large amounts of cell input. At the time of writing, there have been no 

attempts to perform scRNAseq on the epithelium of the midface alone, curtailing transcriptomic 
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resolution of this distinct tissue. Likewise, no analysis of CL/P mutant mouse models using 

scRNAseq has been performed as of this date.  

1.7 Known Cell Cycle Interactors and their Relation to the Midface 

Changes in Developmental Signaling Pathways Leading to Altered Proliferation Rates 

Gene expression analysis of the midface has yielded considerable data demonstrating key 

signaling pathways enriched in the developing prominences and the epithelium. Upstream 

interactors of the cell cycle have been known to be enriched at the distal tips of the prominences, 

including Shh, Tgfb2, Bmp4, and Fgf8. These genes have been investigated for their role in 

guiding proliferation, with most attention on the proliferation of the CNC-derived mesenchyme, 

despite the expression of these genes being restricted to the ectodermal epithelium of the 

prominences. Various effects on proliferation, innately tied to cell cycle progression, have been 

documented through disruptions of these pathways.  

Exogenous FGF8 was found to be “substitute” for missing ectoderm and preserve the 

survival and proliferation of facial mesenchyme (Firnberg & Neubüser, 2002; Neubüser et al., 

1997). Shh expression in the ectoderm of the frontonasal process and midfacial prominences is 

critical to mesenchymal proliferation and facial outgrowth (D. Hu & Helms, 1999; D. Hu & 

Marcucio, 2009; Jeong et al., 2004). Loss of Shh signaling by inactivation of Smo in the 

mesenchyme both increased CNC apoptosis and later inhibited cell proliferation, whereas 

increased Shh signaling yielded overgrowth phenotypes in the facial primordia. Bmp4 was 

documented to have expression in the distal ectodermal epithelium of nearly all facial 

prominences including MNP, LNP, MxP, and MdP using chick (Francis‐West et al., 1994). 

Similar to Shh, an overgrowth phenotype was found when ectopically expressing Bmp4 (or 

Bmp2) while reduced outgrowth and proliferation was characteristic of NOGGIN-induced BMP 
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signal reduction (Ashique et al., 2002; P. Wu et al., 2006). TGFβ family members and their 

associated receptors possess complex overlapping and distinct roles in communication between 

the mesenchyme and epithelium. Elimination of Tgfbr2 in the mesenchyme appears to lead to 

increases in Tgfb2 and Tgfbr3 with proliferation alterations in the secondary palate, shortened 

faces, and CPO being the result (J. I. Iwata et al., 2012). Tgfbr1/Alk5 mesenchymal specific 

deletions notably cause drastic effects to growth of the mandible, tongue, palate, snout, cranium, 

and show CL/P (Dudas et al., 2006; W. Y. Li et al., 2008; H. Zhao et al., 2008). Using Nestin-Cre 

driven removal of Tgfbr1/Alk5 conditionally in the ectoderm (though Nestin-Cre is notoriously 

nonspecific and has forebrain and mesenchyme expression) not only produces either unilateral or 

bilateral CL but also leads to impaired palatal shelf growth and increased cell death (W. Y. Li et 

al., 2008). These discrepancies likewise also highlight the ongoing difficulties in defining the 

independent and interdependent relationship and cross-talk of mesenchyme and epithelium. 

Though study of these pathway has yielded an array of proliferation related defects, the 

mesenchyme has been the prevailing object of interest and the failure of primary palate fusion in 

some cases, to be deemed incidental. Growth of the epithelium, in contrast, has lacked study and 

analysis.  

Cell Cycle Arrest Distinction from Decreased Proliferation 

Some early evidence that cell cycle inhibitor proteins played a role in palatogenesis could 

be traced to the occasional incidence of cleft palate in patients with retinoblastoma (Bonaïti‐

Pellié et al., 1975). Retinoblastoma 1 (RB1) protein is a potent oncogene normally responsible 

for inhibition of cyclin-dependent kinases through sequestration of transcription factor E2F. Only 

through continuous maintenance of multiple phosphorylation sites on RB by Cyclin/Cyclin 

Dependent Kinase (CDK) complexes can release E2F and permit cell cycle progression . 
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Additional levels of control over CDK complexes are found through CDK-inhibitor proteins. 

Historically these inhibitors were grouped into either “inhibitors of CDK4” (INK4), p15, p16, 

p18, p19, or other “CDK-inhibitor proteins” (Kip/Cip), p21, p27, p57. Genetic knockout of 

p57/Cdkn1c in mouse causes perinatal lethality and results in a severe cleft secondary palate 

phenotype, inflated GI tracts with missing jejunal and ileal sections, muscular, and skeletal 

defects (Yan et al., 1997; P. Zhang et al., 1997). Further investigation demonstrated a link 

between Lhx6/8 regulation and expression of p57/Cdkn1c and Gadd45g using Lhx6/8 null mutant 

mice with CPO (Cesario et al 2015). P57/Cdkn1c and p14/p16/Cdkn2a were two genes noted to 

be expressed in the “basal cells at fusion zone cluster” using scRNAseq of E11.5 mouse embryos 

(H. Li et al., 2019)  

Growth arrest and DNA-damage inducible 45 gamma (GADD45G) is one of three family 

members centrally located in cell cycle, growth, and repair sensing and response using diverse 

input and output mechanisms. Gadd45g can act as both a pro and anti-apoptotic mediator, inhibit 

the CDK complex at G2-M phase, activate MAPK/p38 signaling, induce p21-mediated G1 

arrest, initiate DNA repair mechanisms, alter histone methylation, and is linked to cell 

senescence. Loss of Gadd45g in mice is not associated with any major phenotypes. Mice with 

null alleles of Gadd45g develop normally and healthily (Hoffmeyer et al., 2001). Curiously, 

genetic ablation of Gadd45g in domestic New Zealand rabbit (Oryctolagus cuniculus) leads to 

unilateral or bilateral CL and embryonically shows disordered proliferation, apoptosis, and EMT 

in the medial and lateral nasal prominences (Lu et al., 2019).  

P21Cip1/Waf1/Cdkn1a is largely dispensable in development, with null mice not showing 

craniofacial or any clear developmental phenotypes, albeit with defective G1 arrest reported in 

cultured cells (Deng et al., 1995). Nonetheless, it has been reported to play a role in secondary 
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palatogenesis. P21Cip1/Waf1/Cdkn1a is normally present in the midline epithelial seam (MES) and 

midline epithelial edges (MEE) that must be eliminated before fusion of the palatal shelves is 

complete. It was reported that all trans-retinoic acid induced CPO led to loss of p21 expression at 

the MEE/MES (Li HY et al 2014. Article in Chinese). P21Cip1/Waf1/Cdkn1a is a target of ΔNp63 

(ectoderm isoform of p63) which in turn is in the same pathway as IRF6 and TGFβ, of which all 

three are linked to CL/P and PBX1/2 (Ferretti et al., 2011; Losa et al., 2018). Alterations to the 

TGFβ-IRF6-ΔNp63-p21 pathway activity results in the persistence of the MEE in the secondary 

palate (Irf6 mutations also showed a low penetrance of CL). Overexpression of p21 rescues this 

defect and allows for dissolution of the MEE in the secondary palate and proper palatal fusion (J. 

ichi Iwata et al., 2013). Though p21 is dispensable in development it is sufficient to trigger 

secondary palate fusion in a pro-CP setting.  

Ras family member proteins, previously referred to as p21ras, but not to be confused with 

p21/Cdkn1a, were found to be differentially expressed in the A/WySn CL prone mouse versus 

non-cleft mutant BALB/cBy (K. Y. Wang et al., 1995). A/WySn non-mutants had reduced 

staining against pan-p21ras proteins (Hras, Kras, and Nras) in both mesenchyme and ectodermal 

epithelial cells in the primary palate compared to BALB/cBy. A/WySn CL mutants had further 

reduced/absent p21ras
 expression, suggesting a connection between Ras and primary 

palatogenesis. This connection was more recently substantiated on in the secondary palate where 

Ras signaling was demonstrated to collaborate with TGFβ signaling to achieve clearance of the 

MEE seam (Inubushi et al., 2022). Indeed, when considering the other cell cycle modulators 

believed to be at work in the secondary and primary palate, it stands to reason that the Ras family 

and its ties to the likes of Gadd45 could be included in the puzzle.  
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1.8 Outstanding Questions and Experimental Approach  

If disentanglement is the goal, the knot of signaling pathways active in the face during 

midface fusion is gordian. While key players have been identified, and cellular mechanisms 

observed, the field has not yet disentangled the role of epithelium versus mesenchyme, the 

crosstalk mechanisms between the two, the need for proliferation versus removal of epithelial 

cells, CL versus normal fusion signaling, gene regulatory crosstalk, or signal transduction 

pathway crosstalk. To add another layer of complexity, when integrating the question of cell 

cycle and cell cycle arrest mechanisms into the midst of these pathways, a new field and all its 

remaining mysteries is added to the equation. I pose the questions of what can be revealed by 

investigating midface epithelium in isolation? What do models of CL have to show at a 

transcriptomic level? How do observations of cell cycle arrest phenomena intersect with normal 

primary palate fusion and cleft lip pathogenesis?  

These studies follow the previous work of the Selleri Lab that first revealed independent 

roles of the mesenchyme versus epithelium in CL/P pathogenesis (Ferretti et al., 2011) and 

described discrete mechanisms of epithelial removal at the fusion site through apoptosis and 

EMT (Losa et al., 2018). As only approximately 50% of epithelial cell removal could be 

attributed to EMT or apoptosis, questions remained about the remaining cells and the overall 

transcriptomic state of the epithelium during midface prominence fusion. 

When setting out to design this project, the initial goal was to utilize a combination of 

scRNAseq that focuses mainly on the epithelium of the developing midface as well as to 

compare the results to a model of cleft lip. In turn, a larger goal was to see if models of CL/P that 

possess the same phenotype at a gross anatomical scale have convergent or divergent 

transcriptomic signatures. In investigating the wild-type epithelium of the midface at timepoints 
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corresponding to fusion, we set out to subtract the mesenchyme and its overwhelming cell 

numbers from the picture to be able to focus on the unique roles and subtle heterogeneities that 

would otherwise go unresolved. I set out to confirm and validate signatures that were shown 

through this data, and in doing so quickly found a curious pattern emerge for epithelium at the 

prominence fusion site. This pattern revealed a yet unreported mechanism of cell cycle arrest in 

the primary palate similar in some ways to secondary palatogenesis but unique in its own ways. 

 In utilizing the Pbx1/2 and later Bmpr1a mutant models of CL/P I uncovered novel roles 

through transcriptomic analysis. By focusing on these mouse models, I addressed the 

underrepresented primary palatogenesis to better understand the human condition of CL. I 

combined my knowledge of cell cycle changes at the fusion site with these models, 

hypothesizing a connection to CL/P pathogenesis. These data enabled collaboration with other 

experts in the fields of human embryo anatomy, human patient genomics, and bioinformatics. 

This yielded a trove of new avenues that both validated in humans findings in the mouse model 

and revealed new OFC risk candidates for further study. The study of one of these candidates 

marks the end of my studies and the beginning of exploring the still vast sea of data. In taking 

careful consideration to appreciate a tissue type that is miniscule in cell number but quite literally 

the outward face of the embryo, I believe we have advanced the understanding of development, 

morphogenesis, and human health. 
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CHAPTER 2: SINGLE CELL TRANSCRIPTOMICS OF ISOLATED 

MIDFACE EPITHELIUM REVEALS CELL CYCLE ARREST AND 

NOVEL CLEFT RISK CANDIDATES 

2.1 Abstract 

Development of the midface requires fusion of facial prominences and removal of surface 

cephalic ectoderm-derived epithelium at the lambdoidal junction. We employ single cell RNA 

sequencing of sorted murine lambdoidal junction epithelium to disentangle its heterogeneity 

during stages of midface prominence fusion. We validate and describe 14 populations between 

stages E9.5-11.5 and unveil a transcriptomic state associated with cell cycle arrest restricted to 

the fusion site. This cell cluster, that we call the “zippering lambda epithelium”, was found and 

validated to be perturbed in genetic models of cleft lip and palate. Through analysis of human 

embryos and genomic analyses of human orofacial cleft probands, we confirm the presence of 

this cell cycle arrested population in Homo sapiens and identify associated rare orofacial cleft 

risk gene variants. We examine the top risk candidate, ZFHX3/ATBF1, and validate ties to cell 

cycle gene expression and cleft lip risk.    

2.2 Introduction 

Cleft lip with or without cleft palate (CL/P) remain debilitating and common birth defects 

despite continued efforts to understand their etiology and uncover novel preventative treatments 

(X. Dong et al., 2017; Jiang et al., 2006; Mai et al., 2019).  Development of the craniofacial 

midface region involves fusion of the maxillary prominences (MxP), along with the medial and 

lateral nasal prominences (MNP, LNP) at 4-5 weeks gestation in human embryos and in mouse at 

embryonic day (E)10.5. In the case of CL with or without accompanying CP, the fusion of these 

prominences at the lambdoidal (λ) junction is disrupted, leading to a persistent unresolved gap in 
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the primary palate that must be surgically corrected in human patients. CL/P cases are largely 

non-Mendelian and non-syndromic in nature, with the underlying genetic cellular etiologies both 

diverse and not fully characterized. Investigations of the fine dynamics of tissues during midface 

morphogenesis and their genetic programs can provide further insight into the root causes of 

CL/P in humans.  

Although the developing midface comprises several tissue types, the prominences mainly 

consist of cranial neural crest cell (CNC) derived mesenchyme, surrounded by a much thinner 

single layer of surface cephalic epithelium. In previous studies, much attention has been paid to 

the roles of the mesenchyme in the causation of CL/P, and recently there have been greater 

attempts to utilize next generation sequencing (NGS) to capture a full picture of cell types in the 

developing midface(H. Li et al., 2019). Yet, there remains a lack of information strictly dedicated 

to the less abundant epithelium that lines each of the prominences during fusion. The epithelium 

has a known instructional role in promoting growth, morphogenesis, and fusion of the facial 

prominences, with known epithelial-specific defects producing a CL/P phenotype due to loss of 

cellular events such as epithelial to mesenchymal transition (EMT) and apoptosis(Ferretti et al., 

2011; Losa et al., 2018). Without complete removal of the λ epithelium, the prominences cannot 

fuse, creating the cleft phenotype. Efforts have documented active removal of epithelium from 

the fusion site through EMT and apoptosis, yet only were able to match these cellular processes 

to about 50% of epithelial cells(Losa et al., 2018). The leveraging of new advances in single cell 

RNA sequencing (scRNAseq) creates opportunities to decipher underlying heterogeneity and cell 

type transitions among cell tissue layers once thought homogenous. To unveil yet unknown 

cellular and molecular behaviors that drive the removal of the remaining epithelium and what 

underlying heterogeneity exists among this cell type in the developing midface we employ 
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scRNAseq of purified epithelial tissue of the developing mouse midface and uncover a 

previously non-reported relationship between facial prominence fusion at the λ and cell cycle 

arrest.  

Modulation of the cell cycle has morphologic roles in the developing embryo. In the 

developing brain, lengthening and shortening of the cell cycle is critical to the proper formation 

of cortical layers(Siegenthaler & Miller, 2005; S. Wu et al., 2021). In developing limbs, 

epithelial signaling centers of the apical ectodermal ridges (AER) undergo cell cycle arrest, and 

in the developing enamel knots (EK) epithelial cells cease proliferating to shape the formation of 

cusps before later disintegrating and reforming at secondary knots in molars(Ahtiainen et al., 

2016; Jernvall et al., 1998; S. Y. Jung et al., 2018; Y. Li et al., 2018). Previous studies have noted 

the appearance of low proliferation among cells at the λ-junction(Song et al., 2009) but have not 

expanded upon mechanisms by which cell cycle may be regulated or influence the fusion event. 

Control of cell cycle dynamics and the maintenance of an arrested state is often transcriptional, 

with transcription factor (TF) control of gene regulatory networks (GRNs) at the helm.  

A link between the PBX TF family and CL/P formation was found through the 

development of fully penetrant mouse models with constitutive and conditional loss 

combinations of PBX family members(Ferretti et al., 2011). These TALE homeodomain-

containing TFs which are highly expressed in the developing midface(Ferretti et al., 2011; 

Moens & Selleri, 2006; Selleri et al., 2019), exhibit control of mechanisms of epithelial removal 

at the λ-junction including epithelial-to-mesenchymal transition (EMT) and apoptosis(Ferretti et 

al., 2011; Losa et al., 2018). Both in mouse and human patients, a pathway of Pbx-Wnt-P63-Irf6 

signaling is linked to NSCLP(Ferretti et al., 2011; Losa et al., 2018; Maili et al., 2020; Selleri et 

al., 2019). The loss of Pbx in mouse models leads directly to loss of the EMT and apoptotic 
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programs in the epithelium at the site of fusion(Ferretti et al., 2011; Losa et al., 2018). The full 

extent of epithelial genetic dysfunction in Pbx CL/P models has not been assessed at the single 

cell level. We reveal a state of epithelial alterations in both Pbx and p63 models of CL/P that 

includes disruption of normal cell cycle dynamics at the fusion site. 

Zinc finger homeobox 3, Zfhx3/Atbf1, is a DNA binding encoding a large transcriptional 

regulator with known roles in brain development in addition to its roles as a tumor suppressor(G. 

Dong et al., 2020; Q. Hu et al., 2019), metabolism(Nolan et al., 2023), and cardiovascular 

regulation (Zaw et al., 2017). In its capacity as a tumor suppressor, it functions to inhibit growth 

via interface with the cell cycle and has a high rate of mutation among several cancer 

types(Panaccione et al., 2017). ZFHX3 can induce cell cycle arrest in neurons as well as promote 

p21(Waf1/Cip1)/Cdkn1a expression(C. G. Jung et al., 2005; Miura et al., 2004). ZFHX3, along with 

other zinc finger homeobox family members, has been implicated in craniofacial morphogenesis 

and is considered an orofacial cleft risk-associated gene(Bishop et al., 2020). Via the intersection 

of NGS transcriptomics of the mouse midface epithelium and rare variant analysis of over 700 

human trios we sought to investigate the links between differential gene expression of 

developing epithelial clusters and de novo gene variants in non-syndromic cleft lip and palate 

patients. We find Zfhx3, a top gene with de novo mutations in rare-variant analysis of human 

patients, is most highly associated with epithelial cells at the fusion site undergoing cell cycle 

arrest.  

Collectively, our investigations into the heterogeneity of the midface epithelium create a 

detailed reference of this cell type during the critical moments of midface morphogenesis and λ-

facial prominence fusion. We leverage validation experiments to identify the spatial-temporal 

dynamics of epithelial cell sub-types and uncover a novel population of cells participating in 
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fusion while undergoing cell cycle arrest. Further investigation of this population highlights a 

transcriptomic state that is regulated by known CL/P risk transcription factors and disrupted by 

the onset of a cleft lip phenotype. Our study pinpoints Zfhx3 as a novel CL/P risk candidate in 

humans and furthers our knowledge of midface development mechanics, expanding upon the 

role of cell cycle regulation in embryonic morphogenesis.  
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2.3 Results: 

Single cell RNA sequencing and cluster identification of midface Epcam positive cells  

Epithelium was isolated from Swiss Webster mouse embryos after dissection of facial 

prominences. At E9.5, the frontonasal prominence (FNP) was dissected, avoiding the forebrain, 

along with the MxPs. E10.5 and E11.5 midfaces were dissected first, keeping the LNP, MNP, and 

MxP intact, then further dissected using transverse cuts midway through the LNP and MNP, and 

halfway through each MxP (Fig. 2.6.1: A-A’). After disassociation of tissue, fluorescent 

activated cell sorting (FACS) targeting Epcam positive cells yielded epithelial cell enrichment 

(Fig. 2.6.1A’’’). Epithelial cells represented x, y, and z percentages of total cells at E9.5, E10.5, 

and E11.5 stages respectively. 10X genomics based single cell sequencing of captured epithelial 

enriched cells revealed a total of 14 populations across E9.5, E10.5 and E11.5 mouse embryos. 

Visualizing of the transcriptomic data is shown through uniform manifold approximation and 

projection (UMAP) plots. (Fig. 2.6.1B). The proportional individual cell transcriptomes are 

represented as dots separated by distance, wherein closer distance is indicative of transcriptional 

similarity in UMAP space(McInnes et al., 2018). Each cluster was analyzed and differentially 

expressed genes (DEGs) examined to categorize and identify putative cell types. 

Our E9.5 dataset corresponds to the timepoint prior to midface development and 

comprises 25,000 cells. Eleven clusters were defined as separate populations at E9.5 (Fig 2.7.1C, 

Supplementary Files). Three main epithelial populations were associated with sensory and 

neuroepithelial organs including Hmx1 and Sfrp2 high early eye surface ectoderm (EE), forebrain 

(FB) defined by telencephalon genes responsible for forebrain development Zic1 and Fez1, and 

olfactory epithelium (OE) defined by Hey1 and Dlk1, implicated in olfactory neurogenesis and 

nasal pit formation respectively (Miller & Cole, 2014). Oral cavity epithelium (OR) is found in 
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this grouping as well, defined by high Pitx1 and Pitx2. These four clusters of cell transcriptomes 

that were close in UMAP space fell into a larger category we describe as “specialized 

epithelium,” high in Epcam expression, yet clustered away in UMAP from other Epcam high 

cells (Fig. 2.6.1B, 2.7.1B). By and large these four clusters share higher expression of 

neuroectodermal determiner Sox2 and lower expression of Tfap2a, Sostdc1, Wnt6, and Krt7, 

genes more indicative of developing protective surface and epidermal cell fates. A described 

PITX2-SOX2-LEF1 axis of specifying oral and dental progenitors aligns with Sox2 high 

expression found in our putative OR cluster and its inclusion in this grouping (Yu et al., 2020).  

At E9.5, two remaining Epcam high main clusters correspond to the ectodermal covering 

of the FNP, prominence surface 1, and prominence surface 2 (PS1, PS2). Gene expression of 

these clusters was similar, both high in Wnt6, Tfap2b and Wnt4, distinguished only by cell cycle 

genes relating to proliferation, e.g. Top2a. It was noteworthy that despite nasal pit ingression not 

yet occurring at E9.5, this timepoint has clear transcriptomic separation of the OE and 

presumptive olfactory placode away from the PS1 and PS2 clusters.  

Two populations of cells separated away from others while remaining near FB 

transcriptomes suggesting a connection to neural cell-types. They were defined as neural 

progenitor cells (NPC) (Stmn1, Neurod1 and Sst) as well as olfactory neurons (ON) based on 

strong differential expression of alpha and beta tubulin microtubule assembly genes Tub1a and 

Tubb3 with known roles in neurogenesis and axonal guidance. NSC and ON transcriptomes 

formed a third class of epithelial cells grouped under the term “neuronal.”  

Using EPCAM-based FACS sorting enriched for epithelium but to maximally capture 

epithelium, cells with moderate EPCAM-APC positivity were included in gating strategies (Fig. 

2.7.1A). Two clusters with relatively low EPCAM expression were captured and separated 
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distantly away from other clusters (Fig. 2.7.1B). Based on gene expression profiles, these 

clusters were given the names Mesenchyme-like (ME) based on Prrx1 and Twist1 gene 

expression, and neural crest cell (NCC)-like based on Sox10 and Vim expression. An additional 

minor cluster expressing markers of blood/erythrocytes (B) including ferritin heavy chain (Fth1) 

and hemoglobin genes (Hba-x, Hbb-y, Hbb-a1) was not considered for further analysis. Clusters 

B, NCC and ME were excluded from further analysis and validation. 

E10.5 midfaces correspond to a timepoint of midface development in which MNP and 

LNP have emerged and the lambdoidal junction formed with the MxPs. The initial fusion of the 

lambdoidal junction begins at E10.5. scRNAseq and subsequent clustering of E10.5 epithelium 

gives rise to 14 distinct populations, with the addition of two clusters not detected at E9.5, and 

major changes in the proportions of several others (Fig.2.6.1B, 2.7.1C). NPC and EE clusters 

were most reduced by E10.5. The size and distance of the λ junction tissue from the developing 

eye at this timepoint may contribute to reduction of the EE cluster. Two additional populations 

characteristic of later progression in development. This timepoint marks the emergence of 

periderm-like cells (PD) defined by Grhl3 and Tacstd2 and heralds differentiation of a subset of 

prominence surface cells. This cluster was found in numbers too small to be called in E9.5. 

Secondly, a cluster emerged centrally between OF, OR and PS1/2 clusters that possessed strong 

expression of genes known to play critical roles in orofacial development such as Fgf8, Wnt5a, 

and Msx1. The initial identity of this cluster was believed to be the distal tips of the prominences 

where cells participating in the closing of the λ junction seam would be present. The timing of 

this cluster’s appearance, coinciding with the beginning of fusion helped define this cluster as a 

putative “zippering lambda epithelium,” (ZL). 
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The midface and λ junction continue to fuse through E11.5 and reaches completion 

shortly after at E12.0. We sampled the E11.5 timepoint in two batches of separately FACS sorted 

lambdoidal junctions (Fig. 2.7.1D). UMAP clustering of E11.5 timepoint transcriptomes reduced 

the number of distinct clusters to 11, with the loss of two previously called populations, NPC, FB 

and near complete loss of EE (not visible in UMAP) (Fig. 2.7.1C). The emergence of an E11.5-

specific cluster enriched for Sox9 and Aldh1a3 suggested a connection to eye and lacrimal duct 

development. Both genes matched literature references to a nasolacrimal groove development 

around the E11.5 timepoint. The population was named nasolacrimal duct (ND) in reference to 

this signature.  

Together, across the three sampled timepoints, ZL, PD, PS1/2 (hereafter referred jointly 

as PS), and ND are collectively “epithelium” of the midface separated from the specialized 

epithelium, neuronal, and erythrocyte, and mesenchyme-like lineages (Fig 2.7.1E). Mapping of 

midface epithelial clusters using differentially expressed genes and in situ hybridization.  

E9.5, E10.5 and both E11.5 batches were combined into a single UMAP encompassing 

the spread of pre-midface fusion, initial fusion, and nearly complete fusion of the lambdoidal 

junction (Fig. 2.6.1C). The merged dataset yielded no additional clusters, for a combined total of 

14. To validate the clustering and separation of these cell populations, we employed fluorescent 

in-situ hybridization (FISH) probes designed via RNAscope (Advanced Cell Diagnostics) against 

DEGs for each (Fig. 2.6.1D). Ribosomal, non-coding RNA, and non-annotated genes were 

excluded as candidates for validating the localization of the clusters. Probes were used against 

tissue sections of wild-type embryos collected at the appropriate timepoints (Fig. 2.6.1A’’-A’’’). 

Clusters that were found predominantly in one timepoint were assessed using embryos of the 

corresponding stage.  
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In figure 2.6.1D the DEG for each cluster is superimposed on a heatmap of the combined 

E9.5-E11.5 timepoint (left). Figure 2.6.1D shows a representative tissue section image of the 

validated DEG expression (right). Olfactory epithelium (OE) has the highest Sox2 expression of 

all clusters. Sox2 expression localizes to the deep dorsal nasal pit with slight medial bias. The PS 

clusters share high Wnt gene expression, of which Wnt6 is the most differentially expressed. 

Wnt6 expression encompasses the anterior outer surface of MNP, LNP, and the MxP. These 

clusters have the largest surface area coverage and are among the highest in total cell number for 

the midface. Wnt6 expression is not continuous with the nasal pit or the oral cavity, stopping 

short near the midface prominence tips and medial edge of the MNP. TUBB3 protein, using 

immunofluorescence as opposed to FISH, was indicative of the olfactory neurons (ON) found 

interlace among Sox2 high OE cells in the dorsal nasal pit. Their localization extends past the 

basal lamina border in some cases and can be found anterio-medially in lower abundance. Oral 

cavity (OR) epithelium is defined by Pitx2 expression on the oral side of the medial nasal 

prominences flanking the oral cavity. The zippering lambda epithelium (ZL) has high differential 

expression of BMP-inhibitor Bambi. FISH against Bambi confirmed our intuition for the cluster 

localization at the site of fusion where the epithelium of the prominences begins to coalesce and 

initiate fusion. For reference, we superimpose the ZL, OE, OR, PS, and ON cluster relative 

positions on a E10.5 model of mouse embryonic face generated through micro computerized 

tomography μCT (Fig. 2.6.1E).   

PD and EE clusters were investigated through targeted FISH against Grhl3 and Hmx1 

respectively. For EE, the expression of Hmx1 and the cluster size is greatest at E9.5 and was 

validated using E9.5 embryonic sections. Grhl3 expression is found on the apical surface of the 

Wnt6 PS cluster, with close analysis demonstrating a second layer of cells developing by E10.5 



29 
 

and through E11.5. By E11.5 PD cells can also be found on the interior of the nasal pit on the 

anterior edge of the cavity near the site of completed lambdoidal junction fusion. ND cells were 

found only in sections of the deep mandibular prominences at E11.5. Using Aldh1a3 as a target 

we witnessed high levels of expression in the developing eye, which was excluded from the 

tissues dissected for sequencing. Epithelial cells in a groove involuting near the eye also 

expressed Aldh1a3 and in conjunction with the role of Sox9 in ductal development were deemed 

nasolacrimal duct epithelial cells (Fig. 2.7.1F). 

Molecular characterization of the zippering λ epithelial cluster and in vivo cell fate mapping 

The ZL cluster became the focus of interest due to its prominent location at the point of λ 

junction prominence fusion. The emergence of this cluster at E10.5 between other clusters that 

existed in the E9.5 dataset led to the question of whether this cluster’s appearance could be pre-

emptively determined at E9.5. A gene that was consistently high in this population in both the 

E10.5 and E11.5 timepoints (Fig 2.6.2B, 2.7.2B), Bmp4, has a known role in the proper 

development of the midface, with BMP and TGFβ signaling both linked to defects in craniofacial 

development. Using the E9.5 dataset, we can see that Bmp4 expression is localized to a region 

between the OE, OR, and PS clusters, which also are the clusters flanking the ZL cluster at E10.5 

(Fig. 2.6.2A). To this end, we sought to validate Bmp4 expression in E9.5 embryos. Sections 

using FISH probes revealed a prominent region of high Bmp4 expression in the posterior side of 

the outgrowing FNP. Using a whole mount traditional chromogenic in-situ hybridization 

(WISH), a greater spread of Bmp4 expression can be seen including at the midline (Fig. 2.6.2A’). 

In Figure 2B, sections of E10.5 embryos focused on the fusing lambdoidal junction confirm and 

validate the strong expression of Bmp4 of the ZL cluster and revalidating the localization of this 
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cluster to the fusion site. WISH at E10.5 likewise demonstrates a clear bias of Bmp4 expression 

to the lambdoidal junction (Fig. 2.6.2B’).  

Other transcripts that were enriched in the ZL included genes with known implications in 

CL/P pathogenesis and midface development. Tgfβ, Fgf9, Wnt5a, and Trp63, each linked to 

models of CL/P in mouse have high enrichment in the ZL cluster (Fig. 2.6.2C). This strongly 

implicated the ZL cluster transcriptomic state in the pathogenesis of CL/P. Using several 

bioinformatic tools we sought to interrogate the transcriptome of the ZL cluster. RNA velocity 

comparisons of spliced versus un-spliced mRNA transcripts can predict lineages and 

relationships between scRNAseq clusters (La Manno et al., 2018). Examining the transcriptomes 

at E10.5 and E11.5, the vector directions are seen to generally point to three areas of 

convergence. The E10.5 timepoint endpoints are mapped accordingly to where first the PS 

clusters cycling between proliferation and non-proliferation, second a tract of neurogenesis 

involving NPC and ON cells, and lastly a convergence point on the ZL between PS, OR and OE 

clusters is seen (Fig. 2.6.2D). This pattern is echoed at E11.5, where the two sources of vectors 

to the ZL are predicted to be the OR and OE clusters. At E9.5 RNA velocity does indicate 

vectors between the OE, PS and OR clusters converging at a point between the three, suggesting 

that the determination of the ZL cluster may begin a day before the formation of the lambdoidal 

junction (Fig 2.7.2E).  

We used an alternative method to predict cell lineage trajectories, CytoTRACE, which is 

based on a principle of associating decreased transcriptional diversity with further cell 

differentiation (Gulati et al., 2020). We applied the scRNAseq data of each timepoint to 

CytoTRACE and revealed several clusters to predict lineage trajectories. At E9.5 the ON and 

NPC clusters were predominantly the most differentiated, in line with the terminally 
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differentiated state of neurons (Fig. 2.7.2F) and to a lesser degree, a subset of OE. At E10.5 ON 

and NPC clusters retained their differentiated status, but only partially. The ZL cluster in its 

entirety was classified as the most differentiated subset of the transcriptomic data (Fig. 2.6.2D’). 

At E11.5 the ZL cluster retains a mostly differentiated state, along with portions of other clusters: 

PS, OR, OE, and ON (Fig. 2.7.2F).  

Further characterization of the ZL cluster was done using gene ontology (GO analysis) 

using DAVID functional annotation tools. GO Biological Process matches of the top 100 

differentially expressed genes for the ZL cluster gave rise to results that suggested an association 

of the cluster with cell cycle, apoptosis, proliferation, and division, altogether suggesting that 

genes involving regulation of the cell cycle are enriched in this cluster (Fig. 2.6.2E). We 

correlated this finding with the high DE of Cdkn1a/p21 for this cluster observed upon its initial 

analysis (Fig. 2.7.1E).  

As we previously have reported on several cellular mechanisms and states taking place in 

the λ junction during fusion (Ferretti et al., 2011; Losa et al., 2018), we sought to unveil further 

levels of heterogeneity in the ZL cluster. To accomplish this, we reclustered the ZL cluster from 

E10.5 and E11.5, and examined the subclusters using RNA velocity, differential gene expression, 

and gene ontology. Reclustering of the E10.5 ZL cluster resulted in 5 cell subclusters (Fig. 

2.6.2F center). RNA velocity was applied to this subset and two endpoints revealed as terminal 

states in subclusters 1 and 3 (Fig. 2.6.2F right). Highly DE genes that appeared to coincide with 

these endpoints included Cdkn1a expression, closely overlapping with Tgfb2 expression. 

Additionally, Sostdc1, a BMP inhibitor and Lef1 a downstream target of Wnt signaling appeared 

to have strong correlation with the two endpoints as well.   
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We plotted the highly DE genes for each subcluster and performed gene ontology of the 

top 40 genes from subclusters 1 and 3, the locations of the terminal endpoints (Fig. 2.6.2H). Our 

analysis of subcluster 1 revealed top GO categories matching apoptosis, EMT, and MYC targets. 

It should be noted that MYC is known to target cell cycle arrest genes for de-repression at the 

transcription level, including Cdkn1a, Cdkn1b, and Cdkn2b (García-Gutiérrez et al., 2019). 

E10.5 subcluster 3 had similar GO term enrichment for apoptosis and EMT, as well as estrogen 

and WNT-beta catenin signaling. Together these terms support previous work that identifies 

apoptosis and EMT mechanisms of fusion at the λ junction driven in part by upstream WNT 

signaling. We performed the same analysis on the ZL of the E11.5 datasets and found a similar 

dual endpoint corresponding to subclusters 3 and 4 (Fig. 2.7.2G). E11.5 endpoints were similarly 

enriched in Tgfb2, Cdkn1a, and to a lesser degree Lef1 and Sostdc1 (Fig. 2.7.2H). One endpoint 

was notable for its strong positive DE of Isl1 and negative DE of Pax3. Pax3 has recently been 

implicated in craniofacial morphogenesis (Zhou & Conway, 2022). Isl1 is implicated in both 

hindlimb mesenchyme and facial epithelium of the MdP and the midface (Akiyama et al., 2014) 

Many of these genes are implicated in limb morphogenesis, which has a curious relationship to 

facial morphogenesis, including through PBX signaling pathways (Losa et al., 2023; B. T. 

Truong & Artinger, 2021). 

           RNA velocity predicted the ZL cluster to be derived from neighboring cell clusters. We 

employed genetic lineage tracing strategies to validate this finding using a combination of tissue 

specific Cre-recombinase and fluorescent reporter construct mouse lines (Fig. 2.6.2J). OR cells 

were defined by Pitx2 high DE which extended into the ZL cluster in part by E10.5. Pitx2-Cre 

mice were crossed to R26R-RFP and embryos collected at the E10.5 timepoint. The RFP 

fluorescent reporter was found overlapping two markers of the ZL cluster, Bmp4 and Cdkn1a. 
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The PS cluster is similarly defined by strong DE of Wnt genes such as Wnt6 and Wnt4. Using 

Wnt4-Cre as a driver of recombination yielded similar results, with RFP protein found 

overlapping with Bmp4 and Cdkn1a at E10.5. We confirmed that both the OR and PS cells are 

precursors to the ZL lineage.  

Non-proliferation and absence of cell cycle progression markers in the zippering lambda 

epithelium  

The knowledge of lowered proliferation at the fusion site of the λ junction was previously 

shown but not reported on (Song et al., 2009). We re-examined this in light of the strong 

expression of Cdkn1a found in the ZL cluster at the fusion timepoints. We employed scVelo 

analysis using the ‘score genes cell cycle’ function, which calculates scores and assigns cell cycle 

phases to the transcriptomic data based on a predetermined list of cell cycle genes (Tirosh et al., 

2016). When applying this function to the E9.5, E10.5 and E11.5 datasets, a mixture of scoring is 

found among most major clusters, with G2M predominating at E9.5. At E10.5, an absence of 

G2M/S scoring prevails in the ZL cluster as with the ON cluster (differentiated and non-dividing 

neurons). By E11.5, more cells have become non-dividing, including subsets of PS, ND, and OR 

clusters, but the ON and importantly the ZL cluster remain devoid of G2M/S scoring (Fig. 

2.6.3A). The ZL cluster had quantifiably the lowest S score of all populations at E10.5  

Multiple phases of the cell cycle are associated with corresponding expressed gene 

markers, such as phosphorylated histone H3 (pHH3) with G2M. Additionally, exogenous 

labeling strategies, such as thymidine analogue integration via BrdU/EdU has the potential to 

label cells passing through the S phase. We examined several of these markers in-vivo and found 

a marked absence of cell cycle phase-related transcripts and proteins in the ZL cluster region. 

pHH3 positive cells could be found in the developing olfactory epithelium, and were abundant in 
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mesenchyme, but were rarely present in the fusing junction between MNP and LNP (Fig. 2.6.3B-

B’). BrdU thymidine analog was injected into time-pregnancies at E10.5, and followed to several 

timepoints, 1-, 7-, and 24-hours post-injection. Little to no BrdU integration could be detected at 

the lambdoidal junction at each timepoint (Fig 2.6.3C-C’). We examined the scRNAseq data and 

found low DE of Aurkb, Cdk1, and Mki67 in the ZL cluster. Aurkb, another G2M phase marker, 

was validated using sections of the midface to be absent in the ZL region denoted by high Bambi 

expression. Similarly, in both transverse and coronal sections, Cdk1 expression, which peaks at 

G2M phase transition is completely absent from the lambdoidal junction during fusion. Mki67 

expression, which builds gradually from G1 through M phase, was lowly DE in the ZL, and 

validated to be low at the tips of the MNP and LNP, even prior to physical contact and fusion.  

Genes of the pre-initiator complex were largely negatively differentially expressed in the 

ZL, including Mcm7, Gins2, Cdc6 and Cdc20 (Fig. 2.7.3A). Cyclin genes, Ccna2, Ccnb1, 

Ccnd1, and Ccne2 were among genes similarly depleted. E2 promoter binding factor family 

member E2f1, Anln, and Pcna factors associated with G1/S, M (cytokinesis), and S phases 

respectively are similarly DE negatively as well. Depletion of these genes, as well as loss of 

KI67 protein would suggest G0/G1 checkpoint arrest is occurring in the ZL cluster. The 

combination of all these factors, allude to the ZL cluster being non-proliferative at the time of 

fusion, E10.5.  

The zippering lambda epithelium is enriched for markers of cell cycle arrest. 

High Cdkn1a/p21 expression in the ZL cluster was out first indication that the cell cycle 

may be playing a role in its formation. We sought to investigate spatio-temporally the presence 

of Cdkn1a throughout midface fusion timepoints, along with other key positive markers of arrest.  
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In figure 2.6.4A we explore through WISH the evolving landscape of Cdkn1a/p21 

expression. There is a minor presence of Cdkn1a transcript found in E9.5 embryos in the 

posterior side of the FNP, similar to the location of high Bmp4 expression detected previously. At 

E9.5 Cdkn1a transcript is highest in the mandibular prominence tips which undergo their own 

type of fusion at the midline at an earlier stage than the lambdoidal junction but are outside the 

scope of our investigation. E10.25 embryos, in which the nasal prominences are barely starting 

to form, already begins to show highly specific localization of Cdkn1a/p21 in the epithelium 

between the presumptive LNP, MNP, and MxP, outlining the λ in its entirety. The specificity of 

this expression to the epithelium, and not underlying mesenchyme can be seen in section. By 

E10.5, this expression continues to be strongly expressed at the fusion site between the 

MNP/LNP, and the MNP/MxP, but has regressed in the LNP/MxP junction region. A slight gap 

can be seen forming in expression where the lambdoidal junction has begun to seal. By E11.25, 

this gap has enlarged where the MNP and MxP have joined, and only anterior portions of the 

MNP/LNP junction as well as an oral edge of MxP retain high expression. Altogether we 

correlate Cdkn1a/p21 expression with ongoing face prominence fusion, and its loss with the 

completion of the fusion event.  

We employ FISH probes to further validate the bioinformatically determined high DE of 

Cdkn1a/p21 in both E10.5 and E11.5 sections of the midface. The presence of Cdkn1a/p21 is 

found in both timepoints at the tips of the LNP and MNP prior to fusion and contact and is 

transcribed to protein P21 which remains localized to the ZL.  (Fig. 2.6.4B, C, E). Gadd45g and 

Rb1 are both associated with cells in a state of arrest. Gadd45g also possesses a link towards CL 

pathogenesis recently unveiled (Lu et al., 2019). We validated the presence of Gadd45g and Rb1 

transcript at E10.5 and E11.5 and found high overlapping in the region of high Cdkn1a/p21 
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expression in the ZL. Gadd45g expression could, like Cdkn1a/p21 be mapped to the presumptive 

area of the lambdoidal junction early in its formation where the olfactory placode is specified 

(Fig. 2.6.4F). As with Cdkn1a/p21, Gadd45g expression faded from the λ junction with the 

zippering of the epithelium and was found to be localized to the epithelium before contact of the 

prominences, without clear mesenchymal expression.  

Although the ZL cluster subcluster analysis found transcriptomic signatures that matched 

gene ontology for apoptosis, only the endpoint subclusters matched this term. Additionally, our 

previous studies indicated only a portion of cells underwent apoptosis and a mutually exclusive 

group underwent EMT (Losa et al., 2018). To this end, we investigated the overlap of apoptotic 

genes in-vivo in relation to Cdkn1a/p21. We found that only a small portion of Cdkn1a/p21 high 

cells in the ZL were positive for cleaved-Caspase3 (cCasp3) and terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL), suggesting that cell cycle inhibition may not 

directly lead to cell apoptosis in the ZL (Fig. 2.6.4D). Though Cdkn1a/p21, Rb1, and Gadd45g 

are not directly implicated in CL/P pathogenesis in mouse, we sought to investigate whether the 

associated gene patterning that is indicative of cell cycle arrest in the ZL was altered in CL/P 

models.  

Models of CL/P display cell cycle perturbations in the zippering lambda epithelium and absent 

or reduced cell cycle arrest.  

There is a known connection between proliferation in the midfacial prominences and the 

occurrence of CL/P. However, the epithelium has at times been relegated as a mediator of 

mesenchyme proliferation, that when perturbed, leads to CL/P via prominence shortening (Liu et 

al., 2005). Specific roles of cell cycle and cell cycle arrest genes have been document in 

secondary palatogenesis in the midline epithelial edges of the palatal shelves, but they have not 
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been correlated with primary palatogenesis or its disruption. The Pbx1/2 model of CL/P, 

involving epithelial specific loss of Pbx1 on a Pbx2 globally deficient background produces a 

bilateral fully penetrant CL/P. This model serves as our initial investigation into epithelial 

specific disturbances in CL/P through scRNAseq.  

Using E10.5 and E11.5 mouse midfaces, we performed scRNAseq of Pbx1/2 mouse 

mutants, CrectCre/+; Pbx1f/f; Pbx2+/-, versus littermate Cre negative controls, Crect+/+; Pbx1f/f; 

Pbx2+/- or Crec+/+; Pbx1f/+; Pbx2+/-. The midfaces were collected through the same dissection 

scheme as with Swiss Webster wild-type tissue but were sequenced without FACS sorting for 

EPCAM-positive tissue to avoid loss of mutant material. Bioinformatically determined EPCAM-

high epithelial cells were selected and isolated from mesenchymal populations and reclustered in 

UMAP. This yielded 10 clusters for the E10.5 and 11 clusters for E11.5. Using label transfer 

function, we annotated the epithelium transcriptomic signatures with pre-determined labels from 

Swiss Webster scRNAseq and identified commonalities to wild-type data. Importantly, the close 

associations of the ZL cluster with neighboring OR, OE, and PS cells was replicated in the 

Pbx1/2 scRNAseq UMAP.  

We examined the scRNAseq of the E10.5 mutant versus control dataset through RNA 

velocity and compared the trajectories of predicted lineage vectors (Fig. 2.6.5A). At E10.5 

mutant Pbx1/2 ZL cluster contains a noticeable shift in trajectories compared to controls. The 

shift was most pronounced across the border between the ZL and PS clusters. We determined 

empirically that the vectors between PS1 and ZL clusters was significantly perturbed in Pbx1/2 

mutants suggesting a malfunction of the normal lineage contributions (Fig. 2.6.5B). Our E11.5 

dataset possessed more compact clustering than the E10.5 dataset (Fig. 2.6.5C). We investigated 

whether there were changes in the relative proportion of each population between Pbx1/2 
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mutants versus controls. While there were significantly more ON cells in the mutants, the control 

dataset proportionally had more PS, ZL and PD cells than mutants (Fig. 2.6.5D). We interpret 

this to be related to improper formation of the ZL in Pbx1/2 mutants. We cannot exclude the 

possibility that other cell populations significantly affected in the Pbx1/2 mutants contribute to 

the onset of CL/P, as suggested by similar cell populations in Siewert et al 2023, where periderm 

and other ectodermal cell clusters analyzed from mouse embryonic transcriptomic data had 

DEGs that were known CL/P risk candidates (Siewert et al., 2023)  

We used an alternative method to quantify transcriptional changes occurring in the 

midface epithelium of E11.5 Pbx1/2 embryos versus littermate controls. Bulk-RNA sequencing 

(bulk RNAseq) of the entire epithelium from several mutant embryos versus controls 

demonstrated a clear transcriptomic separation between the two groups, with 718 genes 

significantly altered in expression (adjusted p-value <0.05) (Fig. 2.6.5E). Among the genes 

differentially expressed, cyclin dependent kinase inhibitor genes, Cdkn1b, Cdkn1c, Cdkn2a, 

Cdkn2b, and the prominent marker of the ZL, Gadd45g were significantly decreased in Pbx1/2 

mutants versus controls. RNAsieve analysis allowed us to interpolate the results of the bulk 

RNAseq and out scRNAseq data and examine which clusters of cells were most correlated with 

DE genes in the bulk RNAseq. We found that genes significantly downregulated and upregulated 

in our bulk RNAseq were most closely associated with the ZL cluster, strongly suggesting the 

disruption of this cell type in CL/P mutants (Fig. 2.6.5F).  

To validate the expression changes seen in Pbx1/2 mutant embryos for key cell cycle 

arrest related genes, we examined transverse sections of embryos from both mutant and control 

genetic backgrounds for the presence of the transcripts. We introduce the use of constitutive null 

mutants and controls alongside their epithelial-specific counterparts. Pbx1+/-; Pbx2+/- embryos do 
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not have CL/P and have no noticeable deleterious phenotypes. In contrast, Pbx1-/-; Pbx2+/- 

produces a severe and fully penetrant bilateral CL/P phenotype. We detect low levels of Cdkn2b, 

Cdkn2a, and Cdkn1c transcript at the prominence fusion site among the ZL cluster cells in 

control Pbx1-/-; Pbx2+/- embryos (Fig. 2.6.5G top row). This expression, unresolved in our 

scRNAseq datasets, was found to have remarkable specificity to the fusion site, albeit with 

sparse transcript levels. These ZL cells exhibited the same high levels of Rb1 and Gadd45g 

transcript seen in Swiss Webster wild-type embryos. Pbx1-/-; Pbx2+/- have a noticeable large 

separation of the LNP and MNP which does not resolve at any plane of midface sectioning due to 

the CL/P phenotype. Among all midface section, little to no transcript can be seen at the 

prominence tips for Cdkn2b, Cdkn2a, Cdkn1c, Rb1, or Gadd45g, implying the cell cycle arrest 

state is missing in the CL/P phenotype (Fig. 2.6.5G middle row). CrectCre/+; Pbx1f/f; Pbx2+/- 

CL/P mutants have the same large separation of the MNP and LNP and similarly we observe an 

absence of the cyclin inhibitor kinase transcripts as in constitutive mutants (Fig. 2.6.5G bottom 

row). We see strong reductions in Rb1 and Gadd45g transcript as well but with slight increases 

compared to constitutive mutants. Cdkn1a/p21 was not found significantly altered in expression 

in bulkRNAseq of Pbx1/2 embryos despite being associated with cell cycle arrest and having the 

highest expression of all cyclin dependent kinase inhibitors in the ZL cluster. Cdkn1a/p21 was 

confirmed to be present in abundance in both global and conditional Pbx1/2 CL/P mutants (Fig 

2.7.4A). Cdkn1a/p21 does not have its own CL/P phenotype in knockout models but leads to 

severe embryonic defects in conjunction with loss of other family members (Campbell et al., 

2020). While we conclude that Cdkn1a/p21 expression is not dependent on Pbx1/2 signaling, we 

cannot exclude the possibility that it plays a role in CL/P risk.  
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Trp63 executes a wide array of tissue and context specific roles, some of which are 

isoform dependent. This is reflected in the diverse range of disease-causing mutations found in 

specific DNA binding domains. In humans, TRP63 mutations that are tied to non-syndromic 

OFC risk are found throughout the gene as opposed to domain centric mutations such as in 

ankyloblepharon-ectodermal defects-cleft lip/palate syndrome (AEC) (Osterburg et al., 2023). 

We employ the use of a the Trp63tm1Fmc mutant mouse line affecting all isoforms of the gene, 

including those specifically linked to ectodermal and orofacial defects such as ΔNp63 (Yang et 

al., 1999). The Trp63tm1Fmc mouse line phenocopies the Pbx1/2 global and conditional mutant 

CL/P with severe and fully penetrant bilateral CL/P. This model of CL/P is related to the Pbx1/2 

models via a shared pathway, wherein Trp63 is believed to act downstream of PBX transcription 

factors in an established PBX-WNT-TP63-IRF6 axis of control also implicated in human non-

syndromic CL/P pathogenesis (Ferretti et al., 2011; Losa et al., 2018; Maili et al., 2020; 

Thomason et al., 2008). We collected homozygous Trp63tm1Fmc (p63-/-) embryos for FISH 

validation of transcripts related to cell cycle arrest. As with Pbx1/2 global and conditional CL/P 

mutants, we could not detect transcripts of the predicted downregulated cyclin-dependent kinase 

inhibitor genes from our Pbx1/2 bulk RNAseq in homozygous Trp63tm1Fmc mutant embryos (Fig. 

2.6.5H). To an extent, Rb1 and Gadd45g transcripts were found in even less abundance in 

homozygous Trp63tm1Fmc mutant embryos than the Pbx1/2 CL/P mutants.  

There are conflicting reports of Cdkn1a/p21 being a known target of ΔNp63, TAp63, or 

both classes of Trp63 isoforms (Dohn et al., 2001; Ghioni et al., 2002; Helton et al., 2007). The 

role of Trp63 in repression adds a layer of complexity, with ΔNP63 also stated to repress 

Cdkn1a/p21(A. B. Truong et al., 2006; Westfall et al., 2003). A frameshift mutation of either TA 

or ΔN isoforms in exon 13 was reported to increase Cdkn1a/p21 transcription yet also the proline 
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rich N-terminus residues 124-127 were shown to be most critical to P21 transactivation (Ghioni 

et al., 2002; Helton et al., 2007). Curiously, we detect high amounts of Cdkn1a/p21 transcript in 

homozygous Trp63tm1Fmc mutant embryos (Fig. 2.7.4A). Trp63tm1Fmc bears a disrupting mutation 

in exons 6-8, therefore we cannot exclude the possibility that intact N-terminus exons are 

translated into a protein with functional active domains capable of inducing Cdkn1a/p21 

(Bergholz & Xiao, 2012; Helton et al., 2006). We also cannot exclude the possibility that side 

pathway interactions are implicated in p63 null loss of these markers, but the evidence suggests 

PBX-WNT-P63-IRF signaling is upstream of cell cycle arrest outcomes in the zippering lambda 

epithelium during fusion of the midface prominences.  

Midface prominence fusion in human embryos is associated with cell cycle arrest in the 

epithelium. 

Midface prominence fusion is believed to proceed in a phenotypically similar manner 

among many animals, including humans. In human development fusion of the prominences is 

proposed to involve similar mechanisms to those in mice, wherein confluence of the MNP, LNP, 

and MxP forms a lambdoidal junction prior to merging of the prominences into a single unit. The 

timing of these events is believed to be around the 5th through 7th week of human development, 

corresponding to roughly Carnegie stage (CS) 15-17 (Selleri & Rijli, 2023). We lack 

understanding of the cellular mechanisms at work in human midface morphogenesis. There is 

some evidence of cell death at the λ junction of human embryos before fusion, but knowledge of 

molecular mechanisms is absent (Jiang et al., 2006). We investigated the presence of cell cycle 

arrest at the λ junction in human embryos during midface fusion.  

CS16 human embryonic head sections were prepared using a transverse approach through 

the midfacial prominences. At CS16, the MNP and LNP have started to fuse, and the epithelium 
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at the distal tips of the prominences coalesces, in similar fashion to E10.5 mouse embryos (Fig. 

2.6.6A). RNAscope FISH against GADD45G revealed a region of high expression where the 

epithelium bridging the fusion site is located. Immunofluorescence against KI67 indicated that 

the GADD45G high region is similarly depleted for the marker of cell proliferation. Using a 

slight coronal section of the midface, we capture the λ junction in full including the MxP, MNP 

and LNP junctions. Like in mouse, the epithelium within the human three-way junction is 

depleted for CDK1 transcript and KI67 protein (Fig. 2.6.6B). CS17 embryonic sections 

demonstrate midface prominence fusion at a more advanced stage similar in appearance to 

mouse E11.5 embryos. As in CS16, the λ epithelium is enriched with GADD45G transcript and 

lacks KI67 and CDK1, but notably possesses enrichment of CDKN1A/P21 transcript as well 

(Fig. 2.6.6C, 2.7.5B). The decreased cellular proliferation and increase in expression of cell 

cycle arrest/DNA damage markers, indicates an evolutionarily conserved phenomenon between 

mouse and human midface development through at least the 7th week of human development, 

and suggests our ZL-cluster transcriptomic signature may have an equivalent in human embryos.  

An array of datasets has been generated by collecting genomic information from CL/P 

human patients worldwide. The study of CL/P patient trios, in which whole genome sequencing 

of OFC case patients and their non-affected parents, is suitable for the discovery of de-novo 

mutations. Using a database of 759 orofacial cleft (OFC) trios from a diverse ethnic pool, the top 

150 differentially expressed genes for each main cell cluster, identified by our scRNAseq of 

mouse embryonic midface epithelium, were used to identify OFC risk variations (Fig 2.6.6D). 

Both de novo variants, as well as rare inherited variants, were examined in the patient trio data. 

As an outgroup, patient trio data for autism spectrum disorder (ASD) was included in the 

analysis for reference. De novo variant enrichment of all cluster marker genes from the mouse 
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scRNAseq data sets demonstrated a significant correlation to OFC probands variations, notably 

protein loss of function (pLOF) and protein altering gene variants (Fig. 2.6.6D). In contrast, ASD 

probands and unaffected siblings showed a significant but far lower enrichment score.  

Rare variant analysis of unfiltered top genes from each cluster was performed using OFC 

and ASD outgroup probands. For comparison, additional enrichment testing using genes with 

known OFC association (Gene Panel), was performed (Fig. 2.6.6E). Across all clusters, the 

highest enrichment (p-value) of genes with predicted damaging variants in OFC probands was 

found in the PD and PS clusters. ASD probands, in contrast, largely matched to ON enriched 

genes. After multiple test correction for 6 clusters (p<0.0083), only the PD cluster overlap for 

OFC probands, and ZL cluster overlap for OFC-associated genes were significant. Conducting 

rare variant analysis of the genes enriched in the ZL cluster, we found that the top 10 genes 

bearing variations in OFC probands, ordered by total number of variants, include ZFHX3. 

ZFHX3 encodes a zinc finger homeobox transcription factor containing 4 homeodomains and 

multiple zinc finger motifs known to be involved in both neuronal and myogenic differentiation 

and cell cycle regulation (Fig. 2.6.6G) (C. G. Jung et al., 2005; Z. Zhang et al., 2019; D. Zhao et 

al., 2016). It was previously reported that ZFHX3 is a de novo OFC risk candidate (Bishop et al., 

2020). ZFHX3 accounted for 203 variants in the OFC probands, 127 of which were unique. 

Following filtering steps, 42 total rare variants were identified within ZFHX3. The predicted 

damaging variants for ZFHX3 found in probands are illustrated in Fig. 2.6.6G.  

Notably, Zfhx3 is enriched in the ZL cluster at E10.5 and E11.5 in mouse wild-type 

epithelium (Fig.2.6.6H, 2.7.5E). We validated Zfhx3 high expression in the epithelium near the 

ZL cluster using Zfhx3-targeted FISH in mouse midface sections (Fig. 2.6.6I, 2.7.5D). Likewise, 

both CS16 and CS17 human embryos show high expression at the lambdoidal junction, both in 
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the epithelial layer and in the prominence mesenchyme, although to a lesser extent in the latter 

(Fig.2.6.6J, 2.7.5C). The focused ZL reclustering of both E10.5 and E11.5 scRNASeq data sets 

demonstrates enrichment for Zfhx3 at all predicted RNA velocity endpoints, showing higher 

expression in subclusters 3 for E10.5 and 4 in E11.5 (Fig. 2.7.5F, G). These expression patterns 

overlap strongly with Tgfb2 expression. SMAD-dependent TGFβ signaling is known to 

collaborate with ZFHX3 to regulate transcriptional activity involving cell proliferation, with 

knockdown of ZFHX3 preventing TGFβ-induced inhibition of cell proliferation (M. Li et al., 

2020). Zfhx3/ZFHX3 enrichment in the ZL, association with OFC risk, and previously identified 

role in cell cycle gene transcriptional regulation, suggested that the cell cycle arrest observed 

during midface prominence fusion may be at least in part controlled by this transcription factor.  

2.4 Discussion 

A wealth of data has been generated in the field of orofacial cleft research both historically 

and in recent years. Older observations have been linked to specific genes and cellular behaviors 

through mouse modeling of craniofacial development and observation of genetic defects. With 

regards to OFC occurrence, the field has increasingly begun to differentiate between the etiology 

of cleft palate and cleft lip, as well as the roles of specific tissues in their development.  

The role of the facial prominence epithelium, as in other systems, cannot be overlooked 

despite its small cell numbers. Here we have generated datasets of transcriptomic signatures for 

the epithelium of the lambdoidal junction from the E9.5 through E11.5 timepoints. Our analysis 

and validation of these clusters identifies 14 unique epithelial populations spread throughout the 

midface, with stage specific appearances of cells implicated in development of the eye ectoderm, 

periderm, nasolacrimal ducts, and olfactory tissues. We home in on the appearance of a novel 

population of cells that can be detected only starting at E10.5 and is associated with the facial 
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prominence tips fusing at the lambdoidal junction. We call this population the “zippering lambda 

epithelium” based on its association with the fusion process. Through isolated analysis of the 

transcriptomic signatures, we show a contribution of cells from the midface prominence surfaces, 

olfactory epithelium, and oral cavity in the formation of this cluster. At both E10.5 and E11.5 

timepoints we find heterogeneity within this population and identify cells implicated in 

previously known behaviors of the midface epithelium, such as EMT and apoptosis, as well as 

cell cycle arrest, a new and as yet uncharacterized behavior at the lambdoidal junction. 

We characterize the zippering lambda epithelium and validate the expression of 

differentially expressed genes related to the cell cycle, finding a major association with cell cycle 

inhibitors such as Gadd45g, Cdkn1a, Cdkn2b, Cdkn2a, and Rb1, that is linked to the behavior of 

this epithelial cell population. We describe the cell cluster as non-proliferative through a series of 

BrdU chases and conclude that these cells largely do not re-enter the cell cycle, but instead 

maintain a cell cycle arrested state through midface prominence fusion at least until reformation 

of the epithelium around a completely fused primary palate.  

We employ a combination of bulk and scRNAseq strategies to interrogate differences in 

the lambdoidal junction epithelium of CL/P models and find significant changes to the zippering 

lambda cell cluster formation and transcriptomic state. We uncover that the ZL cluster is most 

affected by the changes brought by the loss of Pbx1 in the surface cephalic ectoderm on a Pbx2 

deficient background and find that transcripts related to proliferation and cell cycle arrest are 

among the most differentially expressed genes. In two models of CL/P involving loss of Pbx1/2 

and loss of Trp63, respectively, we uncover a complete loss or downregulation of cell cycle 

arrest genes within the lambdoidal ZL cluster. This discovery links control of cell cycle arrest to 

existing upstream regulators of midface fusion and their corresponding regulatory networks. 
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Our data sets enabled a targeted investigation into human midface development and OFC 

pathogenesis. We find that cell cycle arrest genes enriched in the ZL of the mouse are similarly 

expressed in lambdoidal junction ZL-epithelium in early human development, and therefore 

implicate cell cycle arrest across evolutionary time as a mechanism in mammalian primary 

palatogenesis. Our data sets also allowed us to cross-reference genes from each population of the 

epithelium identified in our scRNAseq analysis with OFC trio proband genome analysis and 

variant data. Through de novo and rare variant analysis, we implicate epithelial-enriched genes in 

OFC risk. More precisely, we uncover a strong link between genes enriched in the ZL cluster and 

established OFC risk variants by identifying novel OFC-associated variations tied to the ZL 

cluster gene expression signatures. We find that ZFHX3, a previously identified OFC risk 

variant, contains the highest number of OFC-associated variants among the top 10 genes 

enriched in the ZL cell cluster that bear variations in OFC probands. ZFHX3 is implicated in the 

expression of cell cycle and cell cycle arrest genes, including those enriched at the ZL cluster. A 

combination of tissue section analysis and subsequent ongoing methods link Zfhx3 in mouse to 

control of epithelial specific expression of cell cycle arrest genes enriched in the lambdoidal 

junction during prominence fusion. We suggest that Zfhx3, in collaboration with, or upstream of, 

Pbx1/2 is part of a novel genetic pathway that drives a cell cycle arrested state during the 

prominence fusion process, enabling normal midface morphogenesis and the ultimate removal of 

the epithelium from the fusion site.  

Epithelium specific roles are known to guide craniofacial outgrowth but are now shown to 

direct and orchestrate the intricate fusion event at the lambdoidal junction. As the field has turned 

towards identifying novel cleft risk candidates in human patients, likewise, a growing list of 

potential gene pathways and their molecular process outputs have been implicated in OFCs. As 
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the field continues to unravel the relation between these pathways, we uncover novel ways in 

which canonical roles are co-opted to unique events. Through our targeted specific approach to 

scRNAseq of the midface epithelium, we achieve a fine dissection of this embryonic tissue, its 

heterogeneity, and changing transcriptome throughout fusion. We uncover the identity of a 

population of cells at the prominence fusion site we dub the “zippering epithelium” for its 

association with lambdoidal junction fusion and describe a defining characteristic of cell cycle 

arrest. It was previously reported that cell cycle arrest can mediate developmental processes, but 

it was never shown that this cell behavior is critical for primary palate fusion. Through analysis 

of CL/P models we implicate dysregulation of ZL cluster cell cycle arrest in failure of midface 

prominence fusion. We employ a combination of various developmental biology and genomics 

methods to identify cell cycle arrest in human midface morphogenesis and OFC risk. A novel 

risk candidate, ZFHX3, is demonstrated to be associated with the ZL cell cluster and provides 

novel insight into an as yet unknown mechanism of cell cycle arrest during face prominence 

fusion.  

2.5 Materials and Methods: 

Cell Isolation and Fluorescence Activated Cell Sorting 

Swiss Webster mice timed matings were used to determine the gestational day of embryonic 

development where evidence of a copulatory plug was considered day (E) 0.5. Embryonic litters 

were harvested and staged using somite count and limb morphology at the respective days of 

development and dissected into ice-cold PBS. E9.5 embryonic faces were dissected from the 

heads by dissection of the frontonasal prominence and maxillary prominence, taking care to 

avoid forebrain and developing eye placode. E10.5 and E11.5 embryonic faces were dissected 

away from the head as intact midfaces encompassing the MNP, LNP and MxP avoiding the eyes 
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and brain tissues. The lambdoidal junction was isolated using surgical scalpels to dissect away 

the upper halves of the LNP and MNP at the horizontal midline of the nasal pits, and the lower 

half of the MxP at the horizontal midpoint, taking care to keep the lambdoidal junction intact 

without separating the individual prominences. For wild-type scRNAseq individuals were pooled 

together for dissociation to single cell suspensions. A 1X Liberase TL (Roche #05401020001) 

and 1X DNAseI Grade II (Roche #10104159001) cocktail was prepared fresh. Tissue samples 

were incubated in the enzymatic cocktail at 37°C without agitation for 10-13 minutes, with 

gentle pipetting at 5-minute intervals to break apart tissues. Enzymatic dissociation was halted 

using ice cold PBS. Cells were spun at 300 RCF for 10 minutes and resuspended in ice cold cell 

staining buffer (0.5% Bovine Serum Albumin, 2mM EDTA in PBS). 1.25µL of anti-Epcam-APC 

(Invitrogen) antibody was incubated with dissociated cells for 15 minutes at 4°C in darkness, 

before spinning down and resuspending in FACS buffer (5% FBS, 5mM EDTA in PBS). DAPI 

was added to cell suspension at a 1:1000 ratio.  

Cells were kept chilled on ice and sorted using a Sony SH800S sorter. Gating was performed to 

eliminate doublets and dead cells. APC positive cells were collected at over 104 fluorescent units 

into chilled FACS buffer.  

Single cell RNA sequencing 

Tissues were dissociated to single cells using an enzymatic cocktail of Liberase and DNase I for 

10 min at 37 degrees. Cells were passed through a 45 µm strainer to remove aggregates from the 

single-cell suspension. Dead cells (≤20%) were eliminated with a ‘Dead Cell Removal Kit’ with 

magnetic beads (MACS, Milteny Biotech). Live cells from pooled lambdoidal junctions were 

loaded into one well for single-cell capture using the Chromium Single-Cell 3′ Reagent Kit V2 

(10X Genomics). Libraries were prepared using the Chromium Single-Cell 3′ Reagent Kit V2, 



49 
 

and each sample was barcoded with a unique i7 index. Libraries were pooled and sequenced 

using an Illumina NovaSeq sequencer.  

Data Analysis  

The Cell Ranger v2.2.0 pipeline from 10X Genomics was used for initial processing of raw 

sequencing reads. Briefly, raw sequencing reads were demultiplexed, aligned to the mouse 

genome (mm10), filtered for quality using default parameters, and UMI counts were calculated 

for each gene per cell. Reads were filtered for uniquely mapped and saved in BAM file format 

with count matrices produced. Main analysis of the count matrix was mostly performed using the 

pagoda2 R package. PCA was performed on the overdispersed genes, and XX PC were retained 

using elbow curve selection. UMAP visualization was generated in PCA space. Clusters were 

identified on KNN graph using leiden algorithm (pagoda2), and pathway overdispersion analysis 

performed to identify relevant biological aspects. Differential gene expression was performed for 

each detected cluster using Wilcoxon rank testing. RNA velocity analysis used BAM files from 

each dataset and were processed using python command line velocity tool. Loom files for each 

dataset contained spliced and unspliced transcript counts which were combined into a single 

loom dataset and filtered according to cells kept in final dataset. The scvelo python tool was used 

to exclude genes with <20 spliced counts or genes with <10 unspliced counts and the 4000 top 

highly variable genes were kept. PCA was performed on the spliced matrix with the 30 PC kept 

and KNN neighbor graph produced. Moments of spliced/unspliced abundances, velocity vectors 

and velocity graphing were computed using default parameters. Velocity states were projected on 

the UMAP embedding produced during initial analysis step.  
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Bulk RNA sequencing 

Both epithelium and mesenchyme were sorted using FACS (Sony SH800S) as described above. 

Epcam positive and negative cells were collected directly into separate tubes of RLT RNA 

extraction buffer. 6 separate litters of CrectCre/+; Pbx1f/+ to Pbx1f/f; Pbx2-/- crosses were used to 

obtain material from E11.5 midfaces. After genotyping of individual embryos, RNA from 4 

embryos of the respective groups was pooled together: mutant (CrectCre/+; Pbx1f/f; Pbx2+/-), 

heterozygous controls (CrectCre/+; Pbx1f/+; Pbx2+/-, and Cre-negative controls (Crect+/+; Pbx1f/f; 

Pbx2+/- or Crect+/+; Pbx1f/+; Pbx2+/-). RNA was extracted using the RNeasy Plus Micro Kit 

(Qiagen, #74034), and total RNA quantifed using Qubit RNA HD Assay Kit (Invitrogen, 

Q32852). RNA quality was determined with an RNA 6000 Pico kit (Agilent, Cat: 5067-1513) on 

a 2100 Bioanalyzer (Agilent). All RNA samples for library preparation had an RIN>9. PolyA 

RNAs were captured using an NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB, 

#E7490). RNA sequencing libraries were prepared from 100ng of RNA using NEBNext Ultra™ 

II RNA Library Prep Kit for Illumina (NEB, #E7775). Library size and quality was checked 

using an Agilent 2100 Bioanalyzer with the High Sensitivity DNA kit (Agilent, Cat: 5067-4626). 

Library DNA concentrations were determined with the Qubit dsDNA HS Assay Kit (Invitrogen, 

Q32854). Libraries were sequenced with the Illumina HiSeq 4000 to generate 50 base pair (bp) 

single-end reads. Reads for each tissue were mapped against the mouse genome (mm10) using 

the Tophat2 aligner (version 2.0.13) with default parameter settings except for setting the flag –

no-coverage-search. Expression levels for each tissue were initially quantified using htseq-count. 

Differential expression analyses of mutant versus Cre-negative controls was performed using 

Deseq2. Genes with a fold change ≥1.2 or ≤-1.2 and an FDR≤0.05 were defined as differentially 

expressed genes (DEGs).  
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Whole Mount In Situ Hybridization 

Embryos were dissected whole from timed pregnancies and fixed O/N at 4°C in 4% PFA. 

Embryos were dehydrated using a methanol gradient series to 100% pure MeOH. Embryos were 

stored immersed in 100% MeOH -20°C for 6 months to a year before rehydration through a 

reverse methanol series to 100% PBS. Holes were punched through the back of the cranium to 

the hindbrain before in-situ hybridization to prevent trapping of probe in head regions in 

embryos older than E10.5. Whole-mount in situ hybridization was performed as 

described(Capellini et al., 2006, 2008). In brief, embryos were rehydrated and pretreated with 

Proteinase K, and then hybridized O/N at 70 °C with either sense or antisense riboprobes at a 

final concentration of 1 μg/ml in incubation buffer containing 50% formamide, 5× SSC, 50 

μg/ml yeast RNA, 1% SDS, 50 μg/ml heparin, and 0.1% CHAPS detergent (ThermoFisher 

Scientific). In situ hybridization probes were those used by Capellini et al. (Capellini et al., 

2006). Embryos were then washed through a series of SSC solutions (5× SSC and 2× SSC, three 

times each for 30 min, and one time each in 0.2× SSC and 0.1× SSC for 30 min, respectively) at 

70 °C. After a brief rinse in Tris-buffered saline/0.1% Tween (TBST), embryos were incubated in 

10% blocking reagent (ThermoFisher Scientific, # R37620) as described and the positive signals 

were detected by AP-conjugated anti-digoxigenin antibody (Roche Diagnostics GmbH, 

Mannheim, Germany) at 1:5000 dilution. Following washing in TBST, embryos were incubated 

in NBT/BCIP in NTMT buffer (Roche Diagnostics GmbH, Mannheim, Germany) following the 

manufacturer instructions, until color fully developed. Positive hybridization was visualized by 

purple (NBT/BCIP) signal. At least 3 embryos for each genotype and developmental stage were 

analyzed to establish reproducibility. 
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Thymidine Analogue Incorporation and Staining 

BrdU was diluted in saline solution (0.9%). E10.5 pregnant Swiss Webster dams were 

anesthetized using isoflurane gas inhalation. Intraperitoneal injection of BrdU solution was 

administered under anesthesia followed by observation and recovery. Pregnant dams were 

sacrificed at 1, 7, and 24 hours after BrdU injection. Embryos were collected and fixed in whole 

in 4% PFA solution overnight at 4°C with gentle agitation. Fixed embryos were washed with 

PBS and allowed to sink in 30% sucrose solution before embedding in 100% Neg-50 frozen 

cryoblocks and storing at -80°C. Cryosectioning of embryos was performed as with IF and 

RNAscope procedures. Slides were blocked using blocking buffer (10% Normal Donkey Serum, 

0.3% Triton X-100) 1hr room temperature (RT). Non-BrdU antibodies were incubated overnight 

4°C in antibody buffer (2% NDS, 0.1% Triton X-100 in PBS). Secondary antibodies were 

applied at 1:500 the next day following washes in using PBS (0.1% BSA) and incubated 2 hours 

at RT before washing again. 2M HCl solution was applied to slides for 30 min at 37°C. Sides 

were washed and reblocked with blocking buffer for 1 hour at RT. Rat anti-BrdU (abcam 

ab6326) antibody was diluted (1:500) in antibody buffer and incubated overnight. The following 

day, washes and anti-Rat secondary antibodies (1:500) were incubated along with DAPI (1:1000) 

counterstain before final washes and mounting with Prolong Gold antifade.   

Mice 

All animals were maintained according to UCSF IACUC guidelines. Breeding to generate 

mutant mice alleles was done using mating of stud males to female dams. Evidence of a 

copulatory plug was used to determine the staging. Pregnant females were euthanized using 

IACUC approved humane methods, and embryos removed from dissected uteri for further 

sample collection.  
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Pbx1/2 conditional mutant embryos were generated using a cross between males bearing 

Crectcre/+ and Pbx1f/+ alleles in heterozygosity and females homozygous for both conditional 

Pbx1f/f and global null Pbx2-/- alleles. Pbx1/2gKO mutants were generated using crosses between 

males and females that bear Pbx1+/- and Pbx+/- constitutive null deletions in heterozygosity. 

CrectCre/+ mice were maintained in heterozygosity on an FVB background via backcrosses to 

FVB wild-type mice. Trp63tm1Fmc mice are maintained in heterozygosity. Heterozygous 

individuals are mated to produce homozygous “null” mutant embryos (Trp63-/-). 

RNAscope Fluorescent In Situ Hybridization and Immunofluorescence 

Frozen blocks were at 14-μm-thick cryosections that were air dried at −20 °C for 1 h and stored 

at −80 °C. Slides carrying hindlimb bud sections were thawed and washed with 1X PBS to 

remove excess freezing medium before use. Slides were assayed using an RNAscope™ 

Multiplex Fluorescent Reagent Kit V2 following modified manufacturer’s instructions protocols. 

Antigen target retrieval steps were skipped, and protease treatment limited to treating slides with 

Protease Plus for no longer than 10 min to avoid fragile embryonic tissues damage. Probe mixes 

were hybridized for 2 h at 40 °C in a HybEZ™ II Oven (Advanced Cell Diagnostics, Newark, 

CA). The appropriate HRP channels were developed with Opal™ 520, TSA™ Cy3 Plus, and 

Cy5 Plus (PerkinElmer) dyes. Following DAPI staining and mounting with ProLong™ Gold 

(Invitrogen). 

For sections involving immunofluorescence in conjunction with RNAscope, 

immunofluorescence assays were carried out after completion of the last RNAscope step 

involving blocking of the final HRP channel. A blocking solution was applied to slides 

containing 5% Normal Donkey Serum, 0.1% Tween-20 in 1X PBS for 45 minutes. Following 

this, antibodies raised against KI67, EPCAM, and P21 were diluted in an antibody buffer (1:5 
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dilution of blocking solution to PBS-0.1% Tween-20 solution) and applied to the slides O/N at 

4°C. The following day, primary antibodies were washed away and the slides washed 3 times 15 

minutes each using antibody buffer. Secondary antibodies were diluted in antibody buffer (1:500) 

along with DAPI (1:1000) and applied to the slides for 2 hours at room temperature. Following 

washes to remove secondary antibody, slides were flicked dry and mounted using Prolong Gold 

antifade and coverslips.  

Gene Ontology Analysis 

The top 100 differentially expressed genes ordered by absolute Z-score from E10.5 epithelium 

datasets was used as input into the NIH Database for Annotation, Visualization, and Integrated 

Discovery (DAVID) functional annotation tool. 100 gene DAVID ID matches to M. musculus 

were charted using the GOTERM_BP_DIRECT category and ranked by P-value.    

Human Embryo Samples 

Human embryonic tissues were acquired by the Human Developmental Biology Resource 

(HDBR) after voluntary pregnancy terminations with informed donor consent (a written consent 

was obtained for each case). Ethical approval from the Newcastle and North Tyneside 1 National 

Health Service (NHS) Health Authority Joint Ethics Committee (08/H0906/21+5).  

Human embryo samples at CS16 and CS17 were paraffin-embedded sections fixed with 4% 

paraformaldehyde. Antigen retrieval methods were carried out according to manufacturer 

guidelines for RNAscope Multiplex Fluorescent Reagent Kit v2 (Advanced Cell Diagnostics), 

followed by RNAscope probe manufacturer’s manual for incubation and detection. 

Immunofluorescence was performed immediately following RNAscope Multiplex assay utilizing 

ACD biotechne recommended IHC methods.  
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Microscopy 

Whole embryos were imaged using a Leica M20F5A dissecting microscope with a 1x/0.03 lens 

and variable zoom settings. Images were processed and exported using LAS-X software package 

for all Leica microscope images. Sections were imaged using a Zeiss Axio Observer.Z1 or a 

Zeiss Axiovert 200M with a Plan-Apochromat 20x/0.8 objective. Several Z-slices of sections 

were acquired. Sections with visible focused expression of RNAscope and immunofluorescence 

signal, were individually chosen, as the two were often at differing focal ranges. Images were 

processed using ZEN 3.6 or ZEN 2.3 Pro. Adjustments were made to reduce the background 

autofluorescence of the tissues by adjusting the absolute black and absolute white levels using a 

Best Fit adjustment where necessary.  

Table of Primers Used  

Primers to generate WISH riboprobes: 

Cdkn1a/p21 F: CTCTTCCCCATCTTCGGCC 

Cdkn1a/p21 R: GAGACGCTTACAATCTGAGTGG 

Gadd45g F: CCGATGAAGAAGATGAGGGCG 

Gadd45g R: TGAAAGAGCAGTGCAGTCGG  

Bmp4 WISH probe was provided by Ian C. Welsh (see Welsh and O’Brian 2009) 

List of Probes and Antibodies Used 

RNAscope catalog probes (Advanced Cell Diagnostics): Gadd45g (803431-C2), Cdkn2a 

(411011-C3), Cdkn2b (458341-C2), Bambi (523071), Pbx1 (435171), Foxn3 (586011), Bmp4 

(401301-C2), Cdkn1c (458331-C2), Pitx2 (412841-C2), Aurkb (461761), Zfhx3 (803471), Rb1 
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(486191-C3), Bambi (523071-C3), Igfbp5 (425731-C2), Cdk1 (476081-C2), Cdkn1b (499991), 

Itm2b (491791), Tfap2b (536371-C3), Sox2 (401041-C3), Hey1 (319021-C3), Dlk1 (405971-

C2), Fgf9 (499811), Wnt6 (401111).  

TUNEL-TMR Red Kit (Roche #12156792910).  

Antibodies used: Anti Active Caspase3 (Promega G748A), Mki67 (abcam ab15580), Tubb3 

(abcam ab18207), Epcam-APC (Invitrogen 17-5791-82), Anti P21/Waf1/Cip1 HUGO291 

(MABE1816-100UG), Epcam (DSHB G8.8).  

OFC trio samples 

Case-parent trios with whole genome sequencing data originating from three ancestral groups 

were used for this study. The first set consists of 376 trios of European ancestry that were 

recruited from sites in the United States, Argentina, Turkey, Hungary, and Spain; the second is a 

set of 267 trios from Medellin, Colombia; and the third is a set of 116 trios from Taiwan. In 

93.8% of European, 96.5% of Taiwanese, and 100% of the Colombian parents were unaffected. 

Because OFC etiology is likely to be multifactorial, parent phenotype status was not considered 

in this analysis. By proband OFC type, there were 88 cleft lip only (CL; 8 Colombian, 80 

European), 613 cleft lip and palate (CLP; 259 Colombian, 238 European, 116 Taiwanese), and 58 

cleft palate (CP; all European).  

Subject recruitment and phenotypic assessment occurred at regional treatment centers.  Each 

site’s institutional review board (IRB) and the IRBs of the affiliated US coordinating institutions 

(HRPO #03-0871, IRB#HSC-MS-03-090, IRB#970405, IRB#200109094, and IRB#200109094) 

provided ethical approval and oversight.  
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Autism spectrum disorder samples 

De novo variants called from 6,430 probands with autism spectrum disorder (ASD) and 2,179 

unaffected siblings were obtained from a publicly available dataset. (Satterstrom et al., 2020) 

Whole genome sequencing and variant calling 

The case-parent OFC trios used in this study were sequenced as part of the Gabriella Miller Kids 

First (GMKF) Research Consortium. Sequencing was performed on blood samples when 

available (the majority of samples) and saliva when blood was not obtainable. Whole genome 

sequencing for European samples was carried out by the McDonnell Genome Institute (MGI) the 

Washington University School of Medicine (St. Louis, MO) followed by alignment to hg38 and 

variant calling at the GMKF Data Resource Center at the Children’s Hospital of Philadelphia. 

Sequencing for Colombian and Taiwanese samples was carried out by the Broad Institute, with 

alignment to hg38 and variant calling by GATK pipelines. Additional details on alignment and 

workflow used to harmonize these datasets have been published. (Mukhopadhyay et al., 2020) 

Quality control 

The WGS data for all case-parent trios was subjected to several quality metrics. Individual 

samples were evaluated for missingness, Mendelian error rate, and average read depth, and were 

removed if these values were greater than three standard deviations from the mean. Additionally, 

samples with transition/transversion (Ts/Tv), exonic Ts/Tv, silent/replacement, or 

heterozygotes/homozygotes ratios outside of the expected values were removed. Due to trios 

within the Colombian cohort having higher rates of consanguinity than other groups, a lower 

ratio for heterozygotes/homozygotes ratios was allowed. Identity by descent as tested in PLINK 

(version 1.90b53) was used to confirm familial relationships, and sample sex was confirmed by 

X chromosome heterozygosity.  
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Identification of de novo variants 

Mendelian errors were called in trios using PLINK (version 1.90b53) and bcftools (v1.9). These 

mendelian errors were then underwent further filtering to yield high quality de novo mutation 

calls including filtering for passing variants, bi-allelic variants only, a minor allele count (MAC) 

= 1, genotype quality (GQ) ≥ 20, and depth (DP) ≥ 10 using VCFtools (version 0.1.13). 

Furthermore, we filtered variants on the basis of allele balance (AB), with de novo calls requiring 

an AB ratio ≥0.30 and ≤0.70 in the proband and an AB ratio < 0.05 in the parents. Annotation of 

high confidence DNMs was completed with ANNOVAR (version 201707). Following 

annotation, de novo variants in coding regions were selected based on functional classification 

(“exonic” and/or “splicing”) and frequency (MAF < 0.3% across all of gnomAD v3.1.2)  

De novo variant enrichment  

Enrichment of de novo variants (DNs) in 759 OFC trios, 6,430 ASD probands, and 2,179 

unaffected siblings was statistically analyzed using the ‘DenovolyzeR’ package (version 0.2.0) in 

R. Enrichment is tested by determining if the number of observed variants in a dataset is greater 

than what is expected based on mutational models described by Samocha, et al. (6). The 

functions ‘DenovolyzeByClass’ and ‘DenovolyzeByGene’ were used to test for an excess of 

DNMs both globally and per gene, respectively; however, use of the function ‘includeGenes’ was 

implemented to restrict testing to the gene sets derived from single cell RNA sequencing only. 

When testing enrichment per cluster, results were considered significant at p<0.0083 (Bonferroni 

correction 0.05/6 clusters).  

Rare variants in top scRNAseq genes 

The top 150 genes ordered by absolute Z-score of each scRNAseq cluster were converted from 

Mus musculus to Homo sapiens orthologues using g:Profiler, then coding variants in orthologous 
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genes were extracted for 876 families with orofacial clefts (OFCs). First, synonymous variants 

were removed so that only protein-altering variants remained, then variants were filtered for 

minor allele frequency (MAF) of <0.5% in any population in both gnomAD v2.1.1 and v3.1.2. 

We used ASD probands in comparison, for which the obtained DNs underwent the same filtering 

steps. Qualitatively, we evaluated variants based on multiple pathogenicity predictors. We 

excluded variants with CADD scores <20 and SIFT scores >0.05 and compared overlaps of 

variants in OFC cases within both constrained (LOEUF <0.35 and pLI >0.9) and non-constrained 

marker genes. We then tested OFC and ASD gene overlaps with the top marker genes using 

GeneOverlap (version 1.26.0). Given a relatively limited sample size, we also tested overlap of 

marker genes with 150 genes with known associations with OFCs. For ZFHX3, we visualized 

predicted damaging variants in OFC probands with ProteinPaint.  
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2.6 Figures 

Figure 2.6.1: scRNAseq of Midface λ Epithelium Highlights Cells Heterogeneity and Spatial 
Localization of Select Cell Clusters 
A: Experimental design and schematic of epithelial cell isolation from mouse midfacial 
embryonic prominences. A’: Representative (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) microdissection of E10.5 half-midface 
containing medial nasal prominence (MNP), lateral nasal prominence (LNP), and maxillary 
prominence (MxP), with dashed lines indicating further dissection of midface to lambdoidal 
junction-centric region. A’’: Dissected lambdoidal junction used as basis for FACS sorting of 
fusion site epithelium. Green square indicates cross section of lambdoidal junction. A’’’: DAPI 
stained section of midfacial MNP and LNP prominences (14um) with green highlight indicating 
epithelial cell population targeted for isolated by FACS in scRNAseq experiments. B: scRNAseq 
clustering uniform manifold approximation projection (UMAP) of corresponding wild-type 
(SW) epithelium of E9.5, E10.5, and E11.5 lambdoidal junction with captured cell numbers 
indicated. Clusters assigned across timepoints are consistent using Seurat label transfer C: 
Dendrogram and UMAP of all Leiden algorithm defined clusters across three timepoints E9.5-
E11.5. A total of 14 clusters were called across the three stages. Clusters that had Epcam 
positivity were investigated for defining markers and named according to cellular phenotype and 
location. D: Validation of 5 largest clusters across datasets was performed using RNAscope 
fluorescent in-situ hybridization (FISH) and immunofluorescence. These 5 main clusters are 
shown with 3 representative gene markers. Normalized gene expression (NGE) per cell of a 
single cluster defining marker is superimposed on UMAP (left). A representative validation at the 
E11.5 timepoint demonstrates gene expression in-vivo with (center) DAPI stain and with (right) 
RNAscope FISH probes against marker of interest. Dashed lines indicate boundary of epithelium 
and mesenchyme. Arrows indicate areas of interest, (oc) oral cavity. E: Color-coded schemata of 
midfacial prominences in whole and cross section using µCT generated model (Facebase) with 
indicated boundaries of validated epithelium specific clusters at E10.5 (left). Transverse cutaway 
of model to show nasal pit and midface detail (right). Pale blue: prominence surface epithelium 
(PS1 and PS2). Dark blue: olfactory epithelium. Orange: olfactory neurons. Dark green: oral 
cavity epithelium. Light green: zippering lambda epithelium. 
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Figure 2.6.2: Molecular Characterization of the λ Zippering Epithelial Cell Cluster and In-
vivo Cell Fate Mapping 
A: Bmp4 normalized gene expression (NGE) on E9.5 UMAP indicating presence of a localized 
Bmp4 high region without cluster specificity (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) and prior to ZL cluster formation (left). 
Transverse section of E9.5 head with localization of Bmp4 expression shown using RNAscope 
validation of Bmp4 expressing cells under FNP in wild-type e9.5 embryos (center). Magnified 
region of interest (right). Scale bars: 50 μm. A’: traditional chromogenic whole-mount in-situ 
validation of predicted Bmp4 expression at E9.5. Scale bar: 500 μm. B: One day of development 
later, at E10.5, Bmp4 expression acts as marker of midface prominence tips and zippering 
lambda epithelium at the site of fusion. Superimposed NGE of known developmental regulators 
of midfacial growth and morphogenesis on E10.5 UMAP (left). Dashed black border indicates 
zippering epithelial cell cluster boundaries. RNAscope FISH validation of Bmp4 expression in 
transverse sections of lambdoidal junction at E10.5 (center). Inset to show detail of fusion site 
with high Bmp4 expression limited to epithelium (marked by Epcam expression) and fusing 
junction. Scale bars: 50 μm.  B’ Whole mount in-situ hybridization of Bmp4 at E10.5 timepoint 
using chromogenic assay. Scale bar: 500 μm. C: Normalized gene expression heatmaps overlaid 
on UMAP highlight enrichment of genes known to be associated with both midface development 
and CL/P risk in the zippering epithelial cluster. TGFB, FGF, and WNT signaling create a known 
pathway implicated in fusion and apoptosis of midface epithelium along with downstream 
effector Trp63. Dashed black border indicates zippering epithelial cell cluster boundaries. D: 
E10.5 RNA velocity analysis using scvelo of spliced versus unspliced transcripts in E10.5 (left) 
and E11.5 (right) scRNAseq datasets. A distinct pattern of converging vectors from clusters 
neighboring zippering lambda epithelium (light green) suggest a lineage of epithelial cells from 
oral cavity epithelium, prominence surface epithelium, and olfactory epithelium contribute to a 
transcriptomic state localized at the fusion site. A weakened contribution from PS cells to this 
state is predicted by E11.5 while OE and OR retain strong vectors. E10.5 velocity endpoints are 
found to be strongest in three clusters, PS2, ZL and ON. PS2 cells appear to be in a cycling state 
with partner cluster PS1. ON cell endpoints highlight olfactory neurogenesis reaching terminal 
differentiation. ZL endpoint lies in convergence zone of neighboring three population 
trajectories. D’ CytoTRACE (Cellular (Cyto) Trajectory Reconstruction Analysis using gene 
Counts and Expression) computation of E10.5 main clusters labels cells at the end of ON 
neurogenesis tract and ZL cluster (at the lambdoidal fusion site) as most differentiated based on 
predicted order of gene counts per single cell. E: Gene ontology (biological processes) terms of 
differentially expressed gene ZL cluster with false discovery rate correction. Asterisks indicate 
notable terms of interest. F: E10.5 ZL cluster was re-clustered in isolation to reveal 5 subclusters. 
RNA Velocity analysis performed on this isolated cluster highlights transitions from surrounding 
transcripts into terminal states enriched for biological processes known to be involved in midface 
fusion. Green stars indicate two terminal endpoints predicted for isolated ZL RNA velocity 
vectors located in subclusters 1 and 3. G: Normalized gene expression and RNA velocity overlay 
on isolated ZL UMAPs at E10.5. Genes enriched at the terminal endpoints are highlighted 
including Sostdc1, an agonist of Bmp4 signaling, Tgfb and Lef1, previously known to be 
implicated in Pbx-mediated apoptosis signaling pathway in the lambdoidal junction, and 
Cdkn1a/p21 a marker of cell cycle arrest. H: Mean expression of top 5 differentially expressed 
genes in isolated ZL subclusters. Subclusters 1 and 3, which contained RNA velocity predicted 
endpoints, are highlighted. Top 40 DEGs of subclusters 1 and 3 used for GO term analysis (GO 
biological process complete) plotted by adjusted P-value. In both cases, EMT and apoptosis, 
hallmarks of fusing lambdoidal junction epithelium, are top terms. (Figure caption continued on 
the next page.) 
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(Figure caption continued from the previous page.) I: For subcluster of ZL epithelium, changes 
in proportions were assessed between the E10.5 and E11.5 timepoints in which fusion of the 
lambdoidal junction is primarily occurring. Notably reduction in subcluster 1 and increases in 3 
suggests a transition to increased removal of epithelial cells in the ZL via defined mechanisms of 
Tgfβ driven apoptosis and EMT. J: Validation of RNA Velocity predictions through genetic 
lineage tracing experiments using cre recombinase mouse lines corresponding to cluster defining 
markers of predicted prominence surface (Wnt4) and oral cavity (Pitx2) epithelium. (top) NGE 
overlap of Wnt4 and Pitx2 at E10.5 with dashed border indicating ZL cluster boundaries. Both 
Wnt4-cre and Pitx2-cre lineage tracing with an RFP reporter demonstrate considerable overlap of 
ZL cluster markers (Bmp4 or Bambi), indicating contributing lineages at E10.5. 
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Figure 2.6.3: Cells Comprising the λ Epithelium Zippering Cluster Do Not Proliferate and are 
Devoid of Cell Cycle Progression Markers 
A: Scoring and cell cycle phase assignment of e9.5-E11.5 timepoints using the scvelo cell cycle 
scoring function demonstrates mixed scores for S and G2M in all clusters at E9.5, and the 
appearance of a persistently cell cycle low score in the ZL and ON clusters beginning at E10.5 
through E11.5. Violin plot of scvelo S-phase scoring at E10.5 for ZL and neighboring clusters. 
ZL epithelium ranks last in S-score among main clusters suggesting a low rate of proliferation 
and cell cycle progression. B-B’: phosphorylated histone H3 (pHH3) immunofluorescence assay 
indicates a reduction of mitotic cells at (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) the fusion site in contrast to nearby nasal pit 
epithelium and underlying mesenchyme. C-C’: Following intraperitoneal injection of BrdU 
thymidine analogue, embryos at E10.5 were collected and anti-BrdU immunofluorescence 
performed in transverse sections. Minimal integration of BrdU at the ZL epithelium was found 
compared to surrounding cells. D-F: Other markers of proliferation corresponding to different 
stages of the cell cycle are shown to be absent from ZL epithelium and reduced in E10.5 
scRNAseq datasets in the ZL cluster (left). Black dashed line defines ZL cluster boundary. D: 
RNAscope FISH in transverse section against Cdk1 and Aurkb overlap region enriched in region 
of ZL DEG Bambi. Red box inset to show detail; scale bars 20µm.  E: Cdk1 RNAscope in 
coronal section demonstrates absence of gene involved in cell cycle progression from fusing 
lambdoidal seam. F: Immunofluorescence targeting Mki67 reveals lowered expression at the 
fusion site between LNP and MNP. Red box inset to show detail. Scale bars set to 50µm. White 
dashed lines denote edges and border of epithelium. 
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Figure 2.6.4: The λ Epithelium Zippering Cluster is Enriched for Markers of Cell Cycle Arrest 
A: Stage course of chromogenic whole mount in situ hybridization against cell cycle arrest 
marker Cdkn1a/p21 in wild-type mouse embryos stages E9.5-E11.25 as determined by somite 
count. Arrowheads highlight region of high expression within λ. Expression of Cdkn1a/p21 fades 
as λ fusion progresses. Scale bars set to 200µm. A’: 40µm section through λ of e10.25 WISH 
embryo demonstrates specificity to epithelium at fusion site. Scale bar: 50µm. B: Heatmap 
overlays of Cdkn1a, Gadd45g, and Rb1 gene expression on corresponding E10.5 scRNAseq 
UMAP (left). RNAscope FISH against Cdkn1a, Gadd45g, and Rb1 highlight strong differential 
expression of cell-cycle arrest markers (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) at the tips of the fusing prominence 
epithelium at E10.5 (center and right). C: Heatmap of Cdkn1a, Gadd45g, and Rb1 gene 
expression on corresponding E11.5 scRNAseq UMAP (left). RNAscope FISH against Cdkn1a, 
Gadd45g, and Rb1 in sections of E11.5 wild-type midfaces (center and right). D: cCASP3 
immunofluorescence, TUNEL staining, and Cdkn1a RNAscope probes in E10.5 transverse 
midface sections demonstrate partial overlap of apoptosis markers with cell cycle arrest marker. 
D’: Inset for detail of D red dashed box. Scale bars: 50µm. E: Both protein and transcript are 
expressed for P21 IF with Cdkn1a/p21 RNAscope FISH highlights protein expression correlation 
with transcript. Scale bars: 50µm. F: Stage course of chromogenic whole mount in situ 
hybridization against Gadd45g in wild-type mouse embryos stages e9.5-E11.5. Arrows indicate λ 
expression of Gadd45g which fades as fusion of the prominences progresses. Scale bars: 200µm.  
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Figure 2.6.5: Pbx1/2 Mutant Embryos Display Perturbed Velocity Trajectories into the λ 
Zippering Epithelial cluster. Both Pbx1/2 and p63 Mutants Exhibit Dysregulation of Cell 
Cycle Genes in λ Epithelium 
A: RNA velocity of E10.5 control (Pbx1f/f; Pbx2+/-; Crect+/+ and Pbx1f/+; Pbx2+/-; Crect+/+) 
scRNAseq (left) versus mutants (Pbx1f/fPbx2+/-CrectCre/+). Insets to show detail of boundary 
between ZL and PS cluster transitions. B: Cross boundary direction correctness measured 
between the ZL cluster and three neighboring clusters that have predicted contributions to ZL 
formation in control RNAvelocity versus mutants. Only cluster PS1 shows a significant change 
in correctness with the ZL cluster in Pbx1f/fPbx2+/-CrectCre/+ mutants. C. UMAP diagram of 
E11.5 scRNAseq of both labeled clusters of control (Pbx1f/f; Pbx2+/-; Crect+/+ and Pbx1f/+; 
Pbx2+/-; Crect+/+) scRNAseq and mutants (Pbx1f/fPbx2+/-CrectCre/+) midface epithelium with 
cluster abbreviations. D. Heatmap overlay on E11.5 Pbx1/2 mutant and control midface 
epithelium scRNAseq UMAP showing normalized proportion of cells per cluster found in 
mutants versus controls (left). Plot of normalized proportions of cells by cluster in mutants 
versus controls showing statistically significant increases in PS1/2, ZL, PD populations in 
controls and a decrease in ON cells in Pbx1/2 mutants (right). E: Four individual replicates of 
E11.5 control λ epithelium versus 4 Pbx1f/fPbx2+/-CrectCre/+ mutant λ epithelium RNAseq group 
separately using principal components 1 and 2 (47% and 21% of variance, respectively) (left). 
Deseq2 volcano plot of differential gene expression analysis between control epithelium versus 
mutants (top right). Pbx1f/fPbx2+/-CrectCre/+ mutant λ epithelium shows significantly 
downregulated transcripts of cell-cycle arrest related genes found to be enriched in the ZL region 
including cyclin dependent kinase inhibitors 2a, 2b, 1b, and 1c as well as Gadd45g (bottom 
right). F: Using RNAsieve to compare the enrichment of top differentially expressed genes in 
RNAseq of Pbx1f/fPbx2+/-CrectCre/+ mutant λ epithelium versus controls, the top upregulated 
(left) and downregulated (right) genes are found to be enriched in the ZL cluster at E10.5. 
Heatmap of enrichment score is overlaid on wild-type scRNAseq of E10.5 epithelium. G: 
Transverse sections of λ-junction in both wild-type and mutant embryos with cleft lip validates 
downregulation of cell-cycle arrest transcripts at the fusion site and prominence tips. In 
Pbx1f/fPbx2+/-CrectCre/+ conditional, Pbx1-/-Pbx2+/- global knockout, and Trp63-/- global knockout 
mouse mutant models of cleft lip, the gene expression of Cdkn2b, 2a, 1c, Rb1, and Gadd45g 
which normally localizes at the site of fusion (corresponding to the ZL cluster), is reduced or 
absent. All scale bars: 50µm.  
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Figure 2.6.6: Human Embryonic Midface Fusion is Associated with Cell Cycle Arrest in the 
Epithelium 
A: Left: High resolution episcopic microscopy image of CS16 human embryo lateral and frontal 
view. Magenta dashed line represents plane of sectioning for CS16 midface RNAscope and 
immunofluorescence. Blue dashed box: inset on right of single region of fusing lateral and 
medial nasal processes. Red dashed box: inset of epithelial bridge and region of λ fusion. CS16 
sections with RNAscope against GADD45G and immunofluorescence against KI67. Empty 
arrowhead indicates region of λ fusion lacking KI67 expression indicating lowered proliferation. 
B: CS16 embryonic sections demonstrate through IF and RNAscope reduced KI67 at fusion site 
is accompanied by lack of CDK1 expression. C: Optical projection tomography image of CS17 
human embryo lateral and frontal view. Magenta dashed line represents plane of sections. Blue 
dashed box: inset on right of single region of fusing lateral and medial nasal processes. 
RNAscope probes against GADD45G and CDKN1A/P21 and IF against KI67. Empty arrowhead 
indicates the area absent in positive signal for KI67. All scale bars are set to 50µm. Whole 
embryo images provided by HDBR Atlas. D: Visualization of workflow for data analysis using 
human patient trio data. E: De novo variant enrichment in all top scRNAseq DE genes for all 
clusters and all OFC cases, ASD probands, and unaffected siblings of ASD probands. F: 
GeneOverlap results for comparison of genes with rare, predicted damaging variants in 
constrained genes in OFC probands and all constrained genes in the top marker genes. The color 
represents odds ratios (blue = reduced OR, red = increased OR) with p-values as the overlay. G: 
ProteinPaint table showing the top 10 genes with the most predicted damaging variants in OFC 
probands for the ZL population. H: Lollipop plot illustrating all rare, predicted damaging ZFHX3 
variants in any OFC proband. I: Heatmap overlay of Zfhx3 expression at E10.5 on wildtype 
epithelium UMAP demonstrating enrichment in ZL cluster (dashed border). J: RNAscope FISH 
showing expression of Zfhx3/ZFHX3 in E10.5 mouse and equivalent CS16 midface sections with 
strong expression in the λ region of fusing epithelial cells between MNP and LNP. 
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2.7 Supplemental Figures 
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Figure 2.7.1: (Supplementary Figure 1) 
A: Fluorescence activated cell sorting of midface epithelium utilized Epcam positivity as basis of 
isolation. Cells in the underlying mesenchyme are considered mainly negative for Epcam. We 
recovered cells following a DAPI viability gate followed by Epcam-APC. Cells were defined as 
Epcam positive if fluorescence was greater than 104 units. Depending on the gestational day, the 
range of Epcam positive cells averaged 6%-10% of sorted midface tissue. B: Epcam gene 
expression in combined dataset UMAP E9.5-E11.5 shows that post-FACS there is heterogeneity 
in the levels of Epcam in recovered cells. Dashed border indicates main clusters for study. 
Clusters outside dashed line were excluded from validation and, based on low Epcam and DEGs, 
were mainly considered mesenchymal or mesenchyme-like. C: Proportional representation of 
Leiden clusters at each of the three gestational day datasets (E11.5 batches are considered 
together). The cells that are considered Epcam high comprise the boxed red region, apart from 
NSC, which are believed to give rise to the Epcam high ON population. Combined, the NSC, 
ON, and FB clusters comprise a region of neuronal transcriptomes that separates away from 
others in UMAP. D: The individual clusters of E9.5-E11.5 are separated from the UMAP overlay 
into their individual timepoints. The E11.5 datasets are further divided between two separate 
batches. E: Mean expression of top differentially expressed genes in the individual clusters of 
scRNAseq. The top four genes are displayed for each cluster. The PS1 and PS2 cluster are 
grouped based on a shared identity, separated by cell cycle phases. Five broad categories of 
clusters are defined based on the validated localization or known identities based on gene 
expression. F: The nasolacrimal duct (PD), early eye (EE), and periderm (PD), clusters were 
validated using RNAscope FISH. Heatmap overlays of marker gene expression (left) are overlaid 
on combined E9.5-E11.5 UMAPs. The EE cluster is primarily found at E9.5 and is best 
represented by accompanying E9.5 UMAP with heatmap overlay. (right) PO validation targeting 
Aldh1a3 near the junction of the maxillary prominence (mxp) and the eye (e), with inset to show 
detail (red dashed box). Scale bar 100µm. EE cluster validation with Hmx1 RNAscope probe 
using transverse section of E9.5 embryo. Hmx1 expression lies superficial to developing optical 
vesicle (ov) of forebrain and dorsal to the forming branchial arch 1 (ba1). Scale bar 50µm. 
Validation of PD cluster using Grhl3 probes. Grhl3 positive periderm cells are seen to develop 
on the prominence surfaces as well as inside the nasal pit, superficial to the monolayer of 
epithelium above the basal membrane (dashed white line). Scale bar 100µm.  
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Figure 2.7.2: (Supplementary Figure 2) 
A: UMAP of E11.5 of wild-type epithelium of the midface (left) and heatmap overlay of Bmp4 
expression at E11.5. Bmp4 expression is (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) expanded into ZL, PS1, PS2, and OR 
clusters. B: Transverse section of E11.5 midface. RNAscope probe Bmp4 confirms expression in 
both prominence surface epithelium and at the fusion site ZL region (left). Scale bar 50µm. 
Wholemount in-situ hybridization chromogenic assay against Bmp4 E11.75-E12.0. Expression of 
Bmp4 beyond E11.5 is widespread throughout the midface, notably the medial and lateral nasal 
prominences, oral cavity, and developing vibrissae placodes (right). C: Together, other top DEGs 
for the ZL cluster are shown to localize at the λ fusion site in both coronal and transverse 
sections of the midface. RNAscope FISH against BMP antagonist Bambi, and IGF inhibitor 
Igfbp5 confirm high levels of gene expression at the fusion site. Epithelium high in Bambi and 
Igfbp5 transcript is largely depleted of Top2a gene expression, a marker of G2-M and mitotic 
division. Scale bars 50µm. C: Bmp4 expression at E9.5 and E10.5 in transverse sections shows 
overlap with cell-cycle arrest gene Cdkn1a expression at the prior to and during ZL formation. 
Scale bars 50µm. D: RNA Velocity of E9.5 wild-type epithelium overlay E9.5 cluster UMAP. 
Endpoints of vectors are found primarily in neuroepithelial related ON and NSC clusters. E: 
CytoTRACE heatmap overlay of differentiated versus non-differentiated transcriptomes E9.5-
E11.5. At E9.5 the most differentiated clusters, in line with RNA Velocity endpoints, are NSC 
and ON. By E10.5 the appearance of ZL cluster also coincides with a differentiated state in a 
non-neuronal cluster. At E11.5 CytoTRACE differentiated endpoints persist in ON, ZL, and 
portions of PS1 cluster. F: E11.5 ZL cluster selected for isolation (black), (left). Co-clustering 
and RNAvelocity on UMAP of ZL at E11.5 produces 5 subclusters with endpoints (green stars) 
found in subclusters 3 and 4 (center). Terminal states are mapped on UMAP in heatmap overlay 
(right). G: Heatmap overlay on UMAP of isolated ZL at E11.5 for select DEGs. Among the top 
genes found to be highly expressed at the predicted terminal states at E11.5 are Tgfb2, Cdkn1a, 
and Isl1. The same endpoints are largely devoid of Lef1, Sostdc1, and Pax3 expression.   
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Figure 2.7.3: (Supplementary Figure 3) 
A: Heatmap showing differential gene expression of additional cell cycle genes tied to specific 
phases of the cell cycle. All are shown to have expression in parts of clusters except for the ZL 
cluster (dashed line) where expression is absent. (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) Anln- end of M phase, Pcna- S phase, Cdc6-
S phase, Cdca8-G2 to M phase, Mcm7- G1 to S phase, Gins2-S phase, Ccne2-G1 to S phase, 
Ccnd1-G1 to S phase, Ccna2-S to G2 phase, Ccnb1-G2 to M phase, E2f1-G1-S transition, 
Cdc20-M phase. B: RNAscope FISH against Top2a in E10.5 transverse sections of MNP and 
LNP. C: 7-hour BrdU chase from E10.5 showing lack of BrdU integration at fusion site. D: 
RNAscope FISH against Aurkb, Cdk1, and Bambi. Cdk1 and Aurkb are absent from region of 
high Bambi expression. Scale bars 50µm. Inset scale bars 5µm.  
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Figure 2.7.4: (Supplementary Figure 5) 
A: RNAscope FISH against Cdkn1a/p21 and Zfhx3 in control (1st row), Pbx1/2 global knockout 
(2nd row), Pbx1 conditional knockout on Pbx2 (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) global deficient knockout (3rd row), and p63 
null (4th row) sections of LNP and MNP at lambdoidal junctions, showing high differential 
expression in all cases at the prominence tips or fusion site. Zfhx3 expression (2nd column) is 
shown to be decreased in the global knockout Pbx1/2 compared to controls. This expression is 
widespread but upregulated at the fusion site in controls (1st row). B: Validation of Pbx1 
conditional knockdown with Crect-Cre. Pbx1 immunofluorescence with Cdkn1a and Bmp4 
RNAscope FISH for identification of ZL cluster. (Top) Crect-cre negative control embryo 
section of LNP and MNP shows enrichment of Pbx1 in epithelium (dashed white border) 
compared to (Bottom) Crect-Cre positive Pbx1/2 conditional mutant showing absent Pbx1 
protein in epithelium. Note: Pbx1 is seen still expressed in olfactory neurons embedded in 
epithelium. C: Leiden clusters for E10.5 Pbx1/2 conditional mutant versus control scRNAseq 
displayed in UMAP with cluster abbreviation labels. All scale bars = 50µm.      
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Figure 2.7.5: (Supplementary Figure 6) 
A: High resolution episcopic microscopy image of CS17 human embryo lateral and frontal view. 
B: CS17 RNAscope FISH of CDK1 and CDKN1A/P21. CDK1 expression is absent from the 
fusing epithelium between LNP and MNP where CDKN1A/P21 expression is enriched. C: CS17 
RNAscope FISH against ZFHX3 and GADD45G shows high expression in the epithelium near 
the fusion site of LNP and MNP at CS17. D: RNAScope FISH against Zfhx3 in E11.5 mouse 
transverse section of MNP and LNP showing high expression in epithelium. E: E9.5 Heatmap of 
differential expression for Zfhx3 overlaid on E9.5 wild-type UMAP. D: E11.5 Heatmap of 
differential expression for Zfhx3 overlaid on E11.5 wild-type UMAP. F: Zfhx3 expression 
heatmap overlay on isolated and reclustered E10.5 UMAP wildtype epithelium with RNA 
velocity vectors and endpoints of RNA velocity marked (yellow stars) (left). Zfhx3 expression 
violin plot by individual subclusters for isolated E10.5 ZL cluster (right). G: Zfhx3 expression 
heatmap overlay on isolated and reclustered E11.5 UMAP wildtype epithelium with RNA 
velocity vectors and endpoints of RNA velocity marked (yellow stars) (left). Zfhx3 expression 
violin plot by subcluster for isolated E11.5 ZL cluster (right). H: ProteinPaint visualization of top 
24 genes from intersection of scRNAseq of ZL cluster with rare variant analysis of human OFC 
cleft trios. Counts of all rare variant mutations per gene are shown with breakdown by class of 
variant. I: Radar plot of -log10 (p-values) for specific cluster enrichment of only de novo 
variations. The dotted line represents multiple test correction for 6 clusters (0.05/6, p=0.0083). J: 
Distribution of overlap in genes with rare variants in OFC probands and the top genes expressed 
in each scRNAseq cluster broken down by constrained, non-constrained, and non-overlapping 
categories. K. Lollipop plot illustrating all rare predicted damaging ZFHX3 variants in any OFC 
probands. Full features for the ZFHX3 locus are displayed. 
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CHAPTER 3: SUMMARY ON ANALYSIS OF MOUSE MUTANT 

EMBRYOS WITH BMPR1A ECTODERMAL DELETION 

3.1 Introduction 

Bmpr1a/Alk3 codes for a receptor in the TGFβ/BMP superfamily of ligands and receptors. It is a 

Ser/Thr kinase receptor in the type I category, along with related BMPR1B/ALK6. Once bound 

by a BMP protein, type II category BMPR2 recruits a type I receptor such as BMPR1A, 

phosphorylating the latter, and initiating a signal cascade through SMAD phosphorylation. 

BMPR1A has high affinity for BMP2, BMP4, but has interactions with the diverse array of BMP 

and GDF ligands as well in a complex combinatorial logic system involving receptor/ligand 

combinations and competitive ligand binding (Klumpe et al., 2022). Constitutive loss of Bmpr1a 

causes early embryonic lethality in the mouse, disrupting gastrulation and preventing formation 

of the mesoderm (Mishina et al., 1995). For this reason, conditional loss of Bmpr1a has been 

used to study context-specific genetic interactions and effects in mouse development.  

Loss of Bmpr1a in the embryonic facial prominences was previously demonstrated to create a 

fully penetrant bilateral CL/P (Liu et al., 2005). Additionally, these mice had defects in tooth 

development as well as decreases in cell proliferation and increased apoptosis in the midfacial 

prominences. Experiments involving increased and decreased BMP signaling in chick facial 

primordia similarly caused changes to tissue proliferation (Ashique et al., 2002). Increases in 

BMP signaling favored cell death in the prominences, whereas exogenous Noggin, an inhibitor 

of BMP signaling, had a protective role. BMP4 is widely expressed in the midface and has strong 

expression at the lambdoidal junction as shown previously (see previous sections). 
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Conditional loss of Bmpr1a has been performed using Nestin-Cre recombination of the floxed 

allele (Liu et al., 2005). The Nestin-Cre expression is very broad in the midface, and not 

localized solely to the epithelium, except in some portions of the LNP and MNP. There are large 

areas of Nestin-Cre activity in the mesenchyme, especially of the MxP at E10.5, and strong 

activity in the forebrain. The Nestin-Cre line has been largely abandoned in the craniofacial 

biology field in favor of more specific mouse Cre lines. The findings of Liu et al 2005 cannot 

precisely untangle the mesenchymal versus epithelial roles of BMP signaling, despite showing 

that this signaling is critical for fusion of the face prominences. In contrast to Nestin-Cre, Cre-

ectoderm (Crect) uses an ectoderm-specific enhancer of Tfap2a to drive expression in surface 

cephalic ectoderm as early as E8.25 (Reid et al., 2011). The expression at E10.5, during fusion of 

the midface prominences, is restricted to the epithelium only (Losa et al., 2018).  

To decipher the role of BMPR1A signaling in the epithelium, I employed a novel cross between 

the conditional Bmpr1a/Alk3 allele as described in Mishina et al 1995, and the Crect 

recombinase mouse line to conditionally remove Bmpr1a from the ectoderm of the developing 

embryo. Here I illustrate the results of this cross through gross anatomical dissection and 

observation of phenotypes at several stages of development. I find drastic structural defects in 

the face, limbs, gut, and eye resulting from conditional loss of Bmpr1a in the ectoderm. I also 

investigate gene expression and protein levels of cell cycle markers in the zippering lambda 

epithelial cluster at the face prominence tips during fusion.  

3.2 Results:  

Gross anatomical descriptions of Bmpr1a mutants  

I collected several litters of embryos at E15.5 and P0 stages to further characterize the phenotype 

of Bmpr1a loss in the ectodermal tissues. At E15.5, craniofacial development should have 
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progressed past both primary and secondary palatogenesis, allowing for assessment of cleft lip 

and palate phenotypes.  

E15.5 litters were dissected, and mutants compared to littermate controls. The precise genotype 

of individuals was revealed following the gross anatomical observations. In all cases of 

ectoderm-specific homozygous loss of Bmpr1a (Bmpr1af/f; CrectCre/+), there was the appearance 

of a bilateral cleft lip with cleft palate phenotype, also known as fully penetrant CL/P (Fig. 

3.5.1B). In instances of heterozygous loss, the phenotype was not fully penetrant with both 

phenotypically normal, CL only, and CL/P phenotypes observed. In all instances of CL 

phenotype, there was accompanying melanocyte pigmentation concentrated above each nostril 

(Fig3.5.1C). The pupils of mutant eyes were dysmorphic and accompanied by what appeared to 

be misshapen irises in all affected homozygous and heterozygous individuals. 

The homozygous loss of Bmpr1a was also characterized by complete agenesis of both forelimb 

and hindlimbs at E15.5 (Fig.3.5.2B). Heterozygous mutants possessed near complete agenesis of 

the forelimbs, exhibiting severely hypoplastic distal and proximal components. A stylopod, 

elbow joint, and zeugopod component was seen in these hypoplastic forelimbs (Fig.3.5.2A). In 

the autopod there was severe oligodactyly, with up to two individual digits seen at most. 

Agenesis of the hindlimb was fully penetrant, with no components of the hindlimb detected at 

E15.5 in any homozygous and affected heterozygous mutant embryos. Homozygous mutants 

displayed edema of the outer ectodermal layers around the cranium which was not seen in 

heterozygous mutants with or without other defects (Fig.3.5.2B).  

At E15.5 the embryos exhibited ventral body wall closure defects indicated by the presence of 

omphaloceles (Fig.3.5.2B). The intestines could be seen outside of the body cavity in all 

homozygous and affected heterozygous embryos. Extreme examples of omphaloceles were seen 
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in homozygous mutants, where the ventral body wall had minimal closure, thus permitting the 

intestines and liver to grow outside of the body cavity (Fig.3.5.2B).  

Calcified remnants of embryos were found sporadically (Fig.3.5.2C). The necrotic tissues were 

not easily phenotyped or genotyped. While I cannot account for early-stage reabsorptions, I find 

evidence that a homozygous calcified mutant remains possesses a bilateral cleft lip, limb 

agenesis, and eye dysplasia. Based on the maturity of the eye and face, it suggests that 

embryonic lethality occurred around E11.5-E12.5.  

Bmpr1a ectoderm deletion mutants are born alive and possessing major defects. 

Litters resulting from the cross of Bmpr1af/f female mice to male Bmpr1af/+; CrectCre   mice 

come to term and are delivered normally. At P0, pups with both mutant and wild-type 

phenotypes were found (Fig. 3.5.3A, B). The observations largely mimicked those reported at 

E15.5, including a bilateral cleft lip and limb defects. One slight difference observed was the rare 

occurrence of rudimentary and hypoplastic hindlimbs in heterozygotes at P0, though these were 

even less developed than their forelimb counterparts (Fig. 3.5.3A). In contrast to embryonic 

stage E15.5, P0 pups did not possess omphaloceles, and the ventral body wall closed even in 

homozygous mutants, suggesting a potential resolution of this defect embryonically post-E15.5. 

However, the bodies of mutant individuals were distended and bloated (Fig. 3.5.3A). This was 

most noticeable in homozygous pups.  

Behaviorally, mutant P0 pups appeared in distress compared to phenotypically normal 

littermates. While mutants were motile and alive, they were unable to perform any locomotion as 

a result of the severe limb defects. As a possible consequence of the distended and bloated body 

cavity, mutants had a noticeable gasping-like breathing pattern. For this reason, immediate 

euthanasia was performed on these pups in accordance with humane euthanasia guidelines. Milk 
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spots were not seen in mutants, while seen in all healthy littermates (Fig. 3.5.3A, B). The ability 

to suckle could have been compromised by CL/P, motility issues, or distress brought on by the 

bloating phenotype.  

While an omphalocele was not present, the ventral body wall was thin, and intestines could be 

seen clearly through the skin in homozygous mutants (Fig. 3.5.3A). Following euthanasia, the 

body cavities of the bloated individuals were investigated further. Upon removal of the ventral 

body skin, a cause of the distended and bloated appearance became apparent. Mutant intestines 

appeared to be filled with gas and were inflated in contrast to littermate controls (Fig. 3.5.3C). 

Gas was released upon dissection but could be observed largely in the upper digestive tract 

including the small intestines and cecum (Fig. 3.5.3C). A mechanistic reason for this gas 

accumulation was not readily apparent. An anus was present in these individuals, no visible 

blockages were found, and gas was primarily localized to the proximal small intestines. 

Deterioration of the intestines may have been occurring at the time; however, no cell and tissue 

necrosis was discovered. Together, these findings suggested that swallowed air may be 

accumulating in the upper tracts, however the stomach did not appear to be inflated. Similar 

findings were present in Dlx1/2-/- and Dlx2-/- mutant mice which had small intestine bowel air 

accumulation, as well as cleft palate (Wright et al., 2020). Heterozygous mutants without CP 

were also found to have gas accumulation, ruling out cleft palate as a possible source of air 

swallowing. Instead, it was described that Dlx mutants possess poor gut motility owing to enteric 

nervous system loss of downstream vasoactive intestinal peptide (Vip). It should be noted that 

DLX1/2 transcription factors have been reported as under the control of BMP signaling in 

postnatal neural progenitors via Olig1 (Sabo et al., 2017). Loss of Bmpr1a in this context could 

increase Olig1 and its repression of Dlx1/2 leading to a lack of DLX1/2, giving rise to the 
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observed phenotype. Lastly, it should be noted that Cdkn1c/p57 null mutant mice die an early 

postnatal death, with shortened limbs, cleft palate, as well as an inflated gastrointestinal tract 

(Yan et al., 1997). This connection may implicate BMPR1A in expression of Cdkn1c, a cell cycle 

arrest gene, and thus also be linked to Cdkn1c expression in the epithelium of the midfacial 

prominences. 

Gene expression of zippering lambda epithelium markers is mostly unchanged in Bmpr1a 

mutants.  

I employ RNAscope fluorescent in-situ hybridization (FISH) probes against targets in midface 

sections of both Bmpr1a mutants and controls, in conjunction with immunofluorescence at E10.5 

(Fig. 3.5.4A). At this timepoint, a visible bilateral cleft lip is already present. A large gap 

between the MNP and LNP is seen. Notably, and in line with previous reports of proliferation 

differences when altering BMP signaling in the face, the prominences appear shorter in mutants 

versus controls.  

 The gene expression that characterizes the zippering lambda epithelium (ZL) is defined by cell 

cycle gene differential expression. In wild-type sections Cdkn1a/p21 is highly expressed in this 

cell population, alongside lowered proliferation. In Pbx1/2 and p63 mutants with CL/P we did 

not find changes in Cdkn1a/p21 expression in the developing midface epithelium and ZL. 

Likewise, here I demonstrate that Cdkn1a/p21 expression is not abolished by the loss of Bmpr1a 

in the epithelium. Both transcript and protein are intact in Bmpr1a mutants without noticeable 

changes in expression versus controls (Fig.3.5.4A). Lowered KI67 expression is a trait we 

uncovered in the murine ZL cluster, indicating lowered proliferation, which largely overlaps with 

areas characterized by Cdkn1a/p21 high expression. In Bmpr1a mutants, the Cdkn1a/p21 high 

area appears to be no different in KI67 expression than the surrounding epithelium, suggesting 



89 
 

increased proliferation and that the previously described cell cycle arrest may be disrupted, 

although independently of Cdkn1a/p21 expression.   

Bambi, another marker of the ZL, is a gene encoding a pseudoreceptor for BMP signaling that is 

believed to inhibit BMP signaling. This inhibition of BMP signaling may play an important role 

in the midface prominence fusion event, preventing premature apoptosis of the epithelium 

caused by high BMP signaling at the prominence tips as shown in chick embryos (Ashique et al., 

2002). Bambi loss does not cause an abnormal phenotype in mouse, including in the face (Chen 

et al., 2007). Here I examine Bambi expression in mutants with loss of Bmpr1a in the midface 

epithelium that exhibit CL/P. In control embryos, Bambi expression is higher in the epithelium, 

but can be detected also in the mesenchyme. Overall, using RNAscope, I find decreases in 

expression of Bambi in the midface epithelium and mesenchyme of embryos with loss of 

Bmpr1a in the midface epithelium (Fig.3.5.4A, B).  

3.3 Discussion 

Bmpr1a/Alk3 loss has major effect on the development of the mouse embryo. This receptor is 

present throughout the body but has a major role in the ectodermal lineages. I generated a mouse 

line with conditional loss of Bmpr1a in the ectoderm alone. While the homozygous mutation 

does not cause embryonic lethality, it produces severe phenotypes resulting in gross anatomical 

defects and perinatal morbidity. Bmpr1a genetic ablation leads to fully penetrant agenesis of the 

forelimb and hindlimbs, fully penetrant bilateral CL/P, gastrointestinal motility loss, and eye 

defects. This is accompanied by other notable features including embryonic edema, embryonic 

ventral body cavity closure disruption, accumulation of melanocytes at the nostrils, and 

spontaneous embryonic lethality of some homozygous mutant embryos at the E11.5-E12.5 stage. 

The same abnormalities are present in most embryos with heterozygous ectodermal specific loss 
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as well, with only the occasional phenotypically normal individual. In heterozygotes, notable 

differences include decreased gas/bloating accumulation, and severe hypoplasia, rather than 

agenesis, of the forelimbs only.  

By studying the loss of Bmpr1a from the ectoderm alone I aimed to remedy the difficulties in 

interpreting previous studies that employed genetic deletion non-specifically in the epithelium, 

mesenchyme, and brain tissue. This is especially pertinent to BMP signaling, which is believed 

to utilize crosstalk between the mesenchyme and epithelium in normal development.  

The findings of this analysis are not entirely surprising given the established roles of BMP and 

specifically BMP2/4 signaling in the development of the eye lens (Shu et al., 2021), enteric gut 

(Chalazonitis et al., 2008), limb (Bandyopadhyay et al 2006), and the face (Graf et al., 2016; Liu 

et al., 2005). The lack of a BA1 mandibular phenotype in embryos with ectodermal Bmpr1a 

deletion was striking, as Bmp4 and Bmpr1a are both highly expressed in the mandible, and 

mandibular patterning and fusion is believed to involve BMP4 signaling in the epithelium 

(MacKenzie et al., 2009; Xu et al., 2019). Yet, no discernable phenotype involving the mandible 

was seen in this ectodermal Bmpr1a deletion.  

I investigated the expression of genes enriched in the ZL cluster in E10.5 sections of the midface 

and found that in Bmpr1a ectodermal loss the marker genes I analyzed are largely intact. In 

addition, the decreased proliferation that characterizes the ZL cell cluster is not observed. 

Interestingly, this is the third CL/P model investigated, together with Pbx1/2 and p63 mutants, in 

which Cdkn1a/p21, a marker of cell cycle arrest and the ZL cluster, is not altered in its high 

expression at the prominence tips. How precisely Cdkn1a/p21 expression comes to be and 

remains unchanged, despite the presence of striking cell cycle arrest in these cells, remains 
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elusive and does not seem to be reliant on either the PBX-WNT-IRF6-P63 signaling cascade or 

BMP signaling in the epithelium.  

The Bmpr1af/f;CrectCre/+ mutant line may be a candidate for further study, especially through 

transcriptomic approaches such the scRNAseq we employed in the epithelium of Pbx1/2 CL/P 

mutants. Analysis of mesenchyme effects caused by Bmpr1a loss in the ectoderm may also be 

worthwhile in this model, as crosstalk between the mesenchyme and epithelium is vital, and the 

nature of BMP signaling relies on extracellular ligands which can spread beyond individual 

tissue types.  

3.4 Materials and Methods 

Mice 

Bmpr1a/Alk3 conditional (Bmpr1af/f) mice were originally generated as described in Mishina et 

al., 1995, and were acquired in our lab as a gift from Dr. Elizabeth Lacy at Sloan-Kettering 

Institute for Cancer Research. CrectCre mice were generated by the lab of Dr. Trevor Williams. 

Our CrectCre mice are kept on an FVB background strain as opposed to its original C56BL6/J 

background. To generate litters, a male heterozygous stud Bmpr1af/+; CrectCre/+ is bred to 

homozygous Bmpr1af/f dams. The heterozygous male stud was generated through careful 

selection of weanlings without the highly penetrant deleterious phenotypes described. All 

animals were housed according to UCSF LARC animal husbandry guidelines and in accordance 

with UCSF IACUC protocol regulations. Following detection of copulatory plugs, males were 

separated from females. Females that were permitted to carry litters to term were carefully 

monitored at day 21 of gestation for birth of the litter to detect and humanely dispatch mutants in 

distress in a timely manner. No discernable effect on litter size or fecundity was detected in these 
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crosses. For P0 litter phenotyping, a timed litter drop was phenotypically assessed and imaged in 

an expedited manner before CO2 shock and euthanasia via decapitation.  

Embryo collection 

Timed pregnancies were calculated using the evidence of a copulatory plug as embryonic day 

0.5. Pregnant dams were sacrificed via CO2 inhalation and cervical dislocation in accordance 

with UCSF IACUC regulations. Embryos were collected at respective E10.5 or E15.5 timepoints 

and were dissected into ice cold PBS. 4 litters of crosses were examined at E15.5. Embryos for 

histological examination were fixed overnight at 4°C in 4% PFA/PBS with gentle agitation. The 

following day, fixed embryos were washed briefly in PBS and placed in 30% w/v sucrose/PBS 

solution and allowed to sink. Heads were decapitated from the bodies and embedded in 100% 

OCT or NEG-50 solution before being frozen and stored at -80°C. E15.5 embryos were dissected 

following imaging of the whole bodies. To assess the presence of a cleft palate, mandibles were 

removed using surgical scalpels to reveal the secondary palate.  

RNAscope and Immunofluorescence:  

Frozen blocks were at 14-μm-thick cryosections that were air dried at −20 °C for 1 h and stored 

at −80 °C. Slides carrying hindlimb bud sections were thawed and washed with 1X PBS to 

remove excess freezing medium before use. Slides were assayed using an RNAscope™ 

Multiplex Fluorescent Reagent Kit V2 following modified manufacturer’s instructions protocols. 

Antigen target retrieval steps were skipped, and protease treatment limited to treating slides with 

Protease Plus for no longer than 10 min to avoid fragile embryonic tissues damage. Probe mixes 

were hybridized for 2 h at 40 °C in a HybEZ™ II Oven (Advanced Cell Diagnostics, Newark, 

CA). The appropriate HRP channels were developed with Opal™ 520, TSA™ Cy3 Plus, and 
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Cy5 Plus (PerkinElmer) dyes. Following DAPI staining and mounting with ProLong™ Gold 

(Invitrogen). 

For sections involving immunofluorescence in conjunction with RNAscope, 

immunofluorescence assays were carried out after completion of the last RNAscope step 

involving blocking of the final HRP channel. A blocking solution was applied to slides 

containing 5% Normal Donkey Serum, 0.1% Tween-20 in 1X PBS for 45 minutes. Following 

this, antibodies raised against Mki67, EPCAM, and P21 were diluted in an antibody buffer (1:5 

dilution of blocking solution to PBS-0.1% Tween-20 solution) and applied to the slides O/N at 

4°C. The following day, primary antibodies were washed away and the slides washed 3 times 15 

minutes each using antibody buffer. Secondary antibodies were diluted in antibody buffer (1:500) 

along with DAPI (1:1000) and applied to the slides for 2 hours at room temperature. Following 

washes to remove secondary antibody, slides were flicked dry and mounted using Prolong Gold 

antifade and coverslips.  

Microscopy  

Whole embryos were imaged using a Leica M20F5A dissecting microscope with a 1x/0.03 lens 

and variable zoom settings. Images were processed and exported using LAS-X software package 

for all Leica microscope images. Sections were imaged using a Zeiss Axio Observer.Z1 or a 

Zeiss Axiovert 200M with a Plan-Apochromat 20x/0.8 objective. Several Z-slices of sections 

were acquired. Sections with visible focused expression of RNAscope and immunofluorescence 

signal, were individually chosen, as the two were often at differing focal ranges. Images were 

processed using ZEN 3.6. Adjustments were made to reduce the background autofluorescence of 

the tissues by adjusting the absolute black and absolute white levels using a Best Fit adjustment 

where necessary.  
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3.5 Figures 

Figure 3.5.1: E15.5 Bmpr1a Homozygous Conditional Loss in the Epithelium Produces a 
Fully Penetrant Cleft Lip and Palate Phenotype  
A comparison of conditional deletion of Bmpr1a using Crect-Cre recombinase to target 
ectodermal tissue demonstrates a craniofacial (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) phenotype similar to Nestin-cre driven 
deletion with fully penetrant bilateral cleft lip found in all cases of homozygous loss (n=7). A: 
Crect-Cre negative individuals are phenotypically normal and show no effect in the primary or 
secondary palate. No visible craniofacial defects are seen. B: Homozygous loss of Bmpr1a in the 
ectoderm produces the most severe craniofacial defects including a fully penetrant bilateral cleft 
lip and palate. C: A concentrated localization of pigmented melanocytes is found above the 
nostrils of all bilateral cleft lip mutants regardless of heterozygous or homozygous loss of 
Bmpr1a in the ectoderm.  
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Figure 3.5.2: At E15.5 Ectodermal deletion of Bmpr1a produces an array of whole body 
phenotypes 
Individuals of the same litter are shown at E15.5 including heterozygous and homozygous 
mutants. Across the embryo several key phenotypic traits are noted. A: A heterozygous 
individual is annotated with mutant traits as labeled: 1. Bilateral eye pupil asymmetry with the 
iris and/or lens appearing (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) distorted and misshapen instead of round. 2. 
Forelimb buds are severely hypoplastic with oligodactyly of the autopod, and hypoplasia of 
sylopod and zeugopods 3. Hindlimbs or hindlimb buds are completely absent or undetectable at 
this scale. 4. Omphaloceles are present with intestines spilling out of a gap in the ventral body 
wall. 5. Concentrated clusters of melanocytes are seen above each nostril without clear 
association to any structure. 6. Bilateral cleft lip (primary palate) with no tissue connection seen 
between the lateral and nasal prominences. 7. Cleft palate (secondary palate) with palatal shelves 
separated by a large gap with no connecting tissue (mandible has been removed).  Individual 2 
and 3 are heterozygotes with variable hypoplasia of the forelimbs. B: Individual 4 is 
homozygous and possessed more extreme variations of the heterozygous phenotypes. 8: 
Omphalocele is larger and the entire liver is seen growing outside of the ventral body cavity. 9: 
Edema of the outer embryonic tissue layers is seen around the cranium. C: Individual 5 was a 
necrotic and calcified body with the appearance of an E11.5 or E12.5 embryo. This homozygous 
individual possessed bilateral cleft lip and no apparent limbs in line with the homozygous 
phenotype. D: Littermate control with no Crect-Cre allele and normal physiology. All scale bars 
500μm. 
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Figure 3.5.3: Mutant Bmpr1a litters are viable at P0 but with severe defects and perinatal 
morbidity 
A single litter resulting from cross of a Bmpr1af/f female to Bmpr1af/+; CrectCre/+ male. Litter size 
of 8 is shown at P0. Phenotypically normal individuals are arranged alongside littermates with 
visible gross anatomical defects. A: 4 pups at P0 with respective genotyping. All were born alive 
and with noticeable gasp-like breathing and bloating. Individuals 1, 3, and 4 are heterozygotes 
exhibiting variable hypoplastic forelimb (Figure caption continued on the next page.) 
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(Figure caption continued from the previous page.) phenotypes. Individual 1 possesses 
rudimentary hypoplastic hindlimbs. Individual 2 is homozygous and possessed the most extreme 
bloating. In lateral views, bulging intestines can be seen underneath the thin skin of the ventral 
body. 1-4 all possessed bilateral cleft lip and palate and did not possess obvious milk spots 
indicating poor suckling ability due to either mobility issues or facial clefts. B: Individuals 5-8 
were phenotypically normal and had no signs of distress or labored breathing patterns. All 
possessed visible milk spots. Individual 5 is an example of non-full penetrance of the 
heterozygous conditional mutation phenotypes. Individual 5 had no anatomical abnormalities in 
the limbs, face, palate, or otherwise. C: Partially dissected individual 2 with ventral body wall 
removed showing gas filled intestines. No blockages were seen along the gastrointestinal tract. 
D: Individual 2 versus 7 gastrointestinal tract is displayed. During dissection, gas mostly was 
released from the upper small intestine sections of individual 2, yet distension of small intestine 
from gas pressure is seen above cecum (stomach has been removed). Individual 7 (right) 
gastrointestinal tract was phenotypically normal with no gas or bloating observed in the 
intestines. Milk is observed in the stomach unlike in individual 2 (not shown).   
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Figure 3.5.4: Most cell cycle related gene expression during midface fusion is normal despite 
a cleft lip phenotype 
A: transverse sections of midface prominences were created using homozygous bilateral cleft lip 
mutants and littermate controls with no discernable cleft lip phenotype at E10.5. A) The 
expression pattern of Bambi, and Cdkn1a/p21,both strongly DE in the ZL cluster of wildtype 
epithelium, was shown in homozygous Bmpr1a conditional mutant sections using RNAscope 
FISH. Bambi is localized to the epithelium of the prominence tips and can be seen in lower 
quantities in the underlying mesenchyme of lateral and medial prominences. Cdkn1a/p21 
expression is robust and highly localized at the distal epithelium of lateral and medial 
prominences in mutant sections. Immunofluorescence against EPCAM protein delineates the 
border of epithelium versus mesenchyme. No discernable disruption of the epithelium can be 
seen. KI67 expression is not shown to be lower in areas of high Cdkn1a/p21 expression. P21 
protein overlaps strongly with Cdkn1a/p21 transcript but does not indicate an area of lowered 
KI67 signal. B: Littermate control sections of Cre-negative individual with fusing lambdoidal 
junction demonstrates normal expression patterns of Bambi, Dlk1, and Cdkn1a/p21. Normal 
Epcam denoted epithelial layers are detected using immunofluorescence. P21 expression 
overlapping a region of high Cdkn1a/p21 transcript expression is seen at the fusion site between 
the medial and lateral nasal prominences. All scale bars 50μm.  
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CHAPTER 4: CONCLUDING REMARKS 

To make a face as unique as oneself requires an elaborate coordination of developmental 

events performed by cellular behaviors that are dictated by genetic programming. At all levels, 

these events that shape the face can go astray leading to unexpected outcomes. In trying to 

decipher the role of the midface epithelium through the lens of transcriptomics during midface 

morphogenesis, I investigated a cross-section of cellular behavior, transcribed genetic 

instructions, and developmental outcomes. This analysis created a better understanding of both 

the foundational mechanisms of face shaping architecture and a starting point to compare against 

models of craniofacial birth defects. The research presented here demonstrated that through the 

use of mouse models of CL/P, subtle alterations in a discrete population of the cephalic 

epithelium can be tied to drastic outcomes in morphology.  

This thesis highlights the first epithelium-only analysis of the lambdoidal junction from pre-

formation to completion of face prominence fusion and in doing so creates an atlas of this 

tissue’s inherent heterogeneity. The validation experiments performed highlight regions of 

distinct transcriptomic states that are precursors to mouth, nose, and eye formation. These 

regions are found to contribute to the formation of a transcriptomic state at the tips of the 

midface prominences, a region described as the zippering lambda epithelium. By demonstrating 

how multiple neighboring populations contribute to this cell cluster, it is thus believed that its 

transcriptome comes about through a mechanism at least partially dictated by physical location 

rather than a timed state preprogrammed to occur in all contributing predecessors. What leads to 

this state could be the circumstance of patterning gradients and signaling found throughout the 

head. Cells of the zippering lambda epithelium are located at the most distal region of the 

midfacial prominences, and by their nature are the furthest from the brain at the time of 
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outgrowth. As the brain is a potent source of retinoic acid, several patterning systems rely on its 

gradient for both initial formation and maintenance. Other underlying signaling mechanisms, 

including paracrine signaling from underlying mesenchyme can be thought to also have a 

functional impact on the ZL cell cluster. While the ZL cluster was disrupted and shown to have 

decreased expression of several cell cycle arrest genes, it still was present in our scRNASeq data 

sets, and transcript levels for a major marker, Cdkn1a/p21, were unchanged in all CL/P mutant 

models. The formation of the ZL cluster therefore may be partially attributed to interplay of 

epithelial and mesenchymal signaling not completed abolished by epithelial specific deletions or 

may be heavily compensated by redundant mechanisms outside of the gene regulatory networks 

altered by our genetic ablations. 

Developmental Senescence and a Senescence Associated Secretory Phenotype in the Zippering 

Lambda Epithelium: Analogs to Limb Development 

A fascinating connection to the ZL cell cluster may lie in limb development. There are 

major similarities between the developing limbs and the facial prominences (B. T. Truong & 

Artinger, 2021). It is even thought that in some ways, the limbs may be rudimentary head-like 

appendages, or that the head is an advanced evolutionary cousin of the limb. Outgrowth of limbs 

begins with a trigger of HOX gene patterning allowing for initial thickening and outgrowth 

through FGF pathways. SHH allows for differentiation between anterior and posterior edges of 

the limb bud, and continued maintenance of the outgrowing bud relies on WNT and BMP 

signaling to sustain a complex patterning system involving the underlying mesenchyme and 

overlying AER epithelium. SHH, BMP, FGF, and WNT all contribute to the outgrowth and 

patterning of the midfacial prominences as well. Because of shared PBX-related phenotypes, the 

work of our lab has examined limb formation through the lens of gene regulatory networks 
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involving PBX, HAND2, and transcriptional cofactors HOX and MEIS. These factors 

collaborate to drive the expression of critical downstream targets needed to properly create a 

limb. The disruption of midface prominence fusion via loss of PBX transcription factors can be 

seen as analogous to limb malformation from PBX deletion.  

The AER (epithelium) of the limb possesses a close analog to the ZL cell cluster that 

cannot be overlooked and may be the key to understanding why the ZL cluster is formed. It was 

found that a senescence associated secretory phenotype (SASP) lies at the distal apical edge of 

the limb bud AER (Storer et al 2013). This region exhibits all the emerging hallmarks of 

developmental senescence including high expression of SAβ-Gal, low proliferation (measured 

through BrdU), high p53/p21 and p16/RB tumor suppressor network protein expression, and 

SASP signaling of these non-proliferative cells to their external environment through cytokines, 

growth factors, and extracellular matrix remodeling proteins. The senescent cells of the AER are 

fated to undergo apoptosis and macrophage-mediated clearance, not dissimilar to the apoptotic 

fate of many ZL cells in the midface. These AER senescent cells possess remarkable 

upregulation of Cdkn1a, Cdkn2b, Bmp4, Igfbp5, Tgfb1, Wnt5a, and Rb1, all of which are DEGs 

for the ZL cluster of the midface as well. P21 loss was believed to not present with 

developmental phenotypes (Brugarolas et al 1995, Deng et al 1995), yet it was shown that the 

AER of Cdkn1a/p21-deficient mice had dysregulation of Fgf8, Msx2, Meis1, and Shh, again, 

genes upregulated in and related to midface prominence development. P21 disruption limited the 

signaling abilities of the AER, and in in-vitro cells that were already senescent, knockdown of 

Cdkn1a/p21 disrupted the pattern of patterning gene expression, suggesting that p21 is a key to 

maintenance of SASP.  
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The AER SASP phenotype was believed to be induced by pERK signaling in the 

underlying mesenchyme through paracrine signaling. Given the striking similarities of the 

midface ZL cell cluster expression patterns and the reported AER SASP, a logical next step in 

furthering our understanding of the ZL would be to investigate it through the lens of 

developmental senescence. An explanation for Cdkn1a/p21 expression in the ZL may similarly 

lie in induction by ERK signaling in the underlying mesenchyme of the midface. Intriguingly, 

Storer et al 2013, despite staining for SAβ-Gal activity throughout the body of mouse and chick 

embryos at the stages of midfacial fusion, failed to remark on the face. As is the case with much 

published literature, observations of the embryo tend to leave the face out of descriptions of gene 

expression patterns and phenotyping, and are plagued by a tendency to not remove the head from 

the embryo to carefully observe the face. As the head is tucked into the body and often obscured 

by the tail and forelimbs that curl up during embryo phenotyping, most details of facial structures 

are lost. This may also be the case for Cdkn1a/p21 loss of function in mouse embryos, in which 

initial phenotyping may have failed to perceive subtle changes to the shape of the midfacial 

prominences or primary palate.  

Human OFC Risk Data and PI3K-AKT Signaling  

Human CL/P risk alleles found through the intersection of the scRNAseq data sets with 

genomic analysis of OFC case trios created a wealth of information that can be used to further 

understand normal midface prominence fusion and its disruption in CL/P human patients. 

Several genes relating to PI3K-AKT signaling were found to be both upregulated in the ZL cell 

cluster and to carry variants associated with orofacial cleft risk, including Grb10 and Pik3r1. 

Several PI3K-AKT signaling genes, which in turn are linked to insulin-growth factor (IGF) 

signaling, are also among the differentially expressed genes in Pbx1/2 mutant epithelium, 
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including Pik3r1, Gsk3b, Foxo3, and Foxo1, which are all expressed at significantly higher 

levels in mutant cephalic epithelium (See Appendix 1, Pik3r1 expression in the midface). 

These expression patterns may be linked simply to the known canonical role of PI3K-AKT 

signaling in regulation of cell proliferation, in which cell cycle arrest genes including 

Cdkn1a/p21 and Cdkn1b/p27 are downstream targets of FOXO transcription factors. Yet, 

increased expression of Pik3r1, Gsk3b, Foxo3, and Foxo1 in Pbx1/2 mutants would seemingly 

increase the cell cycle arrest state seen in the ZL cluster. Why these genes are upregulated in 

Pbx1/2 mutants, in which the ZL cluster cell cycle arrest is disrupted, is mysterious and may 

indicate a compensatory mechanism at work through feedback loops. If there are human patients 

exhibiting OFC with disruptive mutations in Pik3r1 or Grb10, it may be related to hyper-

proliferation of cells and a failure to induce the ZL transcriptomic state. Further evidence is 

needed, including examination and validation of these genes in CL/P mutants as well as careful 

parsing of the mutant alleles found in OFC patients. To further explore any new OFC risk 

candidates, the next step may be the generation of mutant alleles in genetically engineered mice. 

This, in turn, may also yield an increase to the number of CL/P mouse models, which we are still 

sorely lacking.  

Foxn3 Is a Potential Upstream Regulator of Cell Cycle Arrest that Warrants Further Analysis 

in Zippering Lambda Epithelium 

An effort to incorporate the various gene expression patterns together into a unified 

pathway may be too simplistic in solving what most likely involves both parallel and crossed 

webs of signaling pathways in the ZL cluster alone. A proposed pathway involving genes I can 

reasonably implicate in cell cycle arrest, including Zfhx3, Pi3kr1, Bcl11b, Foxo1, Foxo3, 

Cdkn1a, Rb1, and Gadd45g, is just one of many that could prove true or not. I have added to this 
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equation a gene that was not discussed yet, despite its major differential expression in the ZL cell 

cluster, Foxn3.  

I have performed validation of Foxn3 and shown through FISH that it is indeed enriched 

at the prominence fusion site (Appendix 2). I have also demonstrated that it is expressed at the 

tips of face prominences in Pbx1/2 conditional mutants with CL/P.  Foxn3 is not reported in 

relation to midface prominence fusion in the literature. Foxn3 has remained understudied 

compared to other genes encoding FOX transcription factor family members but has ties to cell 

cycle arrest that are well documented and unique bispecific binding to both canonical forkhead 

and alternative forkhead-like binding motifs presumably through partners. Foxn3 is expressed in 

and during the development of many organs including liver, pancreas, kidneys, lungs, and bone 

marrow (Kong et al., 2019). It has a role in suppressing the cell cycle through MYC (S. H. Lee et 

al., 2018). In Drosophila, it has been tied to S-phase cell cycle arrest and in yeast it promotes 

DNA-damage inducible cell cycle arrest at G2/M (Grassi et al., 2017; Robert et al., 2011). In 

cancer, it is believed to be an important tumor suppressor protein. It is strongly downregulated in 

multiple cancer types including melanoma, liver, lung, colon, and laryngeal cancer as well as 

lymphoma (Kong et al., 2019). It is also believed to be a suppressor of growth through inhibition 

of inhibitors of TGFβ (Kuki et al., 2017). Overexpression of FOXN3 inhibits glioma cell growth 

via interactions with AKT/MDM2/P53 (C. Wang et al., 2021). Lastly, published ChIPSeq 

experiments using cancer cell lines demonstrate that FOXN3 binds to the promoters of nearly all 

genes discussed in relation to the ZL cluster, including: CDKN1A, CDKN1B, CDKN2A, 

CDKN2B, GADD45G, RB1, BCL11B, BAMBI, BMP4, ZFHX3, PBX3, TGFB1, TGFB2, and 

PIK3R1 (Rogers et al., 2019). Like many transcription factors, it may gain specificity through 

interactions with binding partners, but may also be upstream as a master regulator of cell cycle 
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arrest that operates to protect cells from overgrowth in the face of DNA damage and 

oncogenesis.  

We know that the FOX transcription factor family is large and varied. Some are 

implicated in cell cycle regulation, and some are found to interact with players such as PBX as 

well (Trasanidis et al., 2022; Zhu et al., 2017). However, no other FOX family member comes 

close to matching the differential expression of Foxn3 in the ZL cell cluster. The highly localized 

expression of a tumor suppressor gene like Foxn3 in the ZL has clear connections to cell cycle 

arrest. Further studies are needed to better understand the role of this transcription factor during 

the formation of the ZL cluster and cell cycle arrest. ChIPSeq experiments using FOXN3 as a 

target may reveal target genes and regulatory elements in midface epithelium. As the field 

continues to allow for lower material input for the interrogation of such binding through novel 

approaches such as cleavage under targets & release using nuclease (CUT&RUN) or & 

tagmentation (CUT&Tag), isolation of the small number of ZL cells in the lambdoidal junction 

epithelium may yield promising results. I made several attempts to isolate ZL cluster cells using 

FACS based approaches, targeting both ITGA6, BAMBI, as well as through the use of 

Hoechst/Pyronin Y-based sorting to enrich and isolate G0 arrested cells. While none of these 

approaches yielded enrichment for cells that matched the ZL cluster gene expression, 

optimization may improve the results. Simple, yet precise, microdissection, in the end, may yield 

the most promising results and allow for the assessment of genome-wide binding of FOXN3 and 

an array of other transcription factors in the ZL cell cluster.  

The zippering lambda epithelium will necessitate careful and refined approaches to 

exploring and understanding the transient formation of this small cellular population. Lineage 

tracing experiments and labeling strategies to track this population in real-time, including the use 
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of fluorescent reporter constructs that indicate cell cycle states such as FUCCI2A, are methods 

proposed that could be coupled with live-imaging and explant culture (Mort et al., 2014). 

Explant culture of the midfacial tissues and imaging of said tissues would be challenging but 

rewarding, especially if one could capture the fusion site and bear witness to the fusion of the 

lambdoidal junction, and thus formation of the ZL cluster.  
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