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Abstract

Approximately 3-6% of babies worldwide are born with serious birth defects
each year. Among these, craniofacial malformations collectively represent
about one-third of all congenital anomalies. The clinical conditions have life-
long consequences for the patients, however, the mechanisms of pathology and
etiology associated with most craniofacial birth defects are unknown. My PhD
project seeks to provide an in-depth analysis focusing on an important but
understudied embryonic craniofacial structure the vestibular lamina (VL).
Defects in the VL are present in a number of craniofacial syndromes and are

associated with the formation of dental tumours (odontomas) in later life.

The VL is an embryonic structure that forms the oral vestibule. It shares a
common origin with the neighbouring dental lamina (DL). The development of
the VL is disrupted with a high incidence in Ellis-van Creveld (EvC) syndrome.
In this syndrome, patients display multiple oral frenula physically linking the lips
and teeth. EvC syndrome is a recessive disorder considered as a ciliopathy,
which is caused by a mutation in EVC or EVC2. EVC and EVC2 proteins
localize at the base of the primary cilia, and function to regulate hedgehog
signalling. To understand the underlying mechanisms linking mutations in EVC
genes to the physical abnormalities, my PhD project aims to: 1) To examine the
early development of VL in mouse and human, and assess the mechanisms

underlying furrow formation. 2) To identify the molecular signature for the VL



and to explore the differences in signalling pathway expression in VL and DL.
3) To investigate the development of the VL in Gas71 and compound mutants
and explore the role of Shh signalling in the VL and DL. 4) To compare the VL
defects in Gas7 and Evc mice, looking for common underlying mechanisms.
The key methods include organ culture, RNA-Scope, DIG in situ hybridization,
bioinformatic analysis, immunofluorescence, statistical analysis, and

histological staining.

| first assessed the VL development in human and mouse, and revealed the
mechanisms of furrow formation during normal development. The VL shows a
close relationship with DL from initiation to differentiation, with fissure formation
caused by terminal differentiation without an obvious contribution from
apoptosis. Extension of the VL is driven by localized proliferation at the edges
of the VL in the human and mouse. Bulk RNA-Seq was performed to explore
the molecules involved during early development of the VL and DL. Novel gene
expression data and potential signalling pathways were identified. The
highlighted differences of Shh pathway components in the VL and DL drove me
to concentrate on the Shh signalling. | have identified that the VL development
rely on the Shh signals from the adjacent tooth germ using the Shh pathway
mutants (Gas? and compound mutants). A deeper understanding of the
mechanisms that lead to EvC syndrome defects was achieved through a further

comparative analysis of Evc mutants and Gas? mutants. Despite sharing a



similar truncated VL phenotype, Gas? and Evc mutants exhibit different
pathological mechanisms. Both Gas?7 and Evc mutants displayed a reduction
in proliferation within the truncated VL. However, the Gas? mutants showed
decreased expression of Gli1, whereas Evc mutants exhibited an upregulation
of Gli1. Additionally, in Evc mutants, | have identified other VL and DL defects
mimicking the phenotypes seen in EvC patients, such as multiple VL, conical
teeth, fused teeth, and supernumerary tooth originated from VL. Moreover, the
opening of the short VL occurred as normal and the basic cilia structure
appeared unaffected in the Evc mutants. These findings will help our
understanding of the oral problems in syndromes such as EvC syndrome and

other ciliopathies.



The nomenclature used in this thesis adhere to the following rules and

guidelines: https://www.informatics.jax.org/mgihome/nomen/

Chapter 1 — Introduction

The craniofacial region consists of a diverse range of tissues, many of which
are derived from the neural crest, such as the calvaria and facial bones,
odontoblasts, and cranial nerves (Chai et al., 2000). Tissues in the craniofacial
region that originate from the mesoderm include connective tissue, bones of
the cranial base, and muscles (Yoshida et al., 2008). The endodermal germ
layer forms the pharynx, auditory tube and the middle ear cavity, while the
ectoderm forms the inner ear, the skin, and lines the main body of the oral cavity

forming the epithelium of the teeth and glands (Rothova et al., 2012).

1.1 Embryonic development of the DL and VL in mice and human

The vestibular lamina (VL), also referred to as the labio/bucco-gingival sheet
(Bolk, 1921) or lip-furrow band (Schour, 1929), is a transient epithelial
structure that shapes the upper and lower lip furrows (Hovorakova et al., 2005).
These furrows form the sulcus separating teeth/alveolar portion from the
cheeksl/lips, known as the vestibulum oris or oral vestibule (Von and Lozanoff,
2017) (Fig. 1). The VL is encircled buccally/labially by the cheeks and lips
mucosa, and internally by the labio-buccal sides of the teeth, gingiva, and

alveolar mucosa (Bolk, 1921; Schour, 1929; Hovorakova et al., 2005).


https://www.informatics.jax.org/mgihome/nomen/

Teeth/Dentition

Tongue

Figure 1. A basic schematic diagram showing the structure of oral cavity. The
upper vestibule and lower vestibule are highlighted, which create the sulcus between

the cheeks/lips and teeth/gum.

The VL develops on the buccal/labial side of the forming dental lamina (DL), an
anlage of the enamel-organs of the tooth primordia and ultimately contribute to
the tooth formation. Histologically, the DL consists of a basal layer of columnar
cells and superficial squamous cells, separated from the mesoderm by a well-
defined basement membrane (Schour, 1929). There is a developmental

association between the VL and DL, as in mice it has been shown that they



originate from a common primitive epithelial band (Hovorakova et al., 2016).
In mice, this thickened epithelial band becomes apparent at approximately
embryonic day 11 (E11), and subsequently splits into the two laminas
(Peterkova, 1985; Tucker and Sharpe, 2004). Similarly, in human embryos,
the primary epithelial band appears around the 6" week during development
(Moore and Persaud 1993), indicating a comparable developmental process.
Contrary to the theories of shared developmental origin of the VL and DL, other
research has proposed that these two laminas emerge as distinct structures,
with the VL forming either before or after the initial appearance of the DL in both
mice and humans (Orban, 1928; Schour, 1929; Tonge, 1969; Nery, Kraus

and Croup, 1970).

1.2 Initiation and development of the DL

Humans have two sets of dentitions (diphyodont), which exhibit an ordered
tooth arrangement of incisors, canines, premolars, and molars. The deciduous
or milk teeth are eventually replaced by the permanent teeth, which emerge
lingually from the successional dental lamina. These various tooth types with
their unique shapes and precise occlusion are thought to adapt to changes in
dietary need during evolution (Miletich and Sharpe, 2003; Tucker and Sharpe,
2004). Conversely, mice have only single generation of teeth (monophyodont),
with a comparatively simpler dentition that lacks canines and premolars, where

the incisors and molars are separated by a diastema or toothless gap (Miletich



and Sharpe, 2003; Tucker and Sharpe, 2004) (Fig. 2).
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Figure 2. A diagrammatic representation illustrating the arrangement and types
of teeth in mice and humans. (A) Mouse dentition. In mice, there are one incisor (i)
and three molars (m1, m2, m3) positioned in each quadrant, which are distinctly
spaced apart by a toothless gap in the dental arch, known as the diastema. (B) The
human has two sets of dentitions and more complex tooth types. The arrangement of
permanent dentition is displayed, which consists eight teeth in each quadrant,
including one central incisor (Ci), one lateral incisor (Li), one canine (C), two premolars
(P1, P2), and three molars (M1, M2, M3). The third molar (M3) is also called wisdom

teeth.

The development of teeth during the embryonic stage involves a series of
morphological changes, driven by interactions between the dental epithelium
and the underlying mesenchyme. The odontogenesis begins with the initiation
of oral epithelial thickening/placode, and the DL originates from this thickened
placode as described above at E11. The 3D reconstructions of murine dental

primordia and their adjacent structures during embryonic development indicate



that the murine DL and VL were not visible in the mandible and maxilla by E12
(Radlanski, Mocker and Rahlfs, 1998). And at approximately E13 in mice, the
DL extends downwards into the mesenchyme, and the mesenchyme begins
condenses around the DL, leading to the formation of a bulbous epithelial bud,
which is termed the bud stage. As the epithelium continues to elongate into the
mesenchyme, it takes on a cap-shaped appearance by E14, and the epithelial
invagination is filled by the mesodermal tissue called the dental papilla. The
tooth germ then proceeds from the “cap-stage” into the “bell- stage” with the
onset of differentiation (Tucker and Sharpe, 2004; Hermans et al., 2021).
Morphogenesis of the tooth germ is regulated by the enamel knot located in the
tooth bud tip, which serves as a signaling center during tooth formation
(Jernvall et al., 1998). The enamel knot expresses Sonic hedgehog (Shh) (Fig.
3B, C) (Seppala et al., 2017), in addition to a number of other signalling
pahways, including Fgfs, Eda, Wnts and Bmps (Tucker and Sharpe, 2004). At
the late-bell stage (around E18) of tooth development, the condensing
mesenchyme is encased within the invaginating epithelium (Tucker and

Sharpe, 2004; Hermans et al., 2021) (Fig. 3D).

A E11-E11.5 B E12.5-E13.5 C E13.5-E14.5 D E15.5-E18.5
- & W
Shh
Thickening Bud Cap Bell

Figure 3. A schematic diagram of Shh transcription (red) during early tooth
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development. (A) Thickening/placode. The DL initiates as a thickened epithelium at
embryonic day (E) 11 to E11.5. The Shh expression is confined to the epithelial
thickening. (B) Bud stage at E12.5 to E13.5. The Shh expresses in the enamel knot
precursor cells located at the tip of the early bud. (C) Cap stage at E13.5to E14.5. The
Shh expression is observed in the primary enamel knot. (D) Bell stage at E15.5 to
E18.5. Shh expresses is detected in the stratum intermedium, pre-ameloblasts and

internal enamel epithelium.

During early tooth development, the expression of Shh expression is confined
to the epithelial element of the forming tooth germ (Seppala et al., 2017) (Fig.
3). Interestingly, evidence has shown in both human and mice that this secreted
signaling protein can diffuse into the neighboring mesenchymal and epithelial
tooth tissues, which influence reciprocal epithelial-mesenchymal signaling

(Hardcastle et al., 1998; Gritli-Linde et al., 2002; Hu et al., 2013).

1.3 Initiation and development of the human VL

Research on the neighboring VL dates back to 1921, when Bolk studied human
embryonic development of the VL and DL, spanning the period from the second
to fifth month of gestation (Bolk, 1921). Early terminology "dento-gingival" and
"labio/bucco-gingival" sheets were used to describe these structures. According
to the study, the oral epithelium thickening occurs and extends into the

underlying tissue at the second month of embryonic development in humans,

11



forming a lateral labio/bucco-gingival sheet (Fig. 4A1) and a medial dento-
gingival sheet (Fig. 4A2). The dento-gingival sheet gave rise to the ectodermal
portion of tooth germs (Fig. 4B4) and partial gingiva, while the labio/bucco-
gingival sheet (also termed as VL) (Hovorakova et al., 2005) (Fig. 4B3)
developed into the epithelia covering the inner surface of the lip and a part of
the gingiva (Bolk, 1921). These two epithelial sheets present a complex
relationship during development. The labio/bucco-gingival sheet exhibits
distinct morphological characteristics as it progresses through the developing
deciduous tooth germs in various regions. The labio-tectal furrow is a groove
that extends into the joint anlage of the palate and lip (pointed by black
arrowhead in Fig. 4A). A cleft subsequently formed in the epithelial mass that
contributes to the labio/bucco-gingival sheet (Fig. 4B5). This cleft, suggested
as the true VL furrow, is a lateral prolongation of the bucco-tectal groove, which
separates the inner surface of lip from the outer surface of the alveolar ridge.
The cleft in the VL that demarcates the dental arch from the surrounding
lips/cheeks was believed to be caused by the atrophy of the cells in the
labio/bucco-gingival sheet between 12" and 14" weeks in humans (Bolk, 1921;
Coslet and Cohen, 1969). Despite the significant developmental interplay
between the DL and VL, the VL has been largely neglected in odontogenetic

studies.
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A

1: labio/bucco-gingival sheet 3: VL 4: tooth germ

2: dento-gingival sheet 5: VL groove
Figure 4. A basic illustration demonstrates the development of dento-gingival
sheet and labio-gingival sheet in human embryos. (A) During the second month of
embryonic development in humans, epithelial thickening grew into the underneath
tissue, forming the labio/bucco-gingival sheet (A1) and dento-gingival sheet (A2). The
labio-tectal furrow was indicated by a black arrowhead. (B) The dento-gingival sheet
produced the ectodermal section of tooth germs (B4). Meanwhile, the labio/bucco-
gingival sheet developed into the epithelia (B3) that covered the interior surface of the
lip and a portion of the gingiva. 1: labio/bucco-gingival sheet (red arrowhead), 2: dento-
gingival sheet (white arrowhead), 3: vestibular lamina (VL) (blue arrowhead), 4: tooth

germ (yellow arrowhead), 5: VL groove.

1.4 The developmental association of the VL and DL
The VL and DL closely interact during development, and their anatomic
relationship is commonly characterized as a classic horseshoe-shaped

epithelial structure (Fig. 6A). This configuration typically features the VL
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situated externally and running parallel to the continuous DL. Such 2-
dimentional (2D) view was derived from observations made on serial
histological sections in humans, with the VL giving the impression of appearing
continuously throughout the dental arch (Bhaskar, 1980; Schroeder, 1991).
Due to limitations of the 2D observations, the significance of 3D computer-
assisted reconstruction was highlighted in comprehending spatial arrangement
of oral cavity and surrounding structures such as tooth germ and VL (Radlanski,
1995) (Fig. 5A). A clear correlation between the tooth primordia and the VL can
be observed in human embryos, particularly in the lower central incisor region
where a fusion between the VL and dental epithelium was observed (Fig. 5B).

Additionally, a thick VL was observed in the region of the upper canine primordia

(Fig. 5C) (Radlanski, 1995).

Figure 5. Spatial arrangement of oral cavity and its surrounding structures. (A)
37mm crown-rump length (CRL) human embryo. Based on a 3D reconstruction of the
right oral cavity and its adjacent tissues, it was observed that the tooth germs i in the
maxilla region were in the bud stage, the maxilla extended into the groove between
the Lv (VL) and Ld (DL). In the lower jaw, i1 had developed to the early cap stage.
Additionally, the CM (MC) swell had reached adjacent to the bud i1, and a portion of

the Mand was situated in the space between the CM (MC) and other dental germs. (B)
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21mm CRL human embryo. A 3D reconstruction was used to examine the lower tooth
primordia and the surrounding tissues, which revealed that the Lv (VL) runs
continuously and externally to the tooth germs. Furthermore, the Lv (VL) was found to
be fused with the central incisor. (C) 37mm CRL human embryo. A 3D reconstruction
of the upper canine primordia and the Lv (VL) showed that the VL was particularly thick
in this region. Lv (VL): vestibular lamina; Ld (DL): dental lamina; i1: primary central
incisor primordia; i2: primary lateral incisor primordia; c: primary canine primordia;
m1: the primary 1st molar primordia; m2: the primary 2nd molar primordia; Mand:
mandibular bone; Max: maxilla; CM (MC): Meckel's cartilage ( adapted from Radlanski,

1995).

More recently, computer-aided 3D reconstructions show that the VL is actually
discontinuous in the human maxilla, with the vestibule epithelium dispersing in
the VL region during embryonic development (Hovorakova et al., 2005) . While
the VL consistently appears discontinuous in the mandible of human embryos
(Hovorakova et al., 2007). The structure of the VL and DL is therefore more
complex than previously suggested, as revealed by recent findings

(Hovorakova et al., 2007) (Fig. 6).
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incisors

MVR CFR

bulges

B Cc medial

L-— posterior

Figure 6. Spatial interactions of the DL and VL in human fetus. The dental
epithelium is tinted yellow, and the base of the oral vestibule is shaded in orange. The
rest VL epithelium is green. (A) The prevailing theory posits that the VL is a continuous
entity that runs externally and parallel the DL. (B) VL and DL in the upper jaw. Recent
findings suggest that the upper VL epithelial bulges initially appear outside of the DL in
the lip area. These bulges fuse together and develop into the CVR situated posteriorly.
The CVR merges with the dental mound located posterior to the c. Within the cheek
area, the vestibular epithelium gives rise to both the MVR and CFR. The CFR refers
to the epithelium that lines the mucosal inflection, separating the cheeks and teeth.
Posteriorly, the MVR separates into two distinct branches MMVR and LMVR as it
extends backwards. (C) VL and DL in the lower jaw. The lower vestibular epithelium
exhibits several distinct structures, including the LVR, ITVE, and the dCFR. In the lower
incisor region, the vestibular and dental epithelium are fused together. VL: vestibular

lamina; DL: dental lamina; CVR: canine vestibular ridge; c¢: deciduous canine

16



primordium; CFR: cheek-furrow ridge; LMVR: lateral molar vestibular ridge; MMVR:
medial molar vestibular ridge; MVR: molar vestibular ridge; AC: accessory epithelial
cap; MC: mouth corner; LVR: labial vestibular ridge; ITVE: irregularly thickened
vestibular epithelium; dCFR: mandibular cheek furrow ridge; m1: first deciduous molar;

m2: second deciduous molar (Hovorakova et al., 2007).

The complex interconnection between these two laminas in distinct areas of the
jaw may explain the varying descriptions of their development. Nevertheless,
evidence suggests that both the VL and DL arise from a shared thickening
placode, at least in the lower incisor region of humans (Bolk, 1921;
Hovorakova et al., 2007). Recent research on lineage tracing of Shh-positive
cells in the VL and DL has provided further support for their common origin,
where both laminas exhibit a shared domain of Shh expression in the incisor
region of mice (Hovorakova et al., 2016). These Shh expressing cells in the
oral epithelial band were traced by Cre-loxP system, and their descendants
were observed in both the DL and the inner epithelial layer of the VL
(Hovorakova et al., 2016). The investigation on the decisions that determine
the fate of this odontogenic placodes has uncovered additional complexity in
the VL and DL relationship. During early developmental stages, Pitx2 and Shh
have been found to be expressed in this united odontogenic placode (Thesleff,
2008). As development progresses, these two laminas start to express different

markers, with the VL expressing DIx7 at E13.5 while the DL and tooth germs
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express DIx5 (Davideau et al., 1999; Wang et al., 2009). These DIx genes
show a similar expression profiles at bud and cap stages, with the exception of
overlapping expression on the buccal DL at cap stage (Davideau et al., 1999;

Wang et al., 2009).

1.5 The VL exhibits species-specific differences in morphology

The anatomy of the VL has been studied in several species, including human,
mouse, vole, and sheep, revealing notable differences throughout the jaw
across those species (Pavlikova et al., 1999; Hovorakova et al., 2005, 2007,
2016; Witter et al., 2005). As an example, the mouse exhibits distinct variations
in the upper and lower VL. Specifically, the lower anterior jaw features a highly
prominent VL, while the corresponding upper part has a considerably less
pronounced VL (Peterkova, 1985; Hovorakova et al., 2016). On the other
hand, the human (Hovorakova et al., 2005, 2007) and sheep (Pavlikova et al.,
1999) have much thicker multi-layered VLs in comparison to the thin VLs of
vole (Witter et al., 2005) and mouse (Hovorakova et al., 2016). Such
anatomical discrepancies likely contribute to morphological variations of the
presumptive oral cavity and may be indicative of diet diversities among these
species. Although the VL present anatomical variations across species, it
maintains a close association with the DL during embryonic development,
forming from the shared epithelial band as describe previously. In a similar vein,

the capacity of this single placode to develop into multiple tissue types has been
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noted in reptiles, where the early dental lamina is thought to give rise to both
the DL and an adjacent dental gland. This is exemplified in venomous snakes,
as the epithelial band can bifurcate into the fang anlage and venom gland
(Kochva, 1963; Vonk et al., 2008). A comparable arrangement has been
identified in lizards, such as chameleons (Tucker, 2010; Buchtova et al., 2013).
Thus, these placodes can be regarded as the DL-VL lamina in mammals and
DL-gland lamina in reptiles, with the early placode having the ability to form
teeth, oral vestibule and glands (Bolk, 1924) (Fig. 7). Additionally, both the VL
and glands develop externally to the DL and possibly evolved from an outer row
of teeth that share a common ancestor among amniotes (Hovorakova et al.,

2020).

A DL and GL in reptiles B DL and VL in mammals

\ g VL
GL
labial/buccal lingual labial/buccal lingual

Figure 7. DL-gland lamina in reptiles and DL-VL lamina in mammals. (A) In reptiles,

the primary epithelial thickening can develop into the DL and an adjacent gland lamina,

such as the venom gland in snake and gland in chameleons. (B) In mammals, this

primary epithelial thickening can develop into the DL and an adjacent vestibular lamina.

Both the glands and VL located in the buccal/labial side of the DL. DL: dental lamina;
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VL: vestibular lamina; GL: gland lamina.

1.6 VL and odontoma formation

In mammals, rudimentary teeth can develop on the labial/ buccal side of the
milk dentition, which is called the pre-milk or pre-lacteal dentition in human
(Rose 1895; Adloff 1909; Leche 1893; Hovorakova et al., 2020). These
rudimentary teeth were also thought as cusps or paramolar externally to the
milk molars in human (Bolk 1914; Adloff 1907; Adloff 1916; Hovorakova et
al., 2020). These tooth-like epithelial structures located labially/buccally to the
dental arch have long been associated with the pathological occurrence. For
instance, pathologies in patients such as tooth-like tumors, known as
odontomas, tend to appear in the oral vestibule. These observations suggest
that this region retains some odontogenic potential that can be reawakened in
pathological situations (Hanemann et al., 2013; Hovorakova et al., 2016).
Odontoma, the most frequently occurring odontogenic tumor in the oral cavity,
is a benign tumor that comprises various dental tissues such as dentin, enamel,
cementum, and pulp (Boffano et al., 2022). It is thought to be a developmental
anomaly originating from the epithelial and mesenchymal cells (Boffano et al.,
2022). According to the summary of Hovorakova et al. (2020), odontomas can
arise in both maxilla ( e.g: Ghandehari-Motlagh et al., 2016) and mandible
(e.g: Uma, 2017), with approximately 50% of cases occurring in the anterior

maxilla (Sanchez, Berrocal and Gonzalez, 2008; Levi-Duque and Ardila,
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2019). Odontomas can be classified as either compound, which resemble
tooth-like tissues, or complex, which are disorganized dental structures.
Compound odontomas are typically detected more frequently in the anterior
portion of maxilla, while posterior region of the mandible is where complex
odontomas commonly occur (Satish et al., 2011). Research on the VL
development has explained why compound odontomas are more frequently
found in the anterior upper jaw than lower jaw. Specifically, in the maxilla, the
VL forms discrete prominent epithelial bulges that are separate from the dental
mound in the lip area (Hovorakova et al., 2005). The sites of these distinct VL
bulges have been suggested as the locations where tooth-like (compound)
odontomas develop in the anterior maxilla (Fig. 8) (Hovorakova et al., 2020).
Conversely, VL in the corresponding region of the mandible presents a closer
relationship with the dental lamina, with bulges formed by the dento-vestibular
epithelium (Hovorakova et al., 2007). The posterior mandible is the site where
complex odontomas are more frequently detected, and this region is
characterized by an irregularly thickened VL (Hovorakova et al., 2007). An
accessory cap (AC) observed on the molar vestibular ridge exhibits a similar
morphology of the tooth germ at cap stage, which is buccal to the first primary
molar primordium in the upper jaw (Hovorakova et al., 2005). AC was also
found at the level of the second milk molar (Adloff, 1909), and a similar
structure to AC has been described by Bolk (1924). Such accessory epithelial

structures were commonly supposed to be unable to develop into the teeth, and
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their further growth is repressed during normal development. AC bulge was
suggested to be another region where the compound odontoma might form,
which may explain why some odontomas occur in more posterior maxilla
(Hovorakova et al., 2005, 2007) (Fig. 8). The VL is therefore predicted to have
potentiality to develop tooth-like odontomas or supernumerary teeth under

some pathological circumstances.

R e
R N o

Figure 8. Odontomas formation associated with VL. (A) Cone Beam Computed
Tomography (CBCT) photograph of a 10-year old patient, showing the odontomas
formation located in the anterior upper jaw. (B) The MicroCT scan displays the dental
structures within odontoma. (C) Histological section of odontoma toothlet, which shows
a structured odontoblasts layer. (D, E) The upper and lower VL/DL in human fetuses
are visualized by 3D reconstructions (Hovorakova et al., 2007). Dark grey: DL, I:
Incisors, C: Canines, M1: the 1t molar, M2: the 2" molar, AC: accessory cusp.
Asterisks: highlights of the areas to form compound odontomas; Arrow: the region

where complex odontomas may form (Hovorakova et al., 2020).
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1.7 The murine VL can develop teeth/tooth-like structures after
manipulation

Although the VL does not normally form teeth, it possesses the potential to form
teeth when subjected to certain stimuli or conditions. For example, the presence
of odontomas and supernumerary teeth has been reported in many syndromes
such as Gardner syndrome, which is characterized by an overactivation of the
Whnt signalling caused by the adenomatous polyposis coli (APC) mutation
(Garcia and Knoers, 2009; Yu et al., 2018). The overactivated canonical Wnt
signalling in the oral epithelium can induce extra tooth formation in the vestibule
area of APC conditional knockouts, accompanied by upregulation of Fgf8 and
Shh (Wang et al., 2009). And when Wnt signalling was overexpressed in Sox2-
positive cells, supernumerary teeth were observed in the VL region, which could
form mineralised teeth after isolation and culture (Popa, Buchtova and Tucker,
2019). Similarly, odontoma formation due to the stimulated Wnt signalling was
also observed in mice (Xavier et al., 2015). The initiation of odontogenic
odontomas is also associated with overactivated Shh (Rui et al., 2014),
suggesting that the odontomas in non-odontogenic epithelial areas might be
triggered by the abnormal activation of Shh in these regions (Hovorakova et
al., 2016). These effects can be counteracted when the Wnt/B-catenin is
overexpressed in the mesenchyme, leading to an inhibition of the tooth number

(Jarvinen et al., 2018). Similar to what has been observed in mice, the
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overactivation of Wnt/B-catenin induced by the GSK3p inhibitors in dental
culture of snake can lead to more ectopic tooth germs (Gaete and Tucker,
2013). These data suggest that the VL can form teeth in some situation, which
might be relevant to its common origin with the DL. The odontogenic
competence of the oral vestibule can be supported by previous research that
shows the formation of dental tumors expressing enamel matrix in transgenic

ameloblastin-null mice (Fukumoto et al., 2004).

1.8 VL and DL defects are constant phenotypes in Ellis-van Creveld
syndrome

Disruptions in the development of VL can occur in certain human disorders, like
Ellis-van Creveld (EvC) syndrome (OMIM 225500), resulting in defects in the
oral vestibule that may manifest as multiple frenula and labio-gingival
adherences (Sasalawad et al., 2013; Pena-Cardelles et al., 2019). Other
ectodermal dysplasias, like Weyers acrofacial dysostosis (OMIM 193530), have
also found to be associated with vestibule defects (Roubicek and Spranger,
1984). More recently, abnormalities in oral vestibule and teeth were found in a
cryptophthalmos patient caused by the FREMZ2 mutation (Kantaputra et al.,
2022). Among these, oral vestibule defects have been widely reported in
individuals with EvC syndrome, however, the underlying mechanisms are still
unknown. EvC syndrome is primarily typified by autosomal recessive

inheritance, disproportionate dwarfism, short limbs and ribs, polydactyly,
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congenital heart malformations, and oral deficiencies (Ellis and Van Creveld,
1940). The EvC patients show a wide spectrum of clinical phenotypes related
to multisystemic involvement, including skeletal dysplasia, postaxial polydactyly
of fingers and lower prevalence of extra toes, ectodermal anomalies, cardiac
diseases, respiratory malformation, and oral defects (Ellis and Van Creveld,
1940; Hattab, Yassin and Sasa, 1998; George et al., 2000; Sasalawad et al.,
2013) (Fig. 9). Chondrodysplasia is a condition that shows disproportionate
dwarfism with long chunk, short ribs and limbs (Sasalawad et al., 2013).
Ectodermal dysplasia is characterized by hypoplastic and spoon-shaped nails,
occasionally thin scanty hair, and malformed teeth (Hattab, Yassin and Sasa,
1998; Sasalawad et al., 2013). Congenital heart anomalies are present in
around 50-60% cases, along with respiratory defects that are thought to be
responsible for the high neonatal mortality rate, individuals who survive the
fragile neonatal period typically exhibit normal emotional and intellectual
development, and are generally able to live a normal lifespan (George et al.,
2000; Nakatomi, 2009). There are also striking oral defects such as abnormal
teeth and multiple oral vestibule frenula (Shaik et al., 2016). Additionally, fused
5" and 6" metacarpals, fused capitate and hamate of the wrist, valgus
deformity of knee, and retarded bone age have been described (Baujat and Le
Merrer, 2007; Nakatomi, 2009). Several inconstant clinical manifestations
have been reported in EvC cases, including epi- and hypospadias, strabismus,

and cryptorchidism. Among these, urogenital abnormalities such as
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hypospadias were reported to account for 22% of EvC cases (Kowal et al.,
2015). Renal abnormalities including dysplasia, agenesis, nephrocalcinosis,
megaureter and hematologic abnormalities such as dyserythropoiesis
(Scurlock et al., 2005) and perinatal myeloblastic leukemia (Miller, Newstead
and Young, 1969) were reported as very rare cases in EvC patients (Baujat
and Le Merrer, 2007). Multidisciplinary symptomatic management is required
for individuals affected with EvC syndrome: 1) treatments of respiratory distress,
heart disease, and neonatal teeth extraction during neonatal period; 2) pediatric
and orthopedic follow-up for the treatment of short stature and bone deformities;
3) oral and dental treatments. The management of oral manifestations in EvC
patients is critical, and dentists play an essential role in this regard. Given the
high incidence of cardiac disease associated with this disorder, prophylactic
antibiotic treatment should be considered (Baujat and Le Merrer, 2007).
However, those treatments are still limited to corrective therapy, an enhanced
understanding of EvC pathogenesis is needed to improve the management

strategies and offer the possibility for targeted therapy.
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Figure 9. Some typical clinical features of EvC patients. (A) The typical
characteristics of a 13-year-old patient, who present normal trunk and facial
development but with short stature (4 feet). (B, C) Supernumerary fingers and
hypoplastic, fragile or missing nails. (D) A panoramic X-ray displays partial absence of
teeth and an impacted incisor in the lower jaw. Red arrowheads point out the

supernumerary fingers (adapted from Sasalawad et al., 2013).
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The mentioned oral manifestations of EvC syndrome are pathognomonic and
consistent, particularly with regard to the striking defects in the oral vestibule
and teeth, which are essential for the initial diagnosis of the syndrome (Hattab,
Yassin and Sasa, 1998; Mostafa et al., 2005; Sasalawad et al., 2013).
Dysplasia in the oral vestibule in EvC syndrome include the broad median
frenum with highly attachment to the gingival margin, multiple broad median
and labial frenula, accessory labio-gingival frenula, hypertrophic frenulum, and
anteriorly labio-gingival adherences caused by the reduction or obliteration of
muco-buccal sulcus (Hattab, Yassin and Sasa, 1998; Mostafa et al., 2005;
Baujat and Le Merrer, 2007; Sasalawad et al., 2013; Nethan, Sinha and
Chandra, 2017) (Fig. 10). Gingival inflammation have been noted in areas

where frenula attachment is abnormal (Hattab, Yassin and Sasa, 1998).
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Tooth and vestibule defects

Figure 10. Oral vestibule and tooth defects seen in EvC patients. (A) Multiple
broad labial frenula and conical incisors in the upper jaw. White arrowheads point out
the accessory labio-gingival frenula, and blue arrowheads point out the conical incisors.
(B) Upper broad median frenum (white arrowhead) with highly attachment to the
gingival margin, leading to the increased space between the upper incisors. Tooth
defects include malocclusion, conical shaped teeth, and the missing or impacted lower

incisors (white asterisk). (C) Lower broad median frenum (white arrowhead) with highly
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attachment to the gingival margin (adapted from Sasalawad et al., 2013; adapted from

Kalaskar and Kalaskar, 2012).

A diverse array of tooth defects has been identified in EvC patients, which can
impact various aspects of tooth development, including eruption, number,
morphology, calcification, and arrangement (Mostafa et al., 2005; Nakatomi,
2009). Specific manifestations include premature eruption at birth, premature
exfoliation, as well as a broad range of eruption timing, from prenatal to delayed
(Hunter and Roberts, 1998; George et al., 2000). Congenital tooth missing
especially in the incisor region (Fig. 9D,10B) is a frequent occurrence in
individuals with EvC syndrome, fused teeth, supernumerary teeth, and
unerupted teeth were also noted in the upper incisor area (Hunter and Roberts,
1998; Mostafa et al., 2005). The tooth morphology malformation usually
presents conical shape (Fig. 10), talon cusps, microdontia, macrodontia, and
taurodontism (Shaik et al., 2016). Malocclusion (Fig. 10B), or the misalignment
of teeth, is associated with the misarrangement of teeth that are affected by the
diastema or irregular spacing due to hypodontia, as well as by the aberrant
location of teeth (Susami et al., 1999; Nakatomi, 2009). Other typical oral
characteristics reported in EvC cases include bilateral partial clefts of alveolar
ridge in lateral incisor regions, median fissured tongue and bifid tip of the tongue,
partial ankyloglossia, and medially notched upper lip caused by the fusion of

maxillary gingival margin to the anterior lip (Cahuana et al., 2004). Enamel
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hypoplasia and hypocalcification suggested as uncommon features in EvC
patients are known to be the main causes of severe caries (Nakatomi, 2009).
Moreover, mandibular prognathism was associated with the mutations in EVC
and EVC2 (Li et al., 2010). EvC patients have also been reported to exhibit
maxillary prognathism (Shaik et al., 2016) and mild maxillary hypoplasia with

mandibular prognathism (Nethan, Sinha and Chandra, 2017).

1.9 EVC and EVC2 are major etiological genes that cause EvC syndrome
As previously stated, EvC syndrome is a chondroectodermal disorder that
affects multiple tissues and is inherited in an autosomal recessive pattern,
which was described earlier by McIntosh (1933) and first reported by Simon
van Creveld and Richard Ellis in 1940 (Ellis and Van Creveld, 1940). The
patients were of diversified races including Old Order Amish, Dutch, Jewish
American, Ecuadorian, Australian Aboriginal, Mexican, Ashkenazi, Asian,
British, and Brazilian etc. with parental consanguinity accounting for 30% of
cases (Ellis and Van Creveld, 1940; McKusick et al., 1964; Polymeropoulos
et al., 1996; Galdzicka et al., 2002; Mostafa et al., 2005; Tompson et al.,
2007; Galdzicka, Egeland and Ginns, 2016; Shaik et al., 2016). Of these, a
significant number of cases have been documented within the Old Order Amish
community, where the prevalence is estimated to be high at 5 per 1000

individuals in this population (McKusick et al., 1964; Polymeropoulos ef al.,
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1996). The mapping of this disorder to chromosome 4p16 was initially
established in interrelated Amish pedigrees as well as in individual pedigrees
from Ecuador, Mexico, and Brazil with EvC syndrome (Polymeropoulos et al.,
1996). EVC and EVC2 are considered as major etiological genes involved in
the pathogenesis of EvC syndrome, mutation in either EVC (Ruiz-Perez et al.,
2000) or EVC2 (Galdzicka et al., 2002) can cause EvC syndrome, which
accounts for approximately 70% cases (Tompson et al., 2007; Aubert-Mucca
et al., 2022). EVC and EVC2 are conserved genes from fish to human, which
are tightly genomic linked lying in a divergent head-to-head configuration with
transcription start locus separated by 1,647bp in mouse and 2,624bp in human.
Affected individuals caused by mutation in either EVC or EVCZ2 had distinctive
spectrum of EvC syndrome characteristics with indistinguishable phenotypes
(Galdzicka et al., 2002; Ruiz-Perez et al., 2003). It has been proposed that a
common mechanism of pathogenesis underlies the developmental
abnormalities in Evc and Evc2 mutant mice, as well as in individuals with EvC
syndrome (Thomas et al., 2022). A number of other ciliopathy-associated
genes have been documented to cause EvC syndrome from a recent study of
45 affected families, including SMO (2.2%), DYNC2H1 (6.7%), PRKACB (2.2%),
and DYNC2LI1 (2.2%) (Aubert-Mucca et al., 2022). Additionally, pathogenic
change in WDR35, a gene encodes retrograde intraflagellar transport protein
121 (IFT121), was also reported to underlie few EvC cases by interrupting the

correct ciliary localization of the SMO and EVC/EVC2 complex (Caparrés-
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martin et al., 2015).

EvC syndrome is suggested to be mainly caused by EVC or EVC2 homozygous
or compound heterozygous mutations (Ruiz-Perez et al., 2000, 2003).
Whether heterozygous carriers have the phenotypes has been discussed
extensively. The large-scale case studies of Amish suggest that there is no
manifestation in heterozygote of EvC syndrome (McKusick, 2000; Baujat and
Le Merrer, 2007). Whereas suspected symptomatic heterozygosity in EvC was
suggested by a case whose father also had some EvC features of
disproportionate dwarfism, dysplastic nails, and teeth abnormalities (Spranger
and Tariverdian, 1995). While heterozygous dominant mutation in either EVC
or EVCZ2 result in an allelic disorder Weyers acrofacial dysostosis (WAD) (also
called Curry-Hall syndrome, MIM 193530) (Ruiz-Perez et al., 2000). WAD is
inherited in an autosomal dominant manner, the individuals with WAD typically
exhibit a milder version of the EvC phenotype without cardiac defects and have
a normal longevity (Ye et al., 2006; Baujat and Le Merrer, 2007). Similar to
the VL phenotypes in EvC patients, defects in oral vestibule frenulum have also
been noted in WAD (Roubicek and Spranger, 1984). Based on the evidence
that EVC mutations were mostly caused by loss of function introduced by the
nonsense codon or frameshift (Tompson et al., 2007), Evc mouse model was
then generated by the ablation of gene function which deleted Evc exon 1 and

inserted a lacZ reporter cassette (Ruiz-Perez et al., 2007). The Evc mutants
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mimic the phenotypes of EvC patients, with the exception that they present with
no overt cardiovascular defects and polydactyly, which are common characters

observed in EvC patients (Ruiz-Perez et al., 2007).

1.10 EVC proteins are expressed in craniofacial tissues

Evc extends for 117.9 kb and encodes a 992 amino acid protein, while Evc2, a
gene orthologous to LIMBIN (Lbn), spans 166.4 kb and encodes a 1,308 amino
acid protein (Baujat and Le Merrer, 2007; Ruiz-Perez and Goodship, 2009;
Galdzicka, Egeland and Ginns, 2016). Robust Evc and Evc2 expression are
observed in the craniofacial regions and developing skeleton in mice during
various embryonic stages and postnatal development (Ruiz-Perez et al., 2007;
Zhang et al., 2015; Kulkarni et al., 2018). For example, Evc expression was
observed in the lateral nasal process, maxillary process, nasal septum,
mandibular process, cartilaginous components of the skeleton, mesenchyme
surrounding the tooth germ, cranial sutures, nails, and skeletal growth plates
from E15.5 to PO (Ruiz-Perez et al., 2007). At E15.5, Evc expression is
predominantly observed in the mesenchyme that surrounds the developing
tooth bud and VL. Notably, strong Evc expression was also shown in the distal
third portion of the VL epithelium (Ruiz-Perez et al., 2007) (Fig. 11). Evc2
shows a similar expression pattern to Evc at E15.5, being present in the maxilla,
mandible, premaxilla, spheno-occipital synchondrosis, and cranial sutures

(Takeda et al., 2002; Badri et al., 2016). As previously described, the Evc and
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Evc?2 are transcribed divergently and located in close proximity, suggesting that
they could be functionally related and coordinately regulated. Mutations in
either EVC or EVC2 could interrupt common pathways to cause clinical
manifestations seen in EvC patients (Caparrés-Martin et al., 2013; Galdzicka,

Egeland and Ginns, 2016).
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Figure 11. Evc expression pattern in the murine VL and TB. At E15.5, the
expression of Eve, as shown using a reporter for LacZ, was mainly concentrated in the
mesenchyme surrounding the VL and TB. Within the VL epithelium, robust expression
of Evc was detected in the distal third region of VL. VL: vestibular lamina; TB: tooth

bud.

1.11 EVC is an essential component of the primary cilium
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Both Evc and Evc2 genes encode proteins that contain putative
transmembrane regions and multiple coiled-coiled domains (Ruiz-Perez et al.,
2003). EVC and EVC2 are transmembrane proteins with N-terminal anchors
that co-localized on the base of the primary cilium by interacting with EFCAB7
through the W domain of EVC2 (Blair et al., 2011; Louie, Mishina and Zhang,
2020). EVC and EVC2 are interdependent for ciliary localization, and are critical
components of primary cilia involved in various signalling pathways
transduction (Ruiz-Perez et al., 2007; Blair et al., 2011; Louie, Mishina and
Zhang, 2020). The EVC and EVC2 are believed to work as a EVC/EVC2
complex that function as the downstream of SMO activation and upstream of

GLI transcription (Blair et al., 2011; Yang et al., 2012).

Generally, cilia can be categorized into two types according to their microtubule
structures, including primary cilia and motile cilia (Amack, 2022). Primary cilium,
also referred to as immotile cilium, is a sensory organelle that protrudes in a
rod-like shape from the surface of almost every vertebrate cell type. The
primary cilium is present on various cell types and acts as a sensor for
mechanical and chemical environmental signals and plays a crucial role in
regulating cellular differentiation or division, proliferation, cellular signaling,
migration and patterning development (Elliott and Brugmann, 2019; van der
Burght et al., 2020). This ubiquitous cellular microtubule-based organelle is

dynamically regulated during the progression of the cell cycle, which is present
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in the GO and G1 phases, and are usually found in cells during the S/G2 phases,
however, they are almost invariably resorbed prior to mitotic entry and reappear
after cytokinesis (Plotnikova et al., 2009). Ciliogenesis, which refers to the
formation of the cilium, occurs only during specific cell cycle stages (Nigg and
Stearns, 2011). The cilium consists of several essential components such as
the ciliary membrane, axoneme, EVC zone, and basal body (Elliott and

Brugmann, 2019; Thomas et al., 2022) (Fig. 12).

The basal body comprises a 9 triplets ring of y- tubulin, with the axoneme
protrudes from its apical surface (Wheway, Nazlamova and Hancock, 2018).
The axoneme is composed of a and B tubulin microtubules that arrange
themselves in a ring of nine doublets, whose assembly and sustenance rely on
intraflagellar transport (IFT) (Moore, 2022). Primary cilium can be distinguished
from motile cilium by the lack of central microtubules. Unlike motile cilium, which
has a "9+2" structure where dynein arms trigger ciliary movement by acting
against the central pair, primary cilium presents as a "9+0" structure due to the
lack of this central pair or dynein arms (Wheway, Nazlamova and Hancock,
2018) (Fig. 12). The transition zone serves as the proximal compartment of the
primary cilium, where it connects to the basal body, acting as the ‘cilium gate’
to regulate the entry and exit of molecules at the base of the cilium (Szymanska
and Johnson, 2012). The EVC zone is the region where the EVC/EVC2

proteins localized as described above. The ciliary tip is the compartment to
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regulate the gathering of GLI proteins (Kong, Siebold, and Rohatgi, 2019).
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Figure 12. A diagrammatic representation illustrates the structures of primary
cilium and motile cilium. (A) The cilium’s main structural components including ciliary
membrane, basal body, axoneme, and EVC zone. (B) Specifically, the axoneme within
the primary cilium consists of a ring that contains nine microtubule doublets. (C) In
contrast to primary cilium, the motile cilium exhibits a distinct structural arrangement

known as the "9+2" structure, which consists of a central pair of microtubules.

1.12 EvC syndrome belongs to ciliopathies

The primary cilium functions as a complex signalling center that is
indispensable for embryonic patterning and organogenesis during development,
dysfunction of primary cilium are linked to a diverse array of syndromic
disorders, known as ciliopathies (Berbari et al., 2009). Both embryonic and
postnatal organogenesis are affected in ciliopathies patients, although

ciliopathies are rare in each individual case, they are quite common when
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considered collectively, with an estimated 1 in 725 individuals affected by these
conditions (Smith, Lake and Johnson, 2020). Around 30% of these cases
exhibit craniofacial abnormalities (Schock and Brugmann, 2017). Joubert
syndrome, caused by mutations in TALPID3/KIAA0586, is one of the most
common syndromes in the ciliopathy spectrum. It has been suggested to have
associations with various facial and head defects (Fraser and Davey, 2019).
Oral-facial-digital (OFD) syndromes are a specific subset of ciliopathies that are
considered uncommon hereditary conditions. These syndromes are identified
by a cluster of abnormalities that affects face, oral cavity, and digits,
accompanied by an extensive range of additional clinical features. Facial
features may include cleft lip/palate, low-set ears, and hypertelorism. Oral
abnormalities may present abnormal frenula, lobulated tongue, and lingual
hamartoma, while digital defects may show brachydactyly and polydactyly

(Bruel et al., 2017).

The essential roles of the primary cilium in a number of signaling pathways
during development have been summarized in Sreekumar and Norris, 2019,
with the Hedgehog signaling highlighted in the craniofacial development of EvC
syndrome (Thomas et al., 2022). The primary cilium and Hh pathway were
suggested to be linked when the disrupted Hh signaling was found in the ciliary
mutants (Huangfu et al., 2003). Aberrant SHH signaling has been found to be

responsible for the hepatic abnormalities observed in talpid3 ciliopathy mutant,
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as indicated by the loss of cilia in its liver (Davey et al., 2014). The link between
Shh and cilia was further supported by the localization of various Hh
components (such as SMO, PTCH1, and GLI) within the cilium (Corbit et al.,
2005; Haycraft et al., 2005; Rohatgi et al., 2007). Evidence suggests that the
loss of EVC or EVC2 function only partially impairs Hedgehog signaling, as
indicated by a decrease in the levels of GIli1 or Ptch1 expression by
approximately two thirds in embryonic fibroblasts (MEFs) or primary
chondrocytes of Evc2 mutants in comparison to controls (Caparrés-Martin et
al., 2013; Zhang et al., 2015). This is further substantiated by comparing Gli1
and Ptch1 mRNA levels across various tissues in Evc or Evc2 mutants and

controls (Ruiz-Perez et al., 2007; Zhang et al., 2016).

1.13 EVC is essential for hedgehog signalling transduction

The discovery of the Hedgehog (Hh) gene dates back to 1980, when Nusslein-
Volhard and Wieschaus identified it during their genetic analysis of the
drosophila melanogaster/ fruit fly (Nusslein-Volhard and Wieschaus, 1980).
In the 1990s, researchers identified three main homologs of the Hh gene in
vertebrates, known as Sonic hedgehog (Shh), Indian hedgehog (lhh), and
Desert hedgehog (Dhh). These genes are essential for development across
various stages, from embryogenesis to adulthood (Rimkus et al., 2016). Shh
is an important signaling ligand and its expression is widespread in adult tissues

(Ingham and Mcmahon, 2001; Pathi et al., 2001). The Shh pathway is
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essential for proper embryonic development, as it regulates critical processes
such as cell proliferation, differentiation, morphogenesis, and patterning.
Dysregulated Shh signaling has been linked to various disorders such as EvC
syndrome (Thomas et al., 2022). Patched (PTCH1) is a transmembrane
protein consisting of 12 transmembrane domains and is positioned at the base
of the primary cilium. It acts as a primary receptor for the Shh ligand (Rohatgi,
Milenkovic, and Scott, 2007). There are several co-receptors that can modify
the binding affinity of Hh, including GAS1 (Growth arrest specific 1), CDON
(Cell adhesion molecule-related/down-regulated by oncogenes), and BOC
(Brother of CDON) (Martinelli and Fan, 2007; Allen et al., 2011; lzzi et al.,
2011; Seppala et al.,, 2017). When Shh ligands are absent, PTCH1 is
embedded in the cilium membrane, where it suppresses the function of
Smoothened (SMO), a seven transmembrane protein (Nakatomi et al., 2013)
(Fig. 13A). In this unstimulated state, SUFU (Suppressor of Fused), a protein
located in the cytoplasm, directly binds to the GLI (Glioma-associated
oncogene homolog) transcription factors. As a result, GLI are sequestered in
the cytoplasm and unable to activate target genes regulated by GLI (Kogerman
et al., 1999; Cheng and Michael Bishop, 2002; Paces-Fessy et al., 2004;
Tukachinsky, Lopez and Salic, 2010) (Fig. 13A). Specifically, upon
translocation to the basal body, the SUFU-GLI complex is phosphorylated at
multiple sites by Gylcogen synthase kinase 3 (GSK3), Protein kinase A (PKA)

(Jiang and Struhl, 1995; Li et al., 1995; Hammerschmidt, Bitgood and
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McMahon, 1996), and Casein kinase 1 (CK1) (Seppala et al., 2017) (Fig. 13A).
Following phosphorylation, E3 ubiquitin ligase targets GLI for ubiquitination,
leading to its processing by the proteasome into truncated GLI repressor (Pan
et al., 2006; Pan and Wang, 2007). Once it reaches the nucleus, the SUFU-
GLI repressor complex works together with SAP18 and the co-repressor
complex to effectively repress the expression of GLI target genes (Cheng and

Michael Bishop, 2002; Paces-Fessy et al., 2004; Zhang et al., 2017).
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Figure 13. A basic diagram depicting the key steps of Shh signaling transduction
in the primary cilium. (A) In the inactive (OFF) state, PTCH1 gathers on the primary
cilium membrane and suppresses the function of SMO. SUFU sequesters GLI proteins
and triggers their phosphorylation by GSK3B, PKA, and CK1. Following
phosphorylation, GLI proteins are proteolytically cleaved to truncated repressor forms
that suppress the signalling transduction. (B) The binding of SHH to PTCH1 activates
the Shh signaling pathway (ON), with facilitation from co-receptors CDO, BOC, and
GAS1. SMO accumulates in the ciliary membrane and interacts with EVC/EVC2

proteins. The SUFU-GLI complex is transported to the cilium tip and dissociated, full-
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length GLI then enters into the nucleus to activate the pathway.

The sequestration of GLI transcription factors by SUFU in the cytoplasm
promotes the degradation and processing of GLI proteins, thereby inhibiting
Shh pathway transduction (Kogerman et al., 1999). Despite being known as a
negative regulator of the Shh pathway for a considerable time, recent studies
have revealed a more complex role of SUFU. According to research, SUFU
plays a significant role in regulating the Shh pathway as a chaperone, shuttling
GLI activators into the nucleus while escorting GLI repressors out. Furthermore,
these studies suggest that SUFU forms a complex with both GLI isoforms to

bind to chromatin and initiate a transcriptional response (Zhang et al., 2017).

Vertebrates have three GLI transcription factors: GLI1-3. GLI1 is a full-length
transcriptional activator, whereas GLI2/3 can act either as positive or negative
regulators, depending on their post-transcriptional and post-translational
modifications (Ruiz i Altaba, 1997; Sasaki et al., 1999). The GLI family
possesses a zinc-finger DNA-binding domain that is highly conserved, which
allows for the recognition of a shared DNA element (Cheng and Michael
Bishop, 2002). GLI proteins' capacity to transcribe Hh target genes is
determined by their stabilization as full-length transcription activators in the
presence of Hh or their proteolytic cleavage into truncated transcription

repressors when Hh is absent. Upon binding with Shh ligand, PTCH1 ceases
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to block SMO at the primary cilium. The active SMO enters the primary cilium
membrane and positions itself close to the EVC zone. Activated ciliary SMO
aided with KIF7, a member of the kinesin protein family, generating a GLI
activator that transport to the nucleus and promote the expression of target
genes (Liem et al., 2009). The increased accumulation of SMO in this region
of the cilium membrane repress SUFU, leading to the relief of GLI repression.
As a result, this process facilitates the transportation of SUFU/GLI complex
towards the tip of the cilium, ultimately triggering its dissociation (Tukachinsky,
Lopez and Salic, 2010) (Fig. 13B). A recent suggestion proposes that GLI
activator is accompanied by SUFU when it enters into the nucleus (Zhang et
al., 2017). The Shh ligand binding causes GLI2 to accumulate within the
primary cilium, which leads to transcriptional activation and antagonize the
negative regulation by GLI3 (Kim, Kato and Beachy, 2009). The generation of
GLI activators is inhibited and the GLI proteins are not truncated into repressor
forms, such as GLI 3R. As a result, the full form of GLI proteins are translocated
into the nucleus, where they activate the transduction of Hh signalling (Rohatgi,
Milenkovic, and Scott, 2007; Tukachinsky, Lopez and Salic, 2010). GLI
transcription factors can trigger the activation of various target genes, including
Gli1 and Ptch1 involved in Hh pathway, Myc associated with cell proliferation,
Bcl-2 related to programmed cell death, Ang1/2 relevant to angiogenesis, Snail
engaged in epithelial-to-mesenchymal transition (EMT), and Nanog and Sox2

participating in the self-renewal of stem cells (Hui and Angers, 2011; Rimkus
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etal., 2016).

Apart from the canonical (classical) signaling pathway, Shh signaling also
involves non- classical pathways. Non-canonical Shh signaling can be defined
in two ways. The first refers to the activation of signaling from PTCH1/SMO in
the absence of GLI transcription factors. The second mechanism involves the
stimulation of GLI transcription factors without the involvement of the
PTCH1/SMO or Shh ligand and is often associated with oncogenic effects with
an increased GLI activity (Rimkus et al., 2016; Pietrobono, Gagliardi and
Stecca, 2019). Targeting SMO has been the main strategy to suppress the Shh
pathway. By inhibiting SMO, downstream activation of GLI transcription factors
is prevented, leading to the suppression of Shh pathway transduction and
genes transcription (Rimkus et al., 2016). Cyclopamine, an alkaloid found in V.
californicum, has exhibited promising potential for binding to SMO, thereby
inhibiting the Shh signaling pathway (Cooper et al., 1998; Incardona et al.,
1998). Cyclopamine was reported to bind the heptahelical transmembrane
domain of SMO, preventing the necessary conformational change required for

SMO activation (Taipale et al., 2000; Zhao, Tong and Jiang, 2007).

1.14 Primary cilium acts as a positive mediator for Hh signalling

transduction

Vertebrate Hedgehog (Hh) signalling transduction has been reported rely on
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the primary cilia (Huangfu et al., 2003; Nakatomi et al., 2013), as its absence
can impede the cellular response to Hh ligands, leading to the development of
craniofacial abnormalities (Bangs and Anderson, 2017). In vertebrates, cilium
is required for the generation of both GLI- activator and GLI-repressor (Bangs
and Anderson, 2017). The GLI family and SUFU proteins have been found to
be enriched at the tip of cilium, disruptions in the components of the cilium can
impede the functioning of Hh signal transduction (Haycraft et al., 2005). IFT
proteins in the primary cilium are crucial for the proper expression of Ptch1
(Huangfu et al., 2003). Disruptions in these proteins can lead to a decrease in
PTCH1 expression (Beales et al., 2007) as well as the GLI2/3 gathering at the
tip of the cilium (Qin et al., 2011). ARL13B, a GTPase from the Arf/Arl family, is
a critical component of the cilium membrane for maintaining the normal
structure of cilia. The absence of ARL13B has been found to result in shortened
cilium length and abnormal axoneme structure (Caspary, Larkins and
Anderson, 2007). In addition, ARL13B has been identified as a key regulator
of the distribution and localization of proteins involved in the Shh signaling
pathway within the cilium, when ARL13B is absent, the proper functioning of
the Shh signaling pathway can be disrupted, leading to aberrant signal

transduction (Larkins et al., 2011).

Activation of the Hh pathway leads to the formation of SMO/EVC2 complex,

which is restricted in a spatially distinct ciliary compartment, known as EVC
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zone (Dorn, Hughes and Rohatgi, 2012; Bangs and Anderson, 2017).
Precise localization of EVC and EVC2 within primary cilium is critical for their
function. Failed ciliary EVC2 localization can cause EvC syndrome and other
chondrodysplasias (Dorn, Hughes and Rohatgi, 2012; Xavier et al., 2016;
Thomas et al., 2022). Additionally, EVC/EVC2 was proposed to function as the
upstream of SUFU to modulate Glioma-associated oncogene homolog (GLlI)
activity, and mediate the balance between GLI*and GLIR through accelerating
the activation of GLI* whereas repressing the formation of GLIR (Yang et al.,
2012; Elliott and Brugmann, 2019). EVC/EVC2 used to be proposed to
localize in the basal body, while current literature commonly suggest the EVC
zone is the region where this complex colocalizes (Thomas et al., 2022). The
EVC/EVC2 complex has been shown to interact with SMO to regulate signalling
in the primary cilium, which lead to a diminished response to hedgehog ligands
in Evc mutant mice. Notably, although the complex is not required for
ciliogenesis, the formation of cilia in Evc mutant mice appears to be unaffected

(Ruiz-Perez et al., 2007; Caparrés-Martin et al., 2013; Thomas et al., 2022).

AIMS OF PROJECT

Aim 1: To examine the early development of VL in mouse and human, and

assess the mechanisms underlying furrow formation.

Aim 2: To identify the molecular signature for the VL and to explore the
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differences in signalling pathway expression in VL and DL.

Aim 3: To investigate the development of the VL in Gas7 and compound

mutants and explore the role of Shh signalling in the VL and DL.

Aim 4: To compare the VL defects in Gas7 and Evc mice, looking for common

underlying mechanisms.
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Chapter 2 — Methods

2.1 Immunofluorescence

Wax-embedded serial sections were subjected to de-waxing using Histoclear.
This involved immersing the sections in Histoclear three times, with each lasting
10 minutes. Following de-waxing, the sections underwent a rehydration
process by sequential immersion of the sections in ethanol solutions with
decreasing concentrations of 100% (twice), 90%, 70%, 50%, and 30%, with
each immersion lasting for 2 minutes. The sections were washed with PBS and
then exposed to citric acid (pH 6) antigen retrieval solution in a 92°C water bath
for 30 minutes, followed by a 10-minute cooling down period at room
temperature. Next, the sections were subjected to a blocking step by incubation
with a blocking solution in a humidity chamber at room temperature for 1 hour
to prevent nonspecific binding of the primary antibody. The blocking solution
comprised of a mixture of PBS, 0.05% Tween20, 10% goat serum (or other
serum depending on the secondary antibody used), and 1% bovine serum
albumin. The slides were subsequently incubated with primary antibody
overnight at 4°C to allow for specific binding of the antibody to its target. The
sections underwent a series of four washes with PBT20, with each wash lasting
for 5 minutes to remove any unbound primary antibody. PBT20 is a solution
made up of PBS and 0.05% Tween20. Subsequently, the sections were

incubated with secondary antibodies for a period of 1-2 hours at room
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temperature to allow for specific binding of the secondary antibodies to the
primary antibodies. To remove any unbound secondary antibodies, the sections
were washed four times with PBT20, and each wash lasted for 5 minutes. The
sections were treated with Fluoroshield™ containing DAPI (Sigma-Aldrich
#SLBV4269) for mounting and subsequently imaged using either a Leica TCS
SP5 confocal microscope or a Zeiss ApoTome to visualize the results. Below is
a list of primary and secondary antibodies used in the PhD research along with
their working concentrations (Table1 and Table2). (See details in chapters 3-

5).

Table1: Primary antibody list

Antibody Name | Catalog Company Raised | working
Number in concentration

Keratin 14 905501 Covance rabbit 1:200

keratin 10 ab76318 Abcam mouse | 1:300

keratin 5 PRB-160P | Covance rabbit 1:300

fillagrin HPA030188 | Cambridge | rabbit 1:200
Bioscience

PCNA ab193965 Abcam rabbit 1:400

Caspase-3 9579 Cell rabbit 1:200
Signaling

E-cadherin ab76055 Abcam mouse | 1:400
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Loricrin PRB-145P | Biolegend rabbit 1:400

Occludin ab31721 Abcam rabbit 1:200

BrdU ab6326 Abcam rat 1:500

E-cadherin ab15148 Abcam rabbit 1:100

Arl13b 17711-1-ap | Novus rabbit 1:200
Biologicals

y-tubulin T6557 Sigma- mouse | 1:200
Aldrich

B-catenin 610153 BD mouse | 1:200
Biosciences

Table2: Secondary antibody list
Antibody Name Catalog Company | working
Number concentration

Alexa Fluor™ A11001 Invitrogen | 1:500

donkey anti-mouse 488

Alexa Fluor™ ab150073 Abcam 1:500

donkey anti-rabbit 488

Alexa Fluor™ A10042 Invitrogen | 1:500

donkey anti-rabbit 568

Alexa Fluor™ A21202 Invitrogen | 1:500

donkey anti-mouse 488
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Alexa Fluor™ A31571 Invitrogen | 1:500

donkey anti-mouse 647

Alexafluor A21247 Invitrogen | 1:500

donkey anti-rat 647

Alexa Fluor™ A-11008 Invitrogen | 1:500

goat anti-rabbit 488

2.2 Histology

Following collection, the samples were fixed in 4% paraformaldehyde (PFA) at
4°C overnight. For human samples and postnatal mice, decalcification was
performed using 0.5M ethylenediaminetetraacetic acid (EDTA) at pH = 8.
Samples were then dehydrated using a series of increasing ethanol
concentrations (30%-50%-70%-90%-100%). After clearing in xylene, the
samples were immersed in wax and subsequently embedded in paraffin. The
samples were sliced into 5-8 pym thick sections by microtome and sequentially
mounted onto charged slides. To perform histological analysis, the slides were
subjected to standard staining protocols, including Haematoxylin-Eosin (HE)
staining and trichrome staining (Alcian blue, Hematoxylin, and Sirrus red). (See

details in chapters 3-5).

2.3 Explant culture

The mandible was harvested from mice at E12.5 or E13, and from humans at
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CS19, at a stage when a visible VL/DL could be observed. The Mcllwain tissue
chopper was utilized to perform a sagittal cut on the dissected mandible at a
distance of 200 or 250 ym (Alfageeh and Tucker, 2013). The incisor region
slices were cultured on permeable filters supported by steel meshes, as
detailed in the following publications. Slices were kept in a 5% CO2 environment

at 37°C and imaged by microscope. (See details in chapters 3-5).

2.4 Other methods:

Whole mount immunofluorescence: see details in chapters 4;

Statistical analysis: see details in chapters 4 and 5;

RNA isolation and RNA-Seq library construction and sequencing: see details in
chapters 5;

Downstream analysis of RNA-Seq: see details in chapters 5;

Radioactive in situ hybridization: see details in chapters 5;

RNA-Scope assay: see details in chapters 5.
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Chapter 3 — (Publication 1) Development of the Vestibular Lamina in
Human Embryos: Morphogenesis and Vestibule Formation

(Frontiers in Physiology, 2020)

Tengyang Qiu', Tathyane H. N. Teshima', Maria Hovorakova 23 and Abigail
S. Tucker':3*

1 Centre for Craniofacial and Regenerative Biology, Faculty of Dentistry, Oral
and Craniofacial Sciences, King’s College London, London, United Kingdom,
2 Institute of Histology and Embryology, First Faculty of Medicine, Charles
University in Prague, Prague, Czechia,

3 Institute of Experimental Medicine, Czech Academy of Sciences, Prague,

Czechia

Aim: To examine the early development of VL in human, and assess the
mechanisms underlying furrow formation.

My contributions: | conducted all of the experiments except the explant culture,
including histology and immunohistochemistry. | created all the figures and
wrote the draft of the original manuscript. | contributed to the editing of the
manuscript.

Abstract:

During early stages of development, the vestibular lamina (VL) is a temporary
epithelial structure that later transforms into the oral vestibule, forming the

grooves of the upper and lower lips and cheeks. The VL is located on the
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buccal/labial aspect of the dental lamina (DL) and have a close developmental
relationship. However, our understanding of the developmental processes
underlying the VL and its interconnection with DL remains quite limited. In this
study, we mainly investigate the development of VL in human embryos,
specifically focusing on the period ranging from 6.5 weeks (CS19) to 13 weeks.
Our research findings highlighted the close relationship between the VL and DL,
revealing their shared origin in humans and a dual origin in mice in the anterior
lower region. The VL undergoes intricate morphogenetic transformations during
development, resulting in the formation of a branched structure that ultimately
segregates to create the vestibule. The dynamic expression of keratins in the
VL serves as a key indicator of its differentiation patterns. Notably, the formation
of fissures in the VL is closely associated with the onset of filaggrin. Apoptosis
plays a crucial role in removing the central portion of the VL, thereby broadening
the furrow between the future gum and cheek. This research provides a
fundamental foundation for further investigation into developmental

abnormalities affecting this specific area of the oral cavity.
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Development of the Vestibular Lamina
in Human Embryos: Morphogenesis
and Vestibule Formation

Tengyang Qiu’, Tathyane H. N. Teshima’', Maria Hovorakova?® and Abigail S. Tucker’**

'Centre for Craniofacial and Regenerative Biology, Faculty of Dentistry, Oral and Craniofacial Sciences, King’s College
London, London, United Kingdom, 2Institute of Histology and Embryology, First Faculty of Medicine, Charles University in
Prague, Prague, Czechia, °Institute of Experimental Medicine, Czech Academy of Sciences, Prague, Czechia

The vestibular lamina (VL) is a transient developmental structure that forms the lip furrow,
creating a gap between the lips/cheeks and teeth (oral vestibule). Surprisingly, little is
known about the development of the VL and its relationship to the adjacent dental lamina
(DL), which forms the teeth. In some congenital disorders, such as Ellis-van Creveld (EVC)
syndrome, development of the VL is disrupted and multiple supernumerary frenula form,
physically linking the lips and teeth. Here, we assess the normal development of the VL
in human embryos from 6.5 (CS19) to 13 weeks of development, showing the close
relationship between the VL and DL, from initiation to differentiation. In the anterior lower
region, the two structures arise from the same epithelial thickening. The VL then undergoes
complex morphogenetic changes during development, forming a branched structure that
separates to create the vestibule. Changing expression of keratins highlight the
differentiation patterns in the VL, with fissure formation linked to the onset of filaggrin.
Apoptosis is involved in removal of the central portion of the VL to create a broad furrow
between the future cheek and gum. This research forms an essential base to further
explore developmental defects in this part of the oral cavity.

Keywords: dental pathologies, keratin, epithelial differentiation, apoptosis, oral mucosa, human development

INTRODUCTION

The vestibular lamina (VL) or lip furrow band is an embryonic structure that forms the oral
vestibule (vestibulum oris), the gap in between the teeth and cheeks and lips. The oral vestibule
has been proposed to have evolved to aid suckling, and as such is assumed to be a structure
unique to mammals and the evolution of lactation. The VL develops labially/buccally to the
dental lamina (DL), which forms the dentition of the jaw. These two laminas have been suggested
to originate from a common oral epithelial thickening, which subdivides into the two laminas
in the mouse (Peterkova, 1985). The thickening of the oral epithelium occurs approximately
during the 6th week in human embryos, with a single lamina suggested to split to form two
diverticula (Bolk, 1921). However, two independently forming laminas have also been described,
with the VL forming before or after the DL (Schour, 1929; Tonge, 1969; Nery et al., 1970).
The various theories are summarized in Hovorakova et al. (2005). Tooth buds along the DL
progress through bud, cap, and bell stages (Tucker and Sharpe, 2004), while the neighboring
VL opens up to create a cleft separating the lips and checks from the dental arch between
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the 12" and 14" week (Coslet and Cohen, 1969). Although
the VL and DL have a very close early relationship, the VL
is largely ignored in odontogenetic studies.

Originally the relationship between the human embryonic
VL and DL was represented in a classical “horseshoe-shape;’
with the VL running in parallel on the outside of the DL. This
view was based on histological sections of the upper jaw, where
the VL appeared continuous throughout the jaw. Interestingly,
however, when viewed in 3D, the human VL is clearly
discontinuous, integrating with the DL at distinct points along
the jaw, and is therefore a much more complex structure than
initially proposed (Figures 1A, 2A; Hovorakova et al., 2005, 2007).
The complex relationship of the VL and DL in different parts
of the jaw probably explains the different accounts of their
development, and it appears likely that, at least in the anterior
region of the human lower jaw, the VL and DL do share a
common origin (Bolk, 1921; Hovorakova et al, 2007). This
common origin of the VL and DL is supported by the discovery

that both laminas in the anterior area form from a common
Shh expressing domain in mice (Hovorakova et al., 2016).

The VL has been described in sheep, mouse, humans, and
voles (Pavlikova et al., 1999; Hovorakova et al., 2005, 2016; Witter
et al, 2005). Across species, clear anatomical differences are
evident along the jaw. For example, in the mouse the VL is very
prominent in the anterior lower jaw, while it is almost absent
in the anterior upper jaw. The mouse and vole have very thin
VLs, while the sheep and human have very thick multi-layered
VLs. Such differences are likely to lead to differences in morphology
of the final oral cavity and may reflect differences in diet.

The early VL has similarities to other embryonic structures
that have a close relationship to the teeth across vertebrates.
For example, in reptiles the DL shares a common origin with
the adjacent forming dental glands (Vonk et al., 2008; Tucker,
2010). Here, a single epithelial thickening appears to divide to
form the DL and a gland, similar to the process described for
the VL and DL (Kochva, 1965). Both the VL of mammals and

VL, vestibular lamina; DL, dental lamina; T, tongue; MC, Meckel’s cartilage.

FIGURE 1 | United development of the vestibular lamina (VL) and dental lamina (DL) in the anterior mandible. (A) Schematic of the developing VL (green) and DL
(pink) during human embryonic lower jaw development. Line through deciduous incisor (i) tooth germ indicates the plane of dissection for culture. (B) Schematic of
head at CS19 (46 days). Dots indicate dissection of lower jaw. (C) Schematic of dissected lower jaw, with blue lines indicating chopping planes to create sagittal live
slices. Mediial slices contain tongue (T) and single thickening for the DL/VL (arrow). (D) Histology section through an embryonic head at 6 weeks. Arrow points to
single thickening for the DL/VL. (E-H) Developing live sagittal slices of a CS19 mandible. (E’~H’) Close up of developing VL/DL area shown in (E-H). (E,E’) Day 0. A
single epithelial thickening is evident under the tongue (). (F,F’) Day 1. (G,G’) Day 4. Meckel’s cartilage (MC) has condensed and differentiated during the culture
period. The tongue (T) has started to fuse with the mandible underneath as an artifact of the culture system. (H,H’) Day 6. (I,I’) Day 7 slice fixed and processed for
immunofluorescence. Boxed inset in (H) shows equivalent regions highlighted in (I,I’). (I) DAPI, (I) Phalloidin stain highlighting F-actin. Schematic in (A) based on
data in the literature (Hovorakova et al., 2005, 2007). Scale bar in (E,E’,F) = 500 uym, same scale in (G,H) and (F’-H’). Scale bar in (I) = 100 pm, same scale in (I’).

100pm
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same scale in insets (C’,D’,E’). Scale bar in (I) = 250 pm.

FIGURE 2 | Histological development of the VL and DL in the upper canine region. (A) Schematic of the developing VL (green) and DL (pink) during human
embryonic upper jaw development. Line through deciduous canine (c) tooth germ indicates the position of the sections in (B=l). (B-l) Frontal sections human
embryo and fetal tissue stained with a trichrome stain (Alcian blue, Alizarin red, and haematoxylin). (B) CS20, (C) CS21, (D) CS22, (E) CS23, (F) 9 weeks, (G)

11 weeks, (H,l) 13 weeks. High power view of VL/DL shown in red inset (B’~E’). Boxed area in (H) shown in (I). DL and VL outlined by red dashed lines in (B=H).
Schematic in (A) based on data in the literature (Hovorakova et al., 2005, 2007). Yellow arrowheads indicate forming VL. Red arrowheads indicate forming DL.

* = cheek furrow or labio-tectal furrow, which forms from CS21 at the canine. Scale bar in (B) = 500 pm, same scale in (C-H). Scale bar in inset (B’) = 125 pm,

13 weeks

the dental gland primordium of reptiles form on the outside
of the DL and potentially evolved from an outer tooth row
from a common amniote ancestor (Hovorakova et al., 2020).
This theory is supported by the existence of tooth-germ like
bulges that transiently form in the upper VL (Figure 2A) and
by the high incidence of odontomas and other dental pathologies
in the oral vestibule (Hovorakova et al., 2020). In animal models,
the VL has the potential to form tooth-like odontomas when
signaling in this tissue is perturbed. In mice, supernumerary
teeth have been reported to form in the VL region after
overexpression of the Wnt pathway in adenomatous polyposis
coli conditional knockouts (Wang et al., 2009) and after stabilization
of B-catenin in Sox2" positive cells (Popa et al, 2019). The
close developmental and evolutionary relationship between the
VL and DL may, therefore, explain some of these pathologies.

In addition, the VL is one of the most affected oral tissues
in Ellis-van Creveld (EVC) syndrome patients, where defects
disrupt the VL development and lead to fusion of the upper
lip to the gingiva with multiple frenula (Sasalawad et al,
2013). However, little is known about the development of
the VL. We therefore investigated the development of the
VL and DL in human embryos and assessed the mechanisms
of fissure formation in the vestibular epithelium as the
oral vestibule forms. We used organ culture, histology, and
immunofluorescence to study the VL development at different
stages of human embryos. We have observed that the VL
and DL have a very close relationship. We show the complex
structure of the VL during development and highlight the
roles of epithelial differentiation, proliferation, and apoptosis
in the opening of the VL in human embryos. These findings
can help our understanding of the normal development of

the VL and shed light on the complex relationships between
the VL and DL during development, which is crucial for
the further exploration of developmental VL defects.

MATERIALS AND METHODS

Human embryos/fetuses were provided by the Human
Developmental Biology Resource (HDBR; Project 200504:
Characterizing the development of the oral vestibular lamina).
Eight stages of human development were examined to study the
development of the VL. Samples included CS19 (46 days), CS20
(49 days), CS21 (51 days), CS22 (53 days), CS23 (56 days), 9,
11, and 13 weeks stages. N = 1-2 freshly fixed samples for
immunofluorescence were analyzed at each stage (total N = 8).
HDBR samples were compared with a larger archival histology
collection from the Department of Teratology, IEM, CAS, Prague
compiled from the 1960 to the 1980’ (recently deposited at
First Medical Faculty, Charles University, Prague; N = 53 in total
ranging from CS17 to 9 weeks). The stages in the study were
selected as they span the period from the initiation of the VL
and DL to fissure formation in the VL (Coslet and Cohen, 1969;
Hovorakova et al.,, 2005).

Slice Culture

The lower jaw was isolated from one CS19 and one CS20
human embryo and chopped sagittally at a cutting distance of
200 pm using a Mcllwain tissue chopper (Alfageeh and Tucker,
2013). A clear DL/VL bud was only evident in the CS19
specimen, so this was used for further analysis for this project.
Selected slices from the lower jaw were placed on permeable
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membranes (BD) over culture medium [DMEM-Advanced
Dulbecco Modified Eagle Medium F12, (Invitrogen); 1%
GlutaMAX (Invitrogen); and 1% penicillin-streptomycin solution
(10,000 units penicillin and 10 mg streptomycin/ml; Sigma-
Aldrich)]. Slices (N = 3 from CS19) were photographed by
using a Leica dissecting microscope at day 0 of culture, to
record the morphology, and then incubated in 5% CO, at
37°C with the culture medium changed every 2-3 days. Slices
were photographed at regular intervals for 7 days before fixation
in 4% paraformaldehyde (PFA).

Tissue Processing and Histology

The upper jaws of heads were dissected from human embryos (CS20,
CS21, CS22, CS23, 9, 11, and 13 weeks) and fixed in 4% PFA.
Calcified tissues were decalcified in 0.5 M ethylenediaminetetraacetic
acid (EDTA) in PBS. After decalcification, samples were dehydrated
in an increasing ethanol concentration and permeated in xylene.
Samples were then embedded in paraffin and cut in 10 pm
serial sections by Microtome Leica RM2245. One of the sections
in the series was stained with trichrome staining (Sirrus red,
Alcian blue, and hematoxylin). Stained slides were observed under
the Nikon Eclipse 80i light microscope, and images were taken
by the attached Nikon Digital Sight DS-Fil camera.

Immunofluorescence

Wax embedded serial sections of the VL were de-waxed,
rehydrated, and transferred into the citric acid (pH = 6) in
92°C water bath for antigen retrieval. The antibody blocking
solution consists of PBS, 0.05% Tween20, 10% goat serum,
and 1% bovine serum albumin (1% = 1 g/100 pl). The slides
were then incubated with rabbit keratin 14 (K14; 1:200; Covance
#905501), mouse keratin 10 (K10; 1:300; Abcam #ab76318),
rabbit keratin 5 (K5; 1:300; Covance #PRB-160P), rabbit fillagrin
(Cambridge Bioscience #HPA030188), rabbit proliferating cell
nuclear antigen (PCNA; Abcam #ab193965), and rabbit Cleaved
Caspase-3 (1:200, Cell Signaling #9579) overnight at 4°C. For
immunofluorescence, sections were incubated in Alexa Fluor™
donkey anti-mouse 488 (1:500; Invitrogen #A11001), Alexa
Fluor™ donkey anti-rabbit 488 (1:500; Abcam ab150073), and
Alexa Fluor™ donkey anti-rabbit 568 (1:500; Invitrogen #A10042)
for 2 h at RT. Sections were mounted with Fluoroshield™
with DAPI (Sigma-Aldrich #SLBV4269) and imaged with a
Leica TCS SP5 confocal microscope or Zeiss ApoTome. To
test each antibody, controls were performed where the primary
antibodies had been omitted in order to confirm specific staining.
Each antibody was repeated at least twice, at different timepoints,
using serial sections. To aid comparison, the color of filaggrin
was changed to green from red on the ApoTome (13 weeks)
or in photoshop (11 weeks), while the K5 was changed on
the ApoTome from red to blue.

For wholemount immunofluorescence, explant culture slices
were fixed in 4% PFA for 30 min at RT. Samples were permeabilized
with PBS Triton 0.5% (PBT) at RT for 1 h, followed by
trypsinization for 5 min on ice and incubation in blocking
solution for 2 h. After blocking, slices were incubated in Alexa
Fluor Phalloidin 488 (Invitrogen; 1:50) and DAPI (1:1,000; Sigma)

overnight at 4°C. After washing in PBS, cultures were mounted
in glycerol and analyzed by a Leica TCS SP5 confocal microscope.

RESULTS

The Human VL and DL Bud Off From a
Single Epithelial Thickening

It has been suggested from 3D reconstructions of histology sections
that the human VL and DL are derived from a common oral
epithelium in the lower lip region (Figure 1A; Hovorakova et al.,
2007). To follow the development of these two laminas during
development, we made live slices through the dissected mandible
of a human embryo at the placode stage (CS19: 6.5 weeks;
Figures 1B,C; N = 1 embryo). Slices were sectioned in the sagittal
plane, and medial slices that contained an epithelial thickening
under the developing tongue were selected (N = 3 slices). A
single thickening was observed at CS19 (Figures 1E,F’), similar
to that observed in histology sections through this region of the
jaw (Figure 1D). The thickening in culture became more
pronounced after a day in culture (Figures 1F,F’). The thickening
extended into the underlying mesenchyme, with a lip of epithelial
cells elongating toward the tongue after 4 days (Figures 1G,G’).
The epithelium divided into two protrusions after 6 days in culture
forming the VL and DL (Figures 1H,H’). At day 7, a clear
bifurcation of the epithelium into a tooth bud and a wider VL
was observed when imaged by confocal, with phalloidin staining
(green) used to highlight the cell morphology (Figures 1LI’).
This confirms the histology findings that, at least in the anterior
region of the lower jaw, the human VL and DL form from a
single placode and are therefore directly associated with each other.

The Morphology of the Human VL
Increases in Complexity During
Development

To further investigate the development of the VL and DL in
human embryos, we studied the development of VL and DL at
embryonic CS20, CS21, CS22, CS23, 9, 11, and 13 weeks. This
time period spans the period from defined VL and DL thickenings
to proposed formation of the fissure in the VL to create the
oral vestibule (Coslet and Cohen, 1969). The relationship between
the VL and DL is very complex across the jaw with large
variations depending on the A-P position (summarized in
Figures 1A, 2A). In order to follow how the VL and DL
co-develop, we therefore focused on a single region in the jaw.
For this, we selected the deciduous canine area of the maxilla.
The upper canine and VL are very closely associated in 3D
reconstructions (Figure 2A), and the VL in this region appears
particularly complex in shape (Bolk, 1921, data not shown),
thus providing an intriguing area to study further. The primary
canine primordia at these stages develop from an oral epithelial
thickening at CS20 (Figures 2B,B’), bud stage at CS21
(Figures 2C,C’) and CS22 (Figures 2D,D’), to cap stage at CS23
(Figures 2E,F’) and 9 weeks (Figure 2F), to a bell stage at 11
(Figure 2G) and 13 weeks (Figure 2H). At CS20, the VL was
visible as a slight thickening on the buccal side of the tooth
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germ, forming a prominent thickening by CS21 (Figures 2B-C’).
By CS22, the whole VL/DL region had invaginated inward to
sit within a groove (Figures 2D,D’). This groove has previously
been described as the labio-tectal furrow and the cheek furrow
(Bolk, 1921; Hovorakova et al., 2005). The cheek furrow deepened
as the VL/DL developed, with the cap stage canine tooth connected
to the VL (Figures 2E,F). A narrow fissure in the VL started
to form at 11 weeks, extending up from the base of the furrow
(Figure 2G). By 13 weeks, several fissures had formed that split
the VL into a branched structure, with the DL extending from
the lingual side of the VL (Figures 2H,I).

Epithelial Differentiation Highlights
Labial-Lingual Differences in Structure of
the VL and May Trigger Furrow Formation
Skin epidermal differentiation occurs in layers from the basal
cell layer, where the basal cells sit on the basement membrane
adjacent to the surrounding mesenchymal cells, to the superficial
cornified layer. K5 and K14 are expressed in more undifferentiated/
basal cells; while K10 is expressed in the middle spinous layer
with filaggrin expressed in the overlying granular layer (Lee
et al, 1999; Coolen et al., 2010). We therefore utilized K5,
K14, K10, and filaggrin as markers to investigate the differentiation
state of the VL from CS23 to 13 weeks. The expression of
various keratins have previously been followed in the human
oral mucosa, with expression of K10 in the VL, but not DL,
shown at 11 weeks (Pelissier et al., 1992). Where, it was suggested
that the boundary between the K10 positive and negative cells
in the VL might indicate the site of future fissure formation
(Pelissier et al., 1992). At CS23, the buccal oral epithelium within
the labio-tectal furrow expressed K5, with very limited expression
of K10 and a patchy expression of K14 in the basal epithelial
cells, highlighting the undifferentiated state of the epithelium
at this stage (Figures 3A-C). By 9 weeks, more K10 expressing
cells were evident lying in a suprabasal layer on top of the
K14 basal layer, with K5 still expressed in most cells
(Figures 3D-F). By 11 weeks, expression of K10 had spread
up into the VL extending from the labio-tectal furrow (Figure 3G).
Expression was concentrated on the buccal side and was largely
absent from the lingual side (Figures 3G,H,]), agreeing with
the results of Pelissier et al. (1992). The cells of the VL near
to the basal lamina and the DL expressed K14 at this stage
(Figure 3G). The cells in the center of the VL did not express
K14, with scattered expression of K10, indicating that the center
was more differentiated than the edges (Figure 3G). On the
buccal side near the oral epithelium, K14 was mainly restricted
to the basal layer, with K5 expressed more widely and K10
expressed in a suprabasal layer, with some overlap of expression
in the intermediate area between K14 and K10 (Figures 3H,I).
On the lingual side, the expression of K14 and K5 were similar
but with minimal K10, highlighting that the two sides of the
lamina appear to differentiate asynchronously (Figures 3J,K).
The strong expression of K10 on the buccal side of the VL
was maintained at 13 weeks but more K10 positive cells were
now found throughout the rest of the lamina (Figures 4A,B,D).
The expression of K5 reduced, particularly on the buccal side,
where expression was mainly restricted to the cells of the

basal lamina, overlapping with K14 (Figures 4C,E). Some cells
again co-expressed K14 and K10, indicating a change in
differentiation state (Figure 4B). At 13 weeks, a number of
fissures had developed in the VL (as seen in Figure 2H). To
understand how these fissures formed, we looked at expression
of filaggrin. Filaggrin has previously been reported as turning
on at 22-24 weeks in the interfollicular epidermis and granular
layer of the skin, with expression at 14 weeks in developing
hair follicles (Dale et al., 1985; Lee et al., 1999). At 13 weeks,
filaggrin was strongly expressed in the cells lining the developing
fissures (Figures 4F-]). As filaggrin expression in keratinocytes
results in loss of cell-cell adhesion (Presland et al., 2001),
filaggrin upregulation in the VL might trigger fissure formation.
To investigate this further, we analyzed filaggrin expression at
11 weeks (Figures 4K-N). As at 13 weeks, in areas where
fissures had already started to form, filaggrin was expressed
(Figures 4K-M). Interestingly, however, diffuse expression was
also evident in the middle of the VL in regions where fissure
formation was yet to initiate (Figure 4N), highlighting that
filaggrin might be playing a role in fissure initiation. Filaggrin
expression in keratinocytes results in decreased proliferation
(Presland et al., 2001) and increased susceptibility to apoptosis
(Kuechle et al., 2000). Given the links with proliferation and
apoptosis, we next investigated how these processes were altered
during fissure formation during VL development.

Cells at the Center of the VL Do Not
Proliferate and Undergo Cell Death

To investigate proliferation levels, we utilized PCNA as a marker
for the S phase of cell proliferation (Dietrich, 1993). At 13 weeks,
proliferating cells were generally found associated with the basal
layer next to the basal lamina (Figures 5A,C,D). Fewer positive
cells were observed moving away from the basal lamina
(Figures 5C,D), with no positive cells in the center (Figures 5A,B).
Cell death has previously been investigated during the development
of the vole VL (Witter et al., 2005). A few scattered apoptotic
bodies were evident in the forming VL at E13.5 and E14.5 in
the vole, in contrast to high levels in the forming EKs in the
DL, suggesting that cell death only played a minor role at these
stages (Witter et al., 2005). A lack of degenerating cells in the
VL was also described during formation of the furrow in human
fetal samples (Coslet and Cohen, 1969), although others have
reported localized cellular atrophy as the cause of the split
(Bolk, 1921; West, 1924). We utilized Caspase-3 as a marker
for apoptosis and correlated to the presence of apoptotic bodies,
as identified by condensed nuclei. As in the vole, very few
Caspase positive cells were observed at early stages of VL
formation (9 and 11 weeks; Figures 5E-]). The few positive
cells, corresponded to apoptotic bodies, confirming that the
cells were undergoing programmed cell death (Figures 5G,]).
At 13 weeks, there were no positive cells associated with the
forming fissures (Figures 5K-N); however, a large number of
positive cells were found in the V-shaped epithelial tissue at
the center of the VL (Figures 50-Q2). Cell death, therefore,
appears to play a role in removal of the tissue lying in between
the forming fissures but did not play a role in the formation
of the fissures themselves.
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FIGURE 3 | Lingual/buccal differences in VL epithelium. (A,D) Histological frontal sections through the upper canine. (B,C,E-K) Immunofluorescence. DAPI shows
nuclei in white. (A-C) CS23. Box in (A) highlights regions in (B,C). The buccal side of the cheek furrow comprises cells with (B) limited Keratin 14 (K14; Green) and
Keratin 10 (K10; red), and (C) high levels of Keratin 5 (K5; blue). (D-F) 9 weeks. Box in (D) highlights regions in (E,F). The buccal side of the cheek furrow comprises
cells with (E) robust K14 in the basal layer (Green), with K10 turning on in the overlying suprabasal layer (red), and (F) high levels of K5 (blue). (G-K) 11 weeks. Box
in (G) highlights regions in (J,K). (G) K14 (green) is robustly expressed around the edges of the VL, with K10 (red) observed at high levels mainly on the buccal side
only. (H-K) High power of the buccal side (H,l) and lingual (J,K) side of the VL comparing the expression of K5 (blue) and K14 (green) in the basal layer and
overlying layer, and K10 (red) in the suprabasal layer. Yellow lines outline the basement membrane separating the epithelial and mesenchymal cells in (B,C,E,F,H-K).
Scale bars in (A) = 500 pm, same scale in (D). Scales bars in (B,H) = 10 pm, same scale in (C,E,F,1-K). Scale bar in (G) = 100 pm.
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DISCUSSION

A Single Origin of the Anterior VL and DL
During Human Development

The DL and VL have a very close relationship during development.
In the maxillary canine region, the DL is physically attached
to the VL at all stages investigated. In the lower anterior region,
our culture experiments confirm that a single epithelial thickening
gives rise to both the VL and the DL. Due to the rarity of the
material, culture was only attempted for one embryo at CS19

but the results agree with findings indicated from 3D reconstruction
of human sections and from lineage tracing in the mouse
(Hovorakova et al., 2007, 2016). Although we confirm this dual
origin for the lower anterior oral region, the relationship between
the DL and VL is dynamic throughout the jaw (Figures 1A, 2A).
This heterogeneity explains the differing results from papers
that have investigated different regions of the jaw (Bolk, 1921;
Schour, 1929; Tonge, 1969). We, therefore, suggest that a single
thickening, which subsequently divides into the DL and VL,
forms in the anterior region, while distinct DL and VL thickenings
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Buccal side of VL

(G) = 50 pm, same scale in (H-J,L-N). Scale bar in (K) = 100 pm.

FIGURE 4 | Filaggrin expression is associated with fissure formation in the VL. (A=J) Frontal sections through the canine VL at 13 weeks. DAPI shows nuclei in
white. (A) Branching structure of VL. Boxes in (A) highlights regions in (B-E). (A-E) K10 (red), K5 (blue), K14 (green). (B,C) On the buccal side, K14 is largely limited
to the basal layer, with a wider expression of K5, and K10 at high levels in the overlying layer. (D,E) On the lingual side, K10 levels remain low, with a less organized
layer of K14. (F=J) Filaggrin (green) lines the forming fissures at 13 weeks. (F) Branching structure of VL. Boxes in (F) highlights different parts of the VL in (G=J).
(K-N) Frontal sections through the canine VL at 11 weeks. DAPI shows nuclei in white. (K) VL with evidence of a main fissure running through the structure.
Filaggrin (Green). Boxes in (K) highlights regions in (L=N). Scale bar in (A) = 200 pm, same scale in (F). Scale bar in (B) = 10 um, same scale in (C-E). Scale bar in

Lingual side of VL
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arise more posteriorly. Whether this is a feature across mammals,
will be an interesting area for future investigation.

The DL is closely associated with a number of developing
structures across vertebrates. In the mouse, a single thickened
epithelium has been proposed to be the primordium for the DL,
VL, and the rugae of the palate (Peterkova, 1985). Similarly, in
reptiles the DL and the neighboring dental gland have been
suggested to form from a single placode (Vonk et al., 2008; Tucker,
2010). A close relationship between the DL and the neighboring
taste bud primordium has also been suggested in the shark and
rays, with cells from the taste buds contributing to the cells of
the lamina during embryonic development (Martin et al., 2016).
The DL should therefore not be thought of in isolation but
together with its neighboring epithelial organs. What signals govern
the decision to form a VL or DL is an interesting future question.
Mistakes in such a process might lead to the VL taking on a
DL fate, as in the case when tooth pathologies form in the
region of the vestibule (Hovorakova et al., 2020).

The Lingual and Labial/Buccal Sides of the
VL Have Different Differentiation Patterns

The VL forms as a block of epithelium which then divides
to create the vestibule. Here, we show that the canine VL is
not divided by formation of a single fissure but by the development
of numerous fissures that split the VL into several pieces.

The epithelial cells on the labial/buccal side differentiate earlier,
with the expression of the suprabasal marker K10, while this
marker was only weakly expressed on the lingual side by
13 weeks when the fissures are apparent. Differences in keratin
patterns between the mucosa on either side of the vestibule
have also been observed in adult tissue, suggesting that
these developmental differences are maintained throughout life
(Verlach et al, 2017). It has been proposed that the lingual
and labial/buccal sides are divided along the line of the K10
positive and negative expressing cells (Pelissier et al., 1992).
There appears to be a slight oversimplification given that many
fissures form and do not follow the lines of K10 expression.
However, the fissures were lined with the terminal marker
filaggrin, with filaggrin expression evident before fissure formation
at 11 weeks. Filaggrin has been shown to have a role in cell
adhesion (Presland et al., 2001). In epithelial cells, over expressing
filaggrin, two desmosome proteins, desmoplakin, and plakoglobin,
were lost at the cell interfaces and the cells detached from
their neighbors (Presland et al, 2001). The upregulation of
filaggrin in the VL, prior to any evidence of a fissure, may
therefore lead to the cells at the center losing their adhesion,
with the consequence that gaps would appear between the
cells, creating the fissures. This is a particularly interesting
hypothesis, given that filaggrin expression is observed extremely
early in the VL, several weeks before its described upregulation
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FIGURE 5 | Differential proliferation and apoptosis to remove the central cells to create the vestibule. (A) 13 weeks VL. DAPI shows nuclei in white. Boxes in (A)
highlights regions in (B-D). (B-D) PCNA (red). (B) Absence of proliferating cells at the center of the VL. (C,D) Proliferating cells in the more basal cells at the edges
of the VL. (E-Q2) Analysis of program cell death. (F,G1,l,J1,L-N,P,Q1) activated Caspase-3 immuno (red). (G2,J2,Q2) same sections as in (G1,J1,Q1) showing the
presence of apototic bodies (yellow arrowheads). (E-G2) 9 weeks. (E) 9 weeks VL. DAPI shows nuclei in white. Box in (E) highlights regions in (F-G2). (H-J2)

11 weeks. (H) 11 weeks VL. DAPI shows nuclei in white. Box in (H) highlights regions in (I-J2). (K-Q2) 13 weeks. (K) 13 weeks VL. DAPI shows nuclei in white.
Boxes in (K) highlights regions in (L-N). Box in (O) highlights regions in (P-Q2). Scale bar in (A) = 200 um, Scale Bar in (B) = 50 pm, same scale in (C,D). Scale bar
in (E,H) = 200 pm, same scale in (K,0) as for (H). Scale bar in (F) = 50 pm, same scale in (l). Scale bar in (G1) = 10 um, same scale in (G2,J1,J2,Q1,Q2).

(G1) = 10 pm, same scale in (G2,J1,J2,Q1,Q2). Scale bar in (L) = 50 pm, same scale in (M,N).
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in forming hair follicles and its expression in fetal skin
(Dale et al., 1985; Lee et al., 1999). Division of the VL based
on changes in cell adhesion agrees with the hypothesis suggested
by Coslet and Cohen (1969) based on cell morphology in
histological sections. The upregulation of filaggrin and
differentiation of the VL cells agreed with the restriction of
proliferation to the more basal parts of the structure. Failure
in formation of these fissures along the VL would be predicted
to result in the formation of frenulum, with tissue permanently

linking the dental arch and lips/cheeks, as observed in EVC
syndrome (Sasalawad et al., 2013). EVC syndrome is associated
with defects in primary cilia and the Shh signaling pathway
(Caparroés-Martin et al., 2013; Nakatomi et al., 2013), suggesting
that this pathway may have an important role in development
of the VL. In mice, the DL and VL form from a Shh positive
placode but then Shh turns off in the VL (Hovorakova et al., 2016).
Shh, therefore does not appear to be associated with later
development of the VL.
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Apoptosis Plays a Role in Removing Tissue
From the VL but Not in Fissure Formation
During formation of the fissures, we did not see any evidence
of programmed cell death, as evidenced by expression of
activated Caspase-3 or of apoptotic bodies. Fissure formation
is therefore unlikely to be triggered by death of cells at the
center of each fissure, but rather by changes in cell-cell
interactions. Several fissures were formed in the VL at the
canine, creating a V-shaped wedge of cells at the middle of
the VL. It is here that high levels of apoptosis were observed.
Removal of the cells in the middle of the VL, created by
formation of the fissures, therefore does appear to be dependent
on cell death. Cell death in this region would help to broaden
the developing vestibule, creating a more pronounced division
between the dental arch and surrounding cheeks and lips.
Overall, we show that the DL and VL develop in close
association, with the VL as a transient structure, having a
perhaps surprisingly complex development. New understanding
of development can shed light on dental pathologies associated
with the vestibule, and to congenital defects in this region.
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Supplementary data to chapter 3: Development of the vestibular lamina in

human embryos: morphogenesis and vestibule formation (unpublished)

Dual origin of the murine VL and DL depends on position

The developmental relationship between the VL and DL in humans has been
controversial in the literature, with Hovorakova (2005) summarizing three
proposed explanations. These include independent development, a shared
origin, or a common origin in the anterior region with separate development in
the posterior region. The results of my thesis have confirmed that in the lower
incisor region of humans, the VL and DL share a common developmental origin
from a single epithelial thickening (Qiu et al., 2020), while their relationship
appears to be dynamic and varies depending on the location within the jaw (Qiu
et al., 2020). This is consistent with the findings from 3D reconstruction of
human sections (Hovorakova et al., 2005, 2007) and lineage tracing
experiments in mice (Hovorakova et al., 2016). In order to assess the situation
further we used the Dil explant culture system previously used in human
embryos in the mouse. Dil lineage labeling indicated that the VL could originate
either from the same oral epithelial placode as DL (Fig. S$1) or from a distinct
placode, with the VL located externally to the DL (Fig. S2), depending on the
age of embryo when sliced and the exact position in the jaw. In some slices one

thickening was observed while in others two clear thickenings were evident.
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Figure S1. The Dil tracing experiment reveals that the origin of murine VL and
DL can be traced back to the same oral epithelial placode. (A-D) The development
of murine VL and DL at E12.5 after 3 days in culture. At Day0 (E12.5), a single
thickened epithelium was observed. (E-H) The corresponding slices of VL and DL
labeled with Dil (red fluorescence). The caudal portion of the epithelial thickening was
labeled with Dil at DayO (E12.5). The Dil extended to label the oral epithelium
associated with the DL, while the non-labelled portion of the placode gave rise to VL.
The VL and DL were outlined with red dashed lines. VL: vestibular lamina; DL: dental
lamina; OE: oral epithelium. Scale bar in (A-H) = 100um. Labial-lingual axes shown in

E, same plane for all images.

Day O :
v‘B‘

Figure S2. The Dil tracing results demonstrate that VL and DL form from two
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distinct adjacent thickenings, and the VL is situated at the labial side of the DL.
(A-D) The development of murine VL and DL at E12.5 after 3 days in culture. By E12.5,
the primordia of VL and DL were already discernible as distinct entities when viewed
as sagittal slices. (E-H) The corresponding slices of VL and DL labeled with Dil (red
fluorescence). Dil labeling of the more rostral thickening revealed an extension of Dil
downwards, which was associated with the development of VL. No Dil was observed
in the DL that originated from the more caudal placode. The VL and DL were outlined
with red dashed lines. VL: vestibular lamina; DL: dental lamina; OE: oral epithelium.

Scale bar in (A-H) = 100um. Labial-lingual axes shown in E, same plane for all images.

The differences observed may be due to subtle differences in age of the
embryos, even though they were from the same litter. The two placodes may
represent slightly older embryos where a single placode had already separated
into two. Alternatively, the differences may represent subtle different positions
in the jaw, with medial and lateral slices showing different relationships. To
assess this further we could weigh the embryos before dissection, as weigh as
been shown to be a good predictor of stage of tooth development (Peterka,
Lesot, and Peterkova, 2002). The exact position in the jaw could also be
assessed more carefully by monitoring how the slices related to each other in

the mandible.
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Chapter 4 — (Publication 2) Mechanisms driving vestibular lamina
formation and opening in the mouse
(Journal of Anatomy, 2022)

Tengyang Qiu and Abigail S. Tucker*®

Centre for Craniofacial and Regenerative Biology, Faculty of Dentistry, Oral and

Craniofacial Sciences, King’s College

Aim: To examine the early development of VL in mouse, and assess the
mechanisms underlying furrow formation.

My contributions: | conducted all of the experiments, including histology,
immunohistochemistry, and explant culture. | created all the figures and wrote
the draft of the original manuscript. | contributed to the editing of the manuscript.
Abstract:

The vestibular lamina (VL) forms as an epithelial outgrowth parallel to the dental
lamina (DL) in the oral cavity. During late development, it opens to create a
furrow that divides the dental tissue from the cheeks and lips and is known as
the vestibule. Defects in this process lead to failure in the separation of the teeth
from the lips and cheeks, including the presence of multiple frenula. In this
paper, the development of the VL is followed in the mouse, from epithelial
placode in the embryo to postnatal opening and vestibule formation. During

early outgrowth, differential proliferation controls the curvature of the VL as it
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extends under the forming incisors. Apoptosis plays a role in thinning the
deepest part of the lamina, while terminal differentiation of the epithelium,
highlighted by the expression of loricrin and flattening of the nuclei, predates
the division of the VL into two to create the vestibule. Development in the mouse
is compared to the human VL, with respect to the relationship of the VL to the
DL, VL morphology and mechanisms of opening. Overall, this paper provides
insight into an understudied part of the oral anatomy, shedding light on how

defects could form in this region.
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Abstract

The vestibular lamina (VL) forms as an epithelial outgrowth parallel to the dental lamina
(DL) in the oral cavity. During late development, it opens to create a furrow that divides
the dental tissue from the cheeks and lips and is known as the vestibule. Defects in this
process lead to failure in the separation of the teeth from the lips and cheeks, including
the presence of multiple frenula. In this paper, the development of the VL is followed
in the mouse, from epithelial placode in the embryo to postnatal opening and vestibule
formation. During early outgrowth, differential proliferation controls the curvature of
the VL as it extends under the forming incisors. Apoptosis plays a role in thinning the
deepest part of the lamina, while terminal differentiation of the epithelium, highlighted
by the expression of loricrin and flattening of the nuclei, predates the division of the VL
into two to create the vestibule. Development in the mouse is compared to the human
VL, with respect to the relationship of the VL to the DL, VL morphology and mecha-

nisms of opening. Overall, this paper provides insight into an understudied part of the

KEYWORDS

1 | INTRODUCTION

The vestibular lamina (VL) is a transient mammalian structure that
forms during embryonic development and creates the vestibule,
the gap separating the teeth from the cheeks and lips. It has also
been referred to as the lip furrow band and vestibuli oris (Bolk, 1921;
Peterkova, 1985; Schour, 1929). In some human syndromes, such as
EVC syndrome (OMIM 225500), the development of the VL is com-
promised, leading to defects in the vestibule, such as multiple frenuli
causing labioginival adherences (Nakatomi et al., 2013; Sasalawad
et al., 2013). Vestibule defects have also been noted in some ec-
todermal dysplasias, such as Weyers acrofacial dysostosis (also
known as Weyers acrodental dysotosis) (OMIM 193530) (Roubicek
& Spranger, 1984) and, most recently, VL abnormalities and dental

oral anatomy, shedding light on how defects could form in this region.

apoptosis, epithelial differentiation, oral mucosa, vestibule

anomalies were reported in a patient with cryptophthalmos result-
ing from a mutation in the FREM2 gene (OMIM 23570) (Kantaputra
et al., 2022). Shallow vestibules were noted in 3.6% of healthy chil-
dren in a study of 83 children, with a small number of frenulum
abnormaliies observed (Kus-Bartoszek et al., 2022). Such frenulum
defects have been linked to later development of some types of peri-
odontal disease (Placek et al., 1974).

In the embryo, the vestibular lamina forms in close relationship
to the neighbouring dental lamina (DL). The DL goes on to form the
tooth germs, and in some parts of the jaw the two laminas share a
common placodal origin in both the mouse and human (Hovorakova
et al., 2016; Peterkova, 1985; Qiu et al., 2020). The VL and DL are
often thought of horse-shoe structures with the VL running con-

tinuously around the jaw parallel to the DL, however in humans 3D
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reconstructions reveal that the VL is discontinuous with numerous
connections to the DL (Hovorakova et al., 2005, 2007). Interestingly,
in some positions along the jaw the VL forms tooth germ-like struc-
tures, and in some mouse mutants tooth germs can develop from
the VL, suggesting it has the potential to form teeth, similar to the
DL (Popa et al., 2019; Wang et al., 2009). Some odontomas (tooth-
like tumours) are also associated with the VL in patients, providing
further evidence that the VL has dormant tooth-forming potential
(Hovorakova et al., 2020).

Recently, the early development of the VL has been followed
in human embryonic and foetal tissue, highlighting the relationship
between the VL and DL and the process of opening to create the
vestibule. In humans, the VL starts to open around 11 weeks by the
creation of fissures due to differentiation of the epithelium and loss
of epithelial integrity (Qiu et al., 2020). Apoptosis then plays a role
in removing cells from the middle of the opening VL to create a large
gap between the future teeth and cheeks (Qiu et al., 2020).

Morphology of the developing VL has been followed in a few
mammals, such as the sheep, field vole and mouse, highlighting that
there are clear species-specific differences in the size and shape of
the VL in different parts of the mouth. The morphology of the VL
may therefore be shaped by later feeding requirements. The mouse
and vole VL forms as a thin lamina and is prominent in the ante-
rior mandible, while in humans and sheep the VL is multi-layered
and found associated with all teeth (Hovorakova et al., 2005, 2016;
Pavlikova et al., 1999; Qiu et al., 2020; Witter et al., 2005). In the
mouse, the early development of the VL has been followed using
3D reconstruction of the incisor region from Embryonic day (E)11.5
to E13.5, highlighting the close relationship of the tooth germ and
neighbouring VL (Hovorakova et al., 2011). Later questions about
how the VL extends and opens and the timing of such events have
not been investigated. A lack of knowledge regarding VL develop-
ment in the mouse has led to this structure being largely ignored in
the description of mouse mutants and being missed out in recent
schematics of the oral cavity (Ye et al., 2022).

Here the development of the murine VL has been followed from
initiation in the embryo to vestibule formation during postnatal
stages. The mechanisms that drive the extension and opening of the
VL are described, highlighting the role of epithelial differentiation and
distinct differences between the labial and lingual sides of the VL.
Overall, this paper provides a systematic description of the formation
of the vestibule, which will provide an essential source for further un-

derstanding of normal and abnormal development of this structure.

2 | MATERIALS AND METHODS

2.1 | Murine tissue collection

Mouse embryos were collected from wild-type mice of CD1 strain,
which were housed in the Biological Services Unit in New Hunts
House at King's College London (KCL). Day 0.5 was considered mid-
day on the day that a plug was found. Postnatal stages from PO to
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P15 were collected from wild-type mice (CD1 and C57BIl6é back-
ground). All animals were culled using schedule one culling methods
as approved by the UK Home Office. For proliferation assays, preg-
nant dams were injected with Bromodeoxyuridine (BrdU) (30 mg/kg)
1h before culling.

2.2 | Tissue processing and histology

Dissected heads were fixed in 4% paraformaldehyde (PFA), dehy-
drated through an increasing ethanol concentration, before moving
to xylene and embedding in paraffin wax. Postnatal tissues were
decalcified in 0.5 M ethylenediaminetetraacetic acid (EDTA) be-
fore dehydration. Sections were cut in 8 pm serial sections using a
Microtome Leica RM2245, and serially split onto slides. For histology
trichrome staining was using: sirius red, Alcian blue and Hematoxylin.
Stained slides were photographed using a Nikon Eclipse 80i light mi-
croscope attached with a Nikon Digital Sight DS-Fil camera.

2.3 | Explant culture

Wild-type pregnant CD1 mice were collected at embryonic stage
E12.5 (n>3). The mandibles were dissected, and tongue removed
before being chopped sagittally into 250pum thick slices using a
Mcllwain tissue chopper (Alfageeh & Tucker, 2013). The slices with
a clear DL/VL bud in the incisor region were selected. Explants
were placed on permeable membranes (BD Falcon cell culture in-
serts, pore size 0.4 um) over culture medium (DMEM-Advanced
Dulbecco Modified Eagle Medium F12, [Invitrogen]; 1% GlutaMAX
[Invitrogen]; and 1% penicillin-streptomycin solution [10,000 units
penicillin and 10 mg streptomycin/ml; Sigma- Aldrich]). Slices were
photographed using a Leica dissecting microscope at day O of cul-
ture, and then cultured in a 5% CO, at 37°C in an incubator for up
to 3days, with the culture medium changed every 1-2days. Slices
were photographed at regular intervals before fixation in 4% PFA.
For whole mount immunofluorescence, explant slices were cultured
with Bromodeoxyuridine (BrdU) at a concentration of 30uM for 2 h
before fixation in 4% PFA for 40 min at RT.

2.4 | Immunofluorescence/whole mount
immunofluorescence

Wax-embedded serial sections of the VL were de-waxed, rehydrated
and treated with citric acid (pH 6) antigen retrieval solution in a 92°C
water bath followed by 10 min at room temperature. The slides were
then incubated with rabbit Cleaved Caspase-3 (1:200, Cell Signaling
#9579), mouse anti-E-cadherin (1:400; Abcam, ab76055), rabbit anti-
Loricrin (1:400; Biolegend, PRB-145P), rabbit anti-Occludin (1:200,
Abcam #ab31721) rabbit anti-PCNA (1:400; Abcam #ab193965), and
rat anti-BrdU (1:500, Abcam # ab6326), overnight at 4°C. The sec-
tions were then incubated in Alexa Fluor™ donkey anti-mouse 488
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(1:500, Invitrogen #A21202), Alexa Fluor™ donkey anti-rabbit 568
(1:500, Invitrogen #A10042) and Alexa Fluor™ donkey anti-mouse 647
(1:500, Invitrogen #A31571) for 1 h at RT. Sections were mounted with
Fluoroshield™ with DAPI (Sigma-Aldrich #SLBV4269) and imaged with
a Leica TCS SP5 confocal microscope. To test each antibody, controls
were performed where the primary antibodies had been omitted in
order to confirm specific staining. Each antibody was repeated at least
three times, at different timepoints, using serial sections.

For whole mount immunofluorescence, fixed BrdU cultured ex-
plant slices were permeabilized with PBS Triton 0.5% (PBT) at RT
for 1.5 h followed by trypsinization for 12min on ice and incubation
in blocking solution for 2 h. After blocking, slices were incubated in
primary antibodies mouse anti-E-cadherin (1:400; Abcam, ab76055)
and rat anti-BrdU (1:500, Abcam # ab6326) overnight at 4°C. Next
day, after washing in 0.5% PBT for 3 h at RT, the slices were incu-
bated in the Alexafluor donkey anti-rat 647 (1:500, Invitrogen,
A21247), Alexa Fluor™ donkey anti-mouse 488 (1:500, Invitrogen
#A11001) and DAPI (1:1000, Sigma) overnight in the fridge. Finally,
the slices were washed in 0.5% PBT for 3 h at RT, mounted in PBS

and analysed using a Leica TCS SP5 confocal microscope.

2.5 | Cell quantification and statistical analysis

Cells on the lingual and labial sides of the VL were quantified manu-
ally using the multiple-point tools of Fiji/ImageJ. Results were plotted
using GraphPad Prism software (GraphPad Prism V.8.0.2) and sta-
tistical analysis were performed using IBM SPSS Statistics software
(IBM SPSS Statistics V.25.0). Statistical significance was calculated
using paired t-tests (comparing lingual and labial sides of the same VL).
Significance was taken as p<0.05 (*), p<0.01 (**) or p<0.001 (***).

3 | RESULTS
3.1 | Development of the mouse VL varies
between the upper and lower jaw during development

The VL is prominent in both the upper and lower jaw in humans
(Hovorakova et al., 2005, 2007; Qiu et al., 2020). In the mouse,
the VL is evident in the anterior of the mouth, but a clear structure
was less obvious more posteriorly near the molars (Hovorakova
etal., 2011; Peterkova, 1985). We therefore analysed the developing
VL in the mouse focusing on the more anterior/incisor region from
E (embryonic day) 12.5, the stage when the VL and DL are at the
placodal thickening stage. In the anterior part of the upper jaw, only
small areas of thickened oral epithelium were observed lateral to the
forming DL/tooth primordia from E12.5 to E16.5, which were barely
distinguishable from the oral epithelium (Figure 1A-D). At E18.5 the
maxillary VL was more evident, forming an epithelial projection lat-
eral to the forming incisors (Figure 1E). In contrast, in the mandible,
the VL was much more pronounced at the same embryonic stages.
At E12.5 two thickened laminas were evident, the VL positioned
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lateral to the DL (Figure 1F). By E13.5 the incisor had reached the
bud stage, while the adjacent VL had extended down and around
the forming tooth (Figure 1G). By E15.5 the VL had extended under
Meckel's cartilage, with the two laminas almost touching in the
midline by E16.5 (Figure 1H,l). The VL remained a solid structure
at E18.5 (Figure 1J). In human embryos, the DL extends from the
VL in both the upper and lower jaw (Figure S1; Qiu et al., 2020). In
contrast, in the mouse the DL and VL both extended directly from

the oral surface at all stages investigated.

3.2 | Asymmetrical proliferation of the extending
VL leads to bending of the outgrowth

In histological section, it was evident that the VL curves as it grows
so that it extends under the tooth. This directional growth could
be followed in slice culture. Here live sagittal slices of the jaw
were generated at E12.5, when the VL was evident as a placode
(Figure 2A-D). During the culture period, the incisor tooth germ
(outlined in magenta) developed from a thickening to a late cap
stage tooth, and the neighbouring VL (outlined in green) extended
under the forming tooth (Figure 2E-H). To address what drives the
VL extension, we explored the role of proliferation during VL de-
velopment. We utilised BrdU as a marker for detecting the dividing
cells during the S phase of the cell cycle. Explants were cultured
with BrdU for 2h at day 2 before fixation and processed for whole
mount immunofluorescence (N> 3). The morphology of the VL
and DL were highlighted by the epithelial cell adhesion marker E-
cadherin (Figure 2K). The developing slices had high levels of pro-
liferation, as shown by BrdU-positive cells (in red), with labelled
cells in the epithelium and mesenchyme (Figure 2I-L). After count-
ing it was evident that the labial/buccal side of the VL contained
significantly more positive cells than the neighbouring lingual side,
with differential proliferation of the epithelium potentially driv-
ing the shape of the VL (Figure 2M). To confirm this difference,
BrdU-positive cells were visualised in frontal sections at E14.5
(Figure 2N). As shown in culture, more positive cells (magenta)
were observed on the buccal side of the VL compared to the lingual
side near the tooth germ (Figure 2N,0). In section and in culture,
the tip of the VL displayed high levels of proliferation throughout,
driving the extension towards the midline (Figure 2L,N).

3.3 | The VL opens postnatally to form the
vestibule by P15

To follow the creation of the vestibule we analysed the open-
ing process postnatally in the lower jaw. The VL opened in a wave
from the posterior to the anterior. At postnatal day (P)6, the ante-
rior VL was still solid, while more posteriorly it had already opened
(Figure 3A,E,l). Interestingly the VL did not appear to open from the
top in an unzipping mechanism, but holes appeared within the cen-
tre of the structure (Figure 3B-D,F,G). The deepest part of the VL,
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FIGURE 1 Embryonic development of the vestibular lamina (VL) in the murine incisor region. (A-E) Frontal sections of the upper jaw in
wild-type (WT) mouse embryos stained with trichrome. (F-J) Frontal sections of lower jaw in WT mouse embryos stained with trichrome.
(A, F)E12.5,(B, G) E13.5, (C, H) E15.5, (D, I) E16.5, (E, J) E18.5. Dental lamina/incisors and VL are outlined by yellow and red dashed lines,

respectively. Scale bar in (F) = 250 um, same scale in all other figures

under the forming incisor teeth and Meckel's cartilage, was the last
part of the VL to open. Splitting of the VL was complete anteriorly
by P12-P15, freeing the tooth-forming region from the neighbouring
cheeks (Figure 3D,H,L-N). Interestingly, the splitting of the VL into
buccal and lingual sections was not symmetrical, with the buccal side
consisting of several epithelial layers while the lingual side was com-

posed of only a few cell layers (Figure 30-R).
3.4 | Postnatal opening of the VL does not appear
to be driven by apoptosis

To understand the opening process in more detail, we focused on PO

to P4, just as the VL is starting to change from a solid structure. At

birth (PO), the VL remained solid (Figures 4A and 5A). The first sign of
opening was the appearance of small holes in the VL at P2 (Figure 4B).
By P4, small holes were observed within the deeper parts of the lam-
ina, with the VL open additionally at the oral surface in more posterior
sections (Figures 4C,D and 5D). Ecadherin (Ecad) was used to follow
changes to the epithelium during this period. Already by PO expres-
sion of Ecad was reduced in the centre (suprabasal layer) of the VL in
the top two thirds of the structure, this becoming more pronounced
by P4, where a central core of Ecad-negative cells was observed
(Figure 4M,N). The Ecad-positive basal cells were PCNA positive, with
reduced proliferation in the core of the VL (Figure 4F,H). The deep
part of the VL had high levels of proliferating cells, highlighting that
the VL is still growing at this stage (Figure 4J,L). Our previous study
on VL opening in human embryos highlighted that apoptosis played a

FIGURE 2 Differential proliferation shapes the developing VL. (A) Schematic of E12.5 mouse head. Red dots show the mandible
dissection. (B) Diagram of dissected mandible. Dark lines indicate the chopping planes to create sagittal slices. (C) Medial slices present

a tongue (T), and two protrusions, for the VL (green) and DL (magenta) respectively. (D) Histological sagittal section through a mouse
embryonic head at E12.5. Magenta dashed line labels DL, and green dashed line outlines VL. (E-H) Developing sagittal slice of the lower
jaw from E12.5. (E) Day O. Two oral epithelial thickenings are prominent at E12.5. (F) Explant slices after 16 h in culture. (G, H) Slices after
48 and 72h in culture. The VL extended into the mesenchyme and a clear tooth bud could be observed. Whiskers (red asterisks) also
develop during the culture period. (I-L) Day 2 slice. Slices were cultured with BrdU for 2 h before fixing and processing for whole mount

immunofluorescence. (I) DAPI (white nuclei). Green dashed line presents VL, light blue dashed line divides VL into lingual VL and buccal/
labial VL. (J) DAPI (white) and BrdU (red). All BrdU expression is nuclear, confirming specificity. (K) BrdU (red) and E-cadherin (green). (L)
BrdU alone (red). (M) Statistical graph for BrdU-positive cells (ratio) in the buccal VL compared to the lingual VL (n = 3, p<0.001, error bars
are SEM). (N, O) Frontal sections of lower jaw in wildtype mouse (E14.5). (N) BrdU (magenta) and E-cadherin (green) outlines the incisor tooth
germ and VL. (O) BrdU (magenta) and DAPI (white). Positive cells are evident on the outer edge of the VL. Scale bar in (D) = 250 pm. Scale bar in
(E) = 125 pm, same scale in F-H. Scale bar in (I) = 100 pm, same scale in J-L, N. Scale bar in (0) = 25 pm. *** is the level of significance as p <
0.001. DL, dental lamina; VL, vestibular lamina; VL (B), Buccal VL; VL (L), lingual VL
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FIGURE 3 Opening of the VL postnatally to create the vestibule. (A-R) Frontal sections of lower jaw in wildtype (WT) mouse embryos
stained with trichrome. (A, E, I) Postnatal day (P)6, (B, F, J) P8, (C, G, K) P10, (D, H, L) P12, (M, O, Q) P13, (N, P, R) P15. Anterior end of the
VL around the incisors (A-D, M, N), Mid anterior region (E-H, O, P), posterior region (I-L). (Q, R) Higher power view of boxes in O, P to show
differences in epithelial thickness on the buccal and lingual sides of the vestibule. Scale bar in (A) = 250 um, same scale in B-P. Scale bar in
(Q, R) = 100pum. VL, vestibular lamina; VL (B), Buccal VL; VL (L), lingual VL

role in broadening the VL furrow but not in initial fissure formation,
although localized cellular atrophy has been thought as the cause of
the split in some research (Bolk, 1921; West, 1924). At early embry-
onic stages of development only scattered apoptotic bodies were ob-
served in the vole VL (Witter et al., 2005). To clarify the mechanisms
in the mouse, apoptosis was studied from PO to P4 using activated
caspase 3 as a marker. At PO, prior to opening, a few apoptotic cells
were localised to the VL. In the main body of the VL, positive cells
were scattered in the epithelium (Figure 4G), while at the tip of the VL
many of the epithelial cells were positive (Figure 4K). In contrast, at
P4 no apoptotic cells were observed in the VL, despite the presence
of caspase-positive cells in adjacent tissues (Figure 4M-P). Apoptosis
was not associated with the formation of holes in the VL and did not
appear to be a central driver for opening. As previously observed by
histology, the tip of the VL does not open until P10 (Figure 3). The
cells undergoing apoptosis in this region at PO are, therefore, unlikely
to have arole in opening of the VL, and instead may play a role in thin-

ning of the epithelium in this region.

3.5 | Terminal differentiation may trigger
opening of the VL

The changes in Ecad expression prior to opening suggested changes
in cell adhesion might be driving the opening process. In human em-
bryos formation of fissures with the VL was linked to the onset of

differentiation (Qiu et al., 2020). The identity of the central cells in
the VL was therefore followed from PO to P4 by immuno for occlu-
din and loricrin. Occludin is an integral membrane protein identified
at the tight junction and is used as a marker of the granular layer
(Zihni et al., 2016). Loricrin is a terminal differentiation marker label-
ling the cornified layer of the skin (Ishitsuka & Roop, 2020; Koster &
Roop, 2004). At PO, prior to any signs of opening, occludin and loric-
rin were restricted to the top of the VL, where the VL met the oral
surface (Figure 5B,C). At P4, the open VL near the oral surface was
lined by occludin-positive cells, which formed a layer over the Ecad-
positive VL epithelium (Figure 51,J). Further down the lamina, where
the VL had yet to fully open, a similar arrangement was observed
with Ecad outer cells flanking occludin positive inner cells around
the forming holes (Figure 5E,F) and near to open regions (Figure 5K).
The central (suprabasal) cells close to the oral surface were positive
for the terminal marker loricrin (Figure 5G,H). During skin develop-
ment, the skin undergoes terminal differentiation and cornification,
a form of cell death (Eckhart et al., 2013). Cornification does not in-
volve caspase 3, but other caspases such as caspase 14 are involved
(Lippens et al., 2000). During terminal keratinocyte differentiation,
the nuclei become flattened before nuclei degeneration (Eckhart
et al., 2013). Interestingly, the nuclei in the centre of the VL had a
distinctive flattened appearance, when compared to the rounded
cells observed in the basal layers (Figure 5L). Loss of Ecadherin and
the onset of occludin and loricrin, therefore, predated opening of
the VL, with opening potentially linked to a process of cornification.
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FIGURE 4 Apoptotic cells are not associated with cell clearance during VL opening. (A-D) Trichrome staining of the VL in the anterior
lower jaw at PO, P2 and P4. Mouse frontal sections. C is more posterior than D, images taken from within the same mouse. (B) P2. Small
holes form in the VL by P2, magenta arrowhead. (C, D) Fissures form in the VL by P4 (Magenta arrowheads), (C) forming from the oral
surface, (D) forming as holes within the lamina. (E, G, |, K, M-P) Activated Caspase-3 (red), E-cadherin (green) and Dapi (grey) at PO (E, G, I, K)
and P4 (M-P) in the anterior VL in the murine mandible. (G, K) are higher magnifications of boxes (g, k) in (E, 1). (F, H, J, L) PCNA (red) labels
proliferating cells in the VL at PO. (H, L) are higher magnifications of boxes (h, I) in (F, J). Green dashes outline VL. (H) In the upper part of
the VL PCNA cells are restricted to the basal cell layer L. (L) The lower VL is highly proliferative. A number of caspase3-positive cells were
found in the lower 2/3 of the VL (G), with high levels of positive cells at the end of the VL (K) at PO, at which point no obvious fissures were
observed. At P4 no caspase3-positive cells were observed throughout the whole lower VL, with only few in the mesenchyme on the lingual
side of the VL (N). Red arrowheads indicate caspase3-positive cells. Scale bar in (A) = 250 um, same scale in B-D. Scale Bar in (E) = 100 um,
same scale in F, 1, J, M, O. Scale Bar in (G ) = 25pm, same scale in H, K, L, N, P. VL, vestibular lamina
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FIGURE 5 Opening of the VL postnatally is associated with terminal differentiation. (A-L) IF for DAPI (grey), Loricrin (magenta), E-
cadherin (green), occludin (yellow). (A-C) PO. (A) Anterior VL at PO. (B, C) Higher-power magnification of the oral surface of the VL; occludin
and loricrin are expressed in the granular layer and cornified layer, respectively. (D-L) P4. (D) Anterior VL at P4. (E, F, G, |, K) E-cadherin
labels the VL and incisor epithelium. Occludin-positive cells surround a small opening within the middle of the VL (E, F, K) and line the
opening VL at the top of the VL (I, J). (F) is a higher magnification of (f) in (E). (G, H) Loricrin-positive cells were found in the suprabasal layer
prior to opening. (H) is a higher magnification of (h) in (G); (L) highlights the deformation of the nuclei as they flatten in the centre of the VL;
cyan arrowheads in (D) point to the main large furrow of the VL, and red arrowheads in (G) indicate small openings separate from the main
fissure. Cyan arrows in (G) indicate the area with the main fissure. White dashed lines in (A, D) delineate the VL. Scale bar in (A) = 100 um,
same scale in D. Scales bar in (E) = 100 pm, same scale in F. Scale bar in (B) = 25um, same scale in C, F, H, K

4 | DISCUSSION
4.1 | Species-specific differences in VL morphology
require distinct mechanisms for vestibule formation

The mouse VL was very different in morphology when compared
to the human VL. The human VL was much wider, relatively, with
the DL physically attached to it via epithelial bridges throughout
the mouth (Qiu et al., 2020) (Figure S1). In contrast, the murine VL
was very thin and only prominent in the anterior part of the lower
jaw. The murine VL and DL, despite sharing an early common origin
in the anterior region (Hovorakova et al., 2016), developed at a dis-
tance from each other, with separate connections to the oral cav-
ity. Anteriorly, the murine VL extended much further into the oral
cavity than the human VL, with the result that the murine vestibule
around the lower incisors would be much deeper than in humans.
In contrast, the murine upper incisors were associated with only a
rudimentary VL and, therefore, would have a very shallow vestibule
on the upper jaw. Such differences are likely to reflect differences in
diet and manner of eating.

The different morphologies of the VL resulted in different mech-
anisms of opening. In human embryos, fissures developed in the
wide VL as the epithelial cells underwent differentiation, with the
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central tissue removed by apoptosis (Qiu et al., 2020). In contrast,
the suprabasal cells in the thin murine VL did not appear to be re-
moved by apoptosis but underwent terminal differentiation and pos-
sible cornification.

In human embryos, the fissures formed from the oral surface
(Figure S1), while in the mouse, there was a combination of splitting
of the VL near the oral surface and the formation of small holes along
the length of the VL. This process of cavitation therefore shares some
similarities with salivary gland lumen formation, where the ducts
open by the coalescence of multiple small cavities (Tucker, 2007).
The vestibule was completely open by postnatal day 13 to 15, which
corresponds to the eruption of the dentition (first molar erupts at
P15) and the move to a solid diet (Chlastakova et al., 2011). An in-
complete vestibule, therefore, is not a problem for suckling in the
first 2weeks after birth. The differences and similarities in VL and

DL formation in mouse and human are highlighted in Figure 6.
4.2 | Lingual-labial differences in the VL are
evident from early stages of development

During growth of the murine VL proliferation was observed asym-
metrically in the basal epithelial layer, so that more cells were positive
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FIGURE 6 Comparison of vestibular lamina (VL) development
and opening in human and mouse development. (A) Schematic of
developing face highlighting area shown in B-I. (B, D, F, H) Mouse
incisor and VL. (C, E, G, I) Human incisor and VL. (B) E(embryonic
day) 12.5. (D) E18.5, (F) P (postnatal day) 0-2, (H) P4. (C) 7 weeks
gestation, (E) 9 weeks, (G) 11 weeks, (J) 13 weeks

on the labial/buccal side. This is predicted to cause a bend in the de-
veloping lamina, directing it under the forming tooth germ, so that
the vestibule forms under the incisors. This difference in prolifera-
tion may also explain the observed asymmetrical split when the VL
opened, with the labial side being much thicker. Due to these differ-
ences, the resulting mucosa of the oral cavity is therefore different
on the side of the teeth and towards the cheeks. Such differences
in thickness of the mucosa may result in differences in robustness,
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with the cheeks having more layers to counter the forces of chewing.
Similar differences between the labial and lingual sides of the lamina
were observed in human embryos (Qiu et al., 2020), with differ-
ences in keratin patterns on either side of the vestibule maintained
in adult tissues (Verlach et al., 2017), suggesting this is a conserved
mechanism.

4.3 | Apoptosis and differentiation play distinct
roles in VL development

The presence of activated caspase 3-positive cells was not associ-
ated with opening of the murine VL at postnatal stages, however,
large numbers of apoptotic cells were associated with the bottom
third of the VL. These cells undergoing apoptosis were observed
over a week before opening of this region and it is proposed that
they have a role in thinning, rather than splitting of the VL. This may
make later opening of the deep parts of the lamina easier. Opening
was associated with loss of Ecadherin, reduced proliferation and
upregulation of differentiation markers in the suprabasal layers
of the VL. Occludin, as a functional component of tight junctions,
marks the granular layer and turns off in the skin to allow shedding
of the top layers (Zihni et al., 2016). Similarly, occludin turned off
in the middle layers of the murine VL, as loricrin turned on, sug-
gesting a change in cell adhesion. The loricrin expressing suprabasal
cells had flattened nuclei, distinct from the rounder Ecad express-
ing basal cells. This change in cell morphology predated splitting
of the VL. A similar change in cell morphology and upregulation of
loricrin has been shown in the developing ear canal, another epi-
thelial structure that goes from a solid lamina to an open tube (Fons
et al., 2020). Terminal differentiation is therefore potentially a con-
served mechanism to open epithelial tubes/laminae. The flattening
of the nuclei may suggest that the canal opens due to cornification,
with loss of adhesion and epithelial shedding, similar to the pro-
cess observed in the skin. Cell death mechanisms, other than ap-
optosis, may therefore regulate this process (Eckhart et al., 2013).
It would be interesting to identify whether markers associated with
cornification, such as Caspase 14 were upregulated in these cells.
Alternatively, the VL may open due to a loss of adhesion between
the terminally differentiating cells without cell death. In the human
VL, the upregulation of filigrin around the forming fissures suggests
that downregulation of tight junctions might cause breaks to form
within the epithelium. The murine VL showed upregulation of the
terminal marker loricrin postnatally. Interestingly, in the adult oral
cavity loricrin has been observed in the palatal but not the buccal
epithelium (Ishitsuka & Roop, 2020), suggesting that after opening
the loricrin population may not persist. Defects in the extension
of the VL or opening of the deepest parts of the VL would be pre-
dicted to lead to the formation of a shallow vestibule. Likewise, in-
complete separation along the VL could result in the formation of
additional frenula, tethering the teeth to the cheeks and lips.
Overall, this paper has shed light on the development of a ne-
glected structure that has an important role in creating the oral
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cavity. Here we provide an understanding of the timing of develop-
ment and mechanisms of murine vestibule formation that can be

used to understand defects associated with this region.
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Fig S1. The DL extends from the VL in the lower jaw in human embryos. Trichrome
staining (Alcian blue, Alizarin red, and haematoxylin) of human frontal sections at
CS22(A), 9 weeks (B), and 13 week (C). Scale bar in (A-C) = 500 pm.
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Abstract:

The vestibular lamina (VL) forms the oral vestibule, establishing a distinct space
between the teeth, lips, and cheeks. In a number of ciliopathies, the formation
of the vestibule is impaired, resulting in the occurrence of multiple frenula.
Unlike the adjacent dental lamina, there is a lack of comprehensive knowledge
regarding the genes that pattern the VL. In this study, we established a
molecular profile for the VL in mice and identified a number of genes and
signaling pathways that potentially contribute to its development. Among these
pathways, the Sonic hedgehog (Shh) pathway and Wnt signaling pathway are
specifically emphasized, and their interaction has been validated through
protein-protein interaction (PPI) analysis. In relation to the Shh pathway, we
demonstrated the robust expression of co-receptors Gas7, Cdon, and Boc in
the VL. Our findings indicated that these co-receptors function to enhance the
Shh signals from the developing incisor. Gas1 mutants displayed a truncated
VL, along with the altered Gli1 expression and decreased proliferation. The
severity of this defect was further amplified in Boc/Gas1 double mutant mice,
and a similar phenotype could be reproduced in culture by using cyclopamine.
Therefore, signals originating from the developing tooth play a crucial role in
regulating the development of neighbouring VL, orchestrating the overall

development of the dentition and the oral cavity.
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ABSTRACT

The vestibular lamina (VL) forms the oral vestibule, creating a gap
between the teeth, lips and cheeks. In a number of ciliopathies,
formation of the vestibule is defective, leading to the creation of
multiple frenula. In contrast to the neighbouring dental lamina, which
forms the teeth, little is known about the genes that pattern the VL.
Here, we establish a molecular signature for the usually non-
odontogenic VL in mice and highlight several genes and signalling
pathways that may play a role in its development. For one of these, the
Sonic hedgehog (Shh) pathway, we show that co-receptors Gas1,
Cdon and Boc are highly expressed in the VL and act to enhance the
Shh signal from the forming incisor region. In Gas7 mutant mice,
expression of Gli1 was disrupted and the VL epithelium failed to
extend due to a loss of proliferation. This defect was exacerbated in
Boc/Gas1 double mutants and could be phenocopied using
cyclopamine in culture. Signals from the forming teeth, therefore,
control development of the VL, coordinating the development of the
dentition and the oral cavity.

KEY WORDS: Vestibular lamina, Oral cavity, Sonic hedgehog, Gas1,
Dental lamina, Ciliopathies, Mouse

INTRODUCTION

Odontogenesis proceeds through a series of characteristic stages,
which are controlled by multiple molecular interactions between the
epithelium and underlying mesenchyme. In mammals, the first sign
of tooth development is the appearance of a band of thickened
epithelium marked by the expression of Pitx2 and Shh (Yu et al.,
2020) This band goes on to form the dental lamina (DL), from
which the tooth germs will emerge. Lateral to the DL is a second
epithelial lamina, known as the vestibular lamina (VL) in mammals.
In humans, the VL and DL have a complex relationship during early
development, with the two laminas merging and branching as they
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run along the jaw margin (Hovorakova et al., 2005; 2007). In the
anterior parts of the lower jaw, the DL and VL share a common
origin, emerging from the same Shh-positive epithelial thickening
in both mouse and human (Hovorakova et al., 2007, 2016; Qiu et al.,
2020). As these structures diverge in development, Shh signalling is
associated with the forming tooth germ, but turns off in the VL
(Hovorakova et al., 2016). While the DL produces the teeth, the VL
splits down the middle to form a space between the teeth and lips
and teeth and cheeks, thereby creating the vestibule of the oral
cavity. Given this role, the VL is also known as the labio-gingival
ridge, lip-furrow band or cheek furrow ridge (Bolk, 1921; Schour,
1929; Peterkova, 1985). During development, the lingual (tongue
side) and buccal/labial (cheek/lip) sides of the VL are distinct in
both mouse and human, with differences in rates of proliferation and
expression of epithelial markers (Qiu et al., 2020; Qiu and Tucker,
2022). These differences may influence the opening of the lamina
and they are later reflected by differences in molecular identity of
the different parts of the oral mucosa.

The developing mammalian VL has a varied structure across
mammals. In human and sheep, the VL is in general thick and wide,
whereas in the vole and mouse, the VL is relatively thin and narrow
(Pavlikova et al., 1999; Witter et al., 2005; Hovorakova et al., 2005,
2016; Qiu et al., 2020; Qiu and Tucker, 2022). The human VL is
prominent throughout the upper and lower jaws and regionalized in
parallel with the DL (Hovorakova et al., 2005, 2007). In contrast,
the mouse only has a prominent VL in the anterior mandible, and
the maxillary VL is almost absent (Qiu and Tucker, 2022). The
relationship of the DL and VL also varies, with the DL branching
off the VL in humans, while in mice both the DL and VL have a
separate connection to the oral cavity. These differences are likely to
correspond to the different morphologies of the vestibule and reflect
differences in diet and chewing patterns.

A similar laterally situated lamina is also observed in reptiles.
This lamina also appears to share a common origin with the adjacent
DL. In the chameleon, this more lateral lamina develops into the
dental glands that lubricate the teeth, while in poisonous snakes it
forms the venom gland (Vonk et al., 2008; Tucker, 2010). It has
been suggested that the mammalian VL and the reptilian dental
gland lamina have evolved from laterally positioned DLs, similar to
those that create the inner and outer dental arches in extant axolotls
(Soukup et al., 2021) As the dentition became restricted to a single
row of teeth in many tetrapods, the redundant DLs would have been
lost or, in the case of the dental glands and VL, repurposed to create
other ectodermal structures (Hovorakova et al., 2020).

Despite its shared origin with the DL, the VL does not normally
form teeth. However, overexpression of Wnt signalling in the VL
does lead to ectopic tooth formation in this structure in mice (Wang
et al., 2009; Popa et al., 2019) and may explain the occasional
occurrence of odontomas situated in the vestibule of human subjects
(Hovorakova et al., 2020). Vestibular deficiencies have been
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reported in a number of human syndromes; in particular, in the
ciliopathy Ellis-van Creveld (EvC) (MIM #225500), where
development of the VL is defective, and the gums adhere to the
upper lip and cheek with multiple associated frenula (Sasalawad et al.,
2013). Recently, VL anomalies along with tooth abnormalities have
also been observed in a patient with cryptophthalmos (MIM
#123570) due to mutation in the FREM?2 gene (Kantaputra et al.,
2022). In addition, a shallow (<4 mm) vestibule and frenula
anomalies in the lower incisor region have been noted in a study of
gingival phenotypes in healthy children (Kus-Bartoszek et al., 2022).
Such deficiencies in frenulum attachment were suggested to be
associated with certain periodontal diseases (Placek et al., 1974).

The stages of development of the VL have recently been
characterized in mouse and human, with an analysis of proliferation,
cell death and epithelial differentiation (Qiu and Tucker, 2022);
however, no other data is available regarding the genes involved in
shaping and directing the development of this structure. In addition,
although the VL and the dentition share a common origin, whether
these tissues interact during later development to coordinate oral
development is unknown. To address this, a transcriptome of the
murine VL at embryonic day (E) 14 was created to identify the
molecular signature of this structure and compare it with the
neighbouring cap stage incisor tooth germ. This allowed a
comparison of odontogenetic and non-odontogenic tissue and
identification of genes unique to the VL. At El4, the VL has
extended into the lower jaw as a sheet of epithelium with higher
proliferation on the labial and buccal sides away from the
developing teeth (Qiu and Tucker, 2022). This suggested
potential interactions between the tooth and VL. We, therefore,
used the transcriptomic dataset to focus on signalling molecules
expressed in the tooth and readouts in the VL to further understand
how the two tissues might interact. Mouse mutants and explant
culture were then used to test the function of identified pathways.

From this analysis, we identified previously unreported markers
associated with the VL and highlighted Hedgehog (Hh) signalling
from the developing tooth as playing a potential role in patterning
the VL during development. Functional studies confirmed the role
of Hh signalling in patterning the VL and demonstrated that signals
from the tooth have a key role in orchestrating development of
neighbouring structures, coordinating development of the teeth and
the oral cavity.

RESULTS

A distinct molecular signature for the vestibular lamina at
E14

The VL has odontogenic potential but does not normally form teeth
(Popa et al., 2019). To identify the molecular signatures that
distinguish the VL from the early tooth bud (TB) during
development, we dissected the VL and TB from the incisor region
of the murine mandible at E14 for analysis through bulk RNA-
sequencing (RNA-seq) (Fig. 1A). At this stage, the anterior VL and
incisor TB have developed their distinct morphologies and are
clearly observed in sagittal slices, facilitating precise dissection.
However, despite their morphological differences, the VL can still
be induced to form tooth-like structures after stabilization of
B-catenin at this late stage (Popa et al., 2019). Fate is, therefore, not
yet determined in this structure at E14. The epithelium and
mesenchyme were dissected together to provide a comprehensive
characterization of the whole structure. The RNA-seq dataset
included VL (n=5, VL1-5) and TB (n=5, TB1-5) samples, with the
boxplot, violin plot and density plot showing consistent
distributions of normalized read counts (counts per million; CPM)
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(Fig. S1IA-C). A correlation plot confirmed that there was a higher
correlation between the transcriptomic profile of VL-VL and TB-
TB compared with TB-VL (Fig. S1D). Levels of vimentin (a general
mesenchymal marker) and Cdhl (a general epithelial marker) were
used to estimate the relative amounts of mesenchymal and epithelial
tissue included in the analysis. No significant difference was
observed in expression of these two markers between the TB and
VL groups, suggesting that the dissected regions contained
approximately equivalent numbers of mesenchymal and epithelial
cells (Fig. S1E,F). Principal component analysis (PCA) presented
distinct gene expression distributions between the VL and TB
datasets at E14 (Fig. 1B). In total, 1788 differentially expressed
genes (DEGs) were detected, including 788 upregulated (TB) and
1000 downregulated (VL) DEGs. The top DEGs were visualized by
a volcano plot, where absolute value of log2 fold change (abs
log2FC)>2 and P-value<0.01 (Fig. 1C). The DEGs were
highlighted in a heatmap where abs log2FC>2 and P-value<0.001
(Fig. 1D). Overall, these results confirmed that the VL and TB were
significantly different at the molecular level by E14. Our large-scale
analysis of gene signatures confirmed that genes known to play a
role in early tooth development were upregulated in the TB relative
to the VL, including Shh, Fgfs, Pax9, DIx homeobox gene-family
members, Runx2, Rspol and Scubel (Zhao et al., 2000; Seppala
et al., 2007; Xavier et al., 2009; Kawasaki et al., 2014) (Fig. 1C,D),
with gene expression patterns confirmed by RNAscope (Fig. S2). In
addition, the screen highlighted a number of genes upregulated in
the VL relative to the TB (Fig. 1C,D), with expression in the VL
again confirmed by RNAscope (Fig. S3), or by checking expression
on Genepaint (https:/gp3.mpg.de/), a digital atlas highlighting gene
expression in the embryo at E14.5 (Fig. S4) (Visel et al., 2004).
These included Meis1/2, Otx1 and Nr4a?2 transcription factors, and
signalling pathway members Cd44 and Wnt7b, which have not
previously been associated with the VL. Interestingly, in keeping
with the observed lingual-buccal/labial differences in the VL
epithelium at this stage (Qiu and Tucker, 2022), some highlighted
genes had clear lingual-buccal/labial differences in expression, such
as Otx1, which was expressed on the labial side of the VL away from
the tooth (Fig. S3L’). In addition, differential expression was
evident in the oral and aboral parts of the VL, suggesting additional
levels of compartmentalization (Fig. S4). Using this data, we were,
therefore, able to create the first molecular signature for the VL.

Differential analysis highlights differences in Shh pathway
component expression in the VL and TB

To understand how the tooth bud might impact on development
of the VL, we focused on signalling pathways highlighted by the
transcriptomics. As expected given its conserved role in tooth
development, Shh was highlighted as differentially expressed in the
tooth germ, along with patched 1 (Ptchl) and Glil (Fig. 2A,B; Fig.
S5A-F) (Buchtova et al., 2008; Seppala et al., 2017). Ptchl is a
transmembrane domain protein that acts as the principal receptor for
Shh, but also provides a readout of Shh signalling activity, whereas
Glil acts as a universal downstream transcriptional target. The Shh
pathway is activated when Shh binds to Ptchl, which is facilitated
by a number of co-receptors, including growth arrest-specific
1 (Gasl) and Ig/fibronectin subfamily transmembrane proteins
Boc and Cdon (Cdo) (Tenzen et al., 2006; Seppala et al., 2022).
Gasl is a vertebrate-specific glycosylphosphatidylinositol-
anchored membrane protein proposed to be a co-receptor for Shh
and positive regulator of the signal pathway in vertebrates
(Martinelli and Fan, 2007; Seppala et al., 2022). In contrast to
Shh and Ptchl, Gasl, Cdon and Boc were all significantly more
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Fig. 1. Distinct gene signatures of the VL and TB at E14 revealed by RNA-seq. (A) Schematic of vestibular lamina (VL) and incisor tooth bud (TB)
dissection for RNA-seq. Sagittal view. (B) PCA plot of the RNA-seq dataset for VL and TB samples. Blue and yellow dots represented VL and TB,
respectively, in the scatterplot, with the ellipses showing clustering of the samples. Distinct gene expression distributions between the VL and TB were
observed. (C) The volcano plot showed a number of upregulated (TB) and downregulated (VL) DEGs. Red represented selected highly expressed genes in
TB, whereas blue emphasizes selected highly expressed genes in VL. Abs log2FC_1>1, P-value_1<0.05; abs log2FC_2>2, P-value_2<0.01. (D) Heatmap of
signatures of VL and TB samples. A number of VL and TB markers were identified. Annotations show clustering of the samples. Abs log2FC>2 and
P-value<0.001. The dissected VL and tooth germs from a single litter (9-15 embryos) were pooled to obtain enough RNA for sequencing. In total, tissue

from 11 litters was isolated and pooled samples from five litters with the highest quality scores were used for analysis. These are referred to here as TB1-5

and VL1-5.

highly expressed in the VL (Fig. 2A,B). To further investigate the
expression of these Shh pathway-related genes, we compared the
expression of Ptchl, Cdon, Shh, Gas1 and Boc in these two laminas
at E12.5 (before obvious morphological differences in these
structures) and at E15.5 (when the two structures are clearly
morphologically distinct) (Fig. 2E-P). The VL runs as a continuous
band anteriorly around the incisor tooth germs and, therefore, can be
viewed both in sagittal plane for the labial lamina (Fig. 2C) and
frontal plane for the buccal lamina (Fig. 2D). At E12.5, the VL
(lined by green dashed line) and DL (lined by white dashed line)
were evident as two side-by-side epithelial thickenings (Fig. 2E)
with Shh expression restricted to the DL (Fig. 2H). Ptchl was
expressed in the epithelium of the VL, DL and strongly in the
surrounding mesenchyme (Fig. 2F). In contrast, expression of Gas/
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was mainly observed in the epithelium of the VL and the
mesenchyme on the buccal side (Fig. 2I). Cdon and Boc showed
similar expression patterns to Gas! (Fig. 2G.J). At E15.5, the VL
curves as it extends into the mesenchyme so that it grows under the
developing incisors and Meckel’s cartilage, while the neighbouring
incisor tooth germ has developed from a thickening to reach the late
cap stage (Fig. 2K). At this stage, strong transcription of Shh was
detected in the inner enamel epithelium of the incisors (Seppala
et al.,, 2017); however, the adjacent VL was negative for Shh
expression (Fig. 2N). Ptchl was highly expressed in the developing
tooth, in the epithelium and surrounding mesenchyme, but
relatively lower Ptchl expression was observed in the VL, mainly
localized to the lower part of the VL (Fig. 2L). In contrast to the
tooth germ-dominant expression of Shh and Ptchl, Cdon, Gasl and
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Fig. 2. Differential expression of Shh pathway components in the VL and tooth germ. (A,B) Volcano plot (A) and boxplot (B) highlighting the differences
of Shh pathway-related genes in the vestibular lamina (VL) and incisor tooth germ at E14. Gas1, Cdon and Boc were significantly more highly expressed in
the VL, whereas Shh, Ptch1 and Gli1 were significantly more highly expressed in the incisor tooth germ. Abs log2FC_1>1, P-value_1<0.05; abs log2FC_2>2,
P-value_2<0.01. *P<0.05, **P<0.01 and ***P<0.001 (two-tailed, unpaired t-test). In box plots, middle bars represent median values, boxes represent first to third
interquartile ranges and dots indicate the expression of each sample. (C) Schematic of E15.5 mouse lower jaw in the sagittal plane, showing the tooth bud (TB)
and adjacent VL on the labial (lip) side of the TB. (D) Schematic of E15.5 mouse lower jaw in frontal plane, showing the TB and adjacent VL on the buccal
(cheek) side of the TB. (E,K) Trichrome/H&E staining of the VL and dental lamina (DL)/tooth germ in the anterior lower jaw at E12.5 and E15.5. (F-J,L-P) Frontal
sections of the lower jaw in the incisor region in WT (CD1) mouse performed with radioactive in situ hybridization. Shh pathway gene expression was assessed
in the VL and DL/tooth bud/tooth germ at E12.5 and E15.5, respectively. (F,L) Ptch1; (G,M) Cdon; (H,N) Shh; (1,0) GasT; (J,P) Boc. WF, whisker follicles; MC,
Meckel's cartilage. Lingual-labial axes shown in C. Lingual-buccal axes shown in D,H,N, same plane for E-P. Scale bars: 100 pm.

Boc were reduced in the developing tooth germs but were strongly
expressed on the buccal side of the VL in the buccal epithelium and
mesenchyme (Fig. 2M,0O,P). This buccal/labial bias of Gas!
expression in the VL epithelium was confirmed at El14 by
RNAscope (Fig. S5D-F).

Truncation of the VL in Gas1 and Boc compound mutants

Given the distinct expression pattern of Gas! in the VL, we focused
on this component of the Shh pathway through the analysis of Gas/
mutant mice. Gas! has been shown to facilitate Shh signalling,
particularly with low signal levels at long distance from the source
(Martinelli and Fan, 2007). A lack of Gas/ is associated with a
series of midline craniofacial phenotypes including maxillary
incisor fusion, midfacial hypoplasia and cleft palate due to

reduced Shh signalling in the early craniofacial region (Seppala
et al., 2007). At E13.5, the VL (contoured by green dashed lines)
has started to extend into the mesenchyme under the forming
incisors in wild-type (WT) mice, with full extension under the tooth
germ, towards the midline, by E15.5 (Fig. 3A,F). In contrast, in the
Gas1 null mutants (Gas1 '), the VL was shorter and failed to pass
under the forming incisors (Fig. 3B,G) (truncated VL observed in
N=15/15 Gasl~~ embryos from E13.5 to E15.5). Interestingly, a
similar truncated VL was observed in some Gas!"~ embryos at
E13.5, although the severity of the defect varied between
heterozygous mutants (Fig. 4J-L) (truncation observed in N=5/7
Gas1*~ embryos at E13.5). The reduction in the VL was significant
in both homozygous and heterozygous mutants when measured at
E13.5 (Fig. 4G).
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Fig. 3. Truncated VL formation after loss of Shh co-receptors. (A-J) Trichrome/H&E staining of mouse frontal sections through the lower incisor region.
(A-E) E13.5. (A) In the WT, the vestibular lamina (VL) had extended into the mesenchyme and around the forming incisor tooth bud (TB). (B) Gas7~/~. The
mutant VL had started to extend but fails to pass the neighbouring incisor tooth bud. (C) Boc~'~. Normal extension of the VL. (D) Boc*'~Gas1~/~. Defective
extension. (E) Boc~'~Gas1~/~ compound mutant. The VL and tooth germs (TG) were severely affected, with a rudimentary VL and partial fusion of the
incisors at the midline. (F-J) E15.5. (F) The WT VL at E15.5 had invaginated further into the mesenchyme and under Meckel’s cartilage (MC) in the midline.
(G) Similar to E13.5, the Gas7~~ had a truncated VL. (H) Boc™"~. Normal extension of the VL. () Boc*~Gas1~/~. Truncated VL. (J) The Boc™'~Gas1~/~
compound mutant had an exacerbated VL phenotype with a very short VL and defective incisor tooth germs. Lingual-buccal axes shown in A, same plane in
all other images. Mouse numbers analysed: WT (E13.5 n>9; E14.5 n>3; E15.5 n>9; E16.5 n>3), Gas1~/~ N=18 (E13.5 n=8, E14.5 n=4, E15.5 n= 3), Boc™/~
N=4 (E13.5 n=1; E14.5 n=1; E15.5 n=1; PO n=1); Boc*~Gas1~'~ N=9 (E13.5 n=4; E15.5 n=3; E18.5 n=1; PO n=1); Boc'~Gas1~'~ N=3 (E13.5 n=1; E15.5

n=2). Scale bar: 250 ym.

Gasl has also been reported to interact with the Hh co-receptor
Boc in different developmental contexts (Allen et al., 2011). We
therefore further explored the function of Boc during VL
development using mutant mice. Interestingly, analysis of a Boc
mutant showed a normal VL indistinguishable from WT (Fig. 3C,H)
[normal VL observed in N=4/4 Boc™~ embryos from E13.5 to
postnatal day (P) 0]. Loss of a single Boc allele in Gas/ '~ mice did
not significantly exacerbate the phenotype compared with Gasl =/~
mutants (Fig. 3D,1; Fig. 4G) (truncated VL observed in N=9/9 Boc*'~
Gasl™~ embryos from E13.5 to P0). In contrast, Boc/Gasl double
knockouts had exacerbated VL and TB phenotypes, with a severely
truncated VL and a developmentally arrested incisor tooth germ
(Fig. 3E,J) (severely truncated VL observed in N=3/3 Boc ™~ Gasl™~
embryos at E13.5 and E15.5). Gasl and Boc, therefore, appear to
be able to compensate for each other to some extent during VL
development.

Downregulation of Ptch1 and Gli1 and loss of proliferation in
the Gas1 mutant VL

The identification of a shorter VL in Gas ™~ mice suggested that
the VL is dependent on Shh signalling for normal development. To
confirm this, we assessed expression of Ptchl and Glil in these
mutants at E13.5, the stage when a clear VL defect is first
identifiable in these mice. Ptchl was expressed on the labial/buccal
side of the VL in WT embryos but, in Gas/ ~'~ mice, this expression
was lost in the truncated lamina but retained in other regions,
including the aboral mesenchyme, underlying the developing
whisker follicles (Fig. 4A,D). In the WT, Glil, as viewed by
RNAscope, was similarly expressed at significantly higher levels on
the buccal side of the VL compared with the lingual side of the VL
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(Fig. 4B,C,H). Quantification of the RNAscope in the Gas/ ~'~ mice
revealed that the levels of expression in the buccal epithelium were
significantly reduced (Fig. 4E,F,L; Fig. S6) (N=3). Given that Gas! "~
mice showed a variable truncated VL defect, we assessed changes in
Glil in heterozygotes with and without a phenotype at E13.5. In a
Gas1™~ mouse with no phenotype at this stage, Glil expression
appeared as for the WT (Fig. 4M,N). In contrast, Gas '~ mice with a
truncated VL still showed G/il expression but had lost the normal
buccal-lingual polarity (Fig. 40). The buccal-lingual difference in
Shh response was, therefore, lost in mice with a truncated VL.

To analyse the cause of the truncated phenotype, we investigated
the level of proliferation during early development of the VL before
the defect in epithelial extension using bromodeoxyuridine (BrdU)
to detect cells in the S phase of the cell cycle. At E12.5, the Gasl '~
VL and DL were evident as two distinct thickenings, although they
appeared to be closer to each other when compared with WT
littermates, suggesting part of the phenotype is determined very
early in VL development (Fig. 5A-C,G). E-cadherin was used to
outline the epithelium and the number of BrdU-positive cells were
counted within a defined region, taken from the deepest projection
of'the DL to the VL (N=3) (Fig. 5D-F,H-J, area outlined in D,E,H,I
highlights region counted). Proliferation in the epithelium was
significantly reduced in the Gas!~'~ embryos (Fig. 5J,K), with clear
reduction of proliferation in the mesenchyme around the forming
VL at this stage (Fig. 5D,H).

Loss of Gas1 activity in the neural crest leads to a truncated
VL

Given the strong expression of Gas! in both the buccal epithelium
and mesenchyme of the VL during development (Fig. 21,0;
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Fig. SSE,F), and reduction of proliferation in both tissues, we
wanted to address whether truncation of the VL was caused by loss
of Gasl in the mesenchyme alone. For this, Wntl-Cre;Gasl™"
conditional mutant mice were used. At E16.5, similar to E15.5, the
WT VL (labelled by green dashed lines) had extended under the
incisors with the ends almost touching each other in the midline in
the anterior, and slightly less extended more posteriorly (Fig. 6A,C)
(Qiu and Tucker, 2022). Interestingly, Wntl-Cre;GasI" mice
mimicked the VL phenotype observed in Gas! ™~ mice, with a
significantly truncated VL that failed to reach past the developing
incisors (Fig. 3G compared with Fig. 6B.E) (truncation in N=3/3).
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Fig. 4. Altered expression of Ptch1 and Gli1 in Gas1
heterozygote and homozygotes at E13.5. (A,D)
Sagittal sections through the lower anterior incisor region
showing radioactive in situ hybridization of Ptch1 at
E13.5. (A) WT littermate control. (D) Gas1~/~. Decreased
Ptch1 expression was observed in the shorter vestibular
lamina (VL) in Gas7~/~ mice compared with the
littermate controls. White asterisks point to the region
where the whisker follicles are forming on the aboral side
of the jaw, which is Ptch1-positive in both. (B,C,E,F)
RNAscope in the lower anterior VL in frontal section at
E13.5. DAPI (grey), Gli1 (magenta). (B,C) DAPI and Gli1
in the littermate controls; (E,F) DAPI and Gli1 in the
Gas~'~ mice. The VL was divided by blue dashed lines
into two parts: the buccal side [VL(B)], and the lingual
side [VL(L)]. (G) Graph showing VL length in WT (N=6),
Gas*'~ (N=5), Gas~'~ (N=6) and Boc*'~Gas1~'~ (N=4) at
E13.5. The Gas™~ mice present variations in VL length,
but show a significantly shortened VL compared with the
WT. The Gas~'~ mice showed a strikingly consistent
shorter VL, with no additional effect with loss of one copy
of Boc. (H,l) Graphs quantifying Gli1 expression in the
VL. (H) Gli1 expression on the buccal VL compared with
the lingual VL in WT mice. The Gli1 expression on the
buccal side of the VL was significantly higher than the
expression on the lingual side of the VL during normal
development. N=3, P<0.01. (I) Gli1 expression on the
buccal VL in the WT compared with expression on the
buccal VL in Gas~'~ mice. Significantly decreased Gli1
expression was observed on the buccal side of the VL in
the Gas™~ mice. (J-L) Trichrome/H&E staining of mouse
frontal sections through the lower anterior incisor at
E13.5. (J) WT littermate controls. (K) Gas7*'~ embryo
presenting a normal VL. (L) Gas7*'~ embryo presenting
a shorter VL. (M-O) RNAscope in the mandible VL in
frontal sections. DAPI (grey), Gli1 (magenta). (M) Gli1 in
the littermate controls. (N,0) Gli1 in Gas1*~ mice. (N) In
the embryo with a WT-shaped VL, the level of Gli1 was
similar to the WT, with higher expression on the buccal
side. (O) In the embryo with a truncated VL, the
differential expression of Gli1 on either side of the lamina
was lost. Green and white dashed lines delineate the VL
and tooth bud (TB), respectively. Lingual-labial axes
shown for A,D. Lingual-buccal axes shown for B-F and L,
same plane in J,K,M-O. Mouse numbers analysed: WT
(E13.5 n>9), Gas1~'~ (E13.5 n=8), Gas1*'~ (E13.5 n=7),
Boc*~Gas1~'~ (E13.5 n=4). *P<0.05, **P<0.01 and
***P<0.001 (two-tailed, unpaired t-test). Error bars
represent s.e.m. Scale bars: 50 um in D (for A,D) and
J,M (for J-O); 25 ym in E (for B,C,E,F).
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WhntlI-Cre mice have been shown to have some brain defects but no
craniofacial defects (Heuzé et al., 2014), and in keeping with this the
VL was normal in all WntI-Cre controls (N=5/5) (Fig. 6C-E). These
findings highlight that loss of Gas! in the neural crest-derived
mesenchyme alone is sufficient to cause a truncated VL phenotype.

Manipulation of Shh signalling in culture alters VL
development

To further manipulate Shh signal levels during early development of
the VL, we moved to an ex vivo explant culture system, which has
previously been used to successfully culture the VL (Qiu and
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Tucker, 2022). Here, the mandible harvested at E13.5 was chopped
longitudinally into 200 pm thick live slices, and the midline slices
containing the VL and incisor tooth germ were selected.
Cyclopamine was added at a concentration of 20uM and 50uM to
block Shh signalling by interfering with the obligate smoothened
receptor (Li et al., 2016). At 20uM whisker follicle development
was clearly affected in the slices (Fig. S7), but no obvious VL
phenotype was evident (Fig. 7A-D). We therefore increased the
concentration to 50uM. Cyclopamine-treated cultures at 50uM
continued to grow over the 2 day culture period, with development
of'a cap stage tooth, but the treated cultures had significantly shorter
VLs when compared with slices treated with the carrier solution
alone (Fig. 7E-H; Fig. S8) (N=6 control, 6 treated). Confirming loss
of Shh signalling, addition of cyclopamine caused an almost
complete loss of G/il and Ptchl expression (Fig. S10A,C,D,F). To
enhance Shh signalling, cultures were treated with SAG
(smoothened agonist) at SuM, which acts to stabilize the key Hh
transducer smoothened in the primary cilium. The SAG-treated
cultures displayed severe retardation of tooth development and a
significant thickening of the forming VL (Fig. 7I-L; Fig. S9) (N=7
control, 7 treated) and was accompanied by an upregulation of Gli/
in the mesenchyme around the VL and tooth germ and Ptch! in the
thickened VL (Fig. S10B,E). Targeted loss of Shh signalling at
E13.5, therefore, impacted VL development.

DISCUSSION

Distinct lingual-labial/buccal and oral/aboral gene

signatures in the VL predate morphological differences

An important aim of this work was to investigate the molecular
signature of the VL. The bulk RNA-seq data at E14 provided an

® Gasi+/+
® Gas1--
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Fig. 5. The truncated VL is associated with reduced
proliferation at E12.5. (A,B) Histological (trichrome staining)
frontal sections through vestibular lamina (VL) and dental
lamina (DL) in the anterior mandible at E12.5. (A) WT
littermate control. (B) Gas? homozygous mutant. (C-F,G-J)
immunofluorescence for E-cadherin (green), BrdU (magenta)
and DAPI (grey) in the littermate controls (C-F) and Gas1~/~
mice (G-J). (C,G) E-cadherin, BrdU and DAPI; (D,H) BrdU
and DAPI; (E,l) BrdU; (F,J) Magnification showing a reduced
number of BrdU-positive cells in the VL epithelium. (K) Graph
comparing the ratio of BrdU-positive cells, where 1=100% of
cells are proliferating (N=3, P<0.01, error bars represent
s.e.m.). The BrdU-positive cells were significantly decreased
in the epithelium in the Gas7~/~ mice compared with
littermate controls. Green and white dashed lines in A,B
outline the VL and DL, respectively. The white lines in D, E,
H, | define the areas of epithelia selected for counting.
Lingual-buccal axes shown for all images. Mouse numbers
analysed: WT (E12.5 n>9), Gas1~'~ (E12.5 n=3). *P<0.05,
**P<0.01 and ***P<0.001 (two-tailed, unpaired t-test). Error
bars represent s.e.m. Scale bars: 125 ym in A (for A,B);

50 pm in C,F (for C-J).

lingual
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interesting set of genes that are likely to play a role in VL
development and can be used as markers of the VL in future
experiments. Interestingly Wnt7b was expressed in the VL, and this
gene has been proposed to inhibit Shh expression in non-dental
regions (Sarkar et al., 2000). Meis1/2 were also highlighted in the
VL. Meisl has been linked to stem cell maintenance and overlaps
with Sox2-expressing regions, with both Sox2 and Meis! expressed
at high levels in the VL (Sanz-Navarro et al., 2019). The VL may,
therefore, have some stem cell properties.

One perhaps unexpected result was that many genes exhibited
differential expression in the lingual and labial/buccal sides of the
VL, suggesting that the epithelium is spatially patterned at this
stage, more than 1 week before the VL opens to form the vestibule
(Qiu and Tucker, 2022). This differential expression, however,
agrees with the observed differences in proliferation rates of the
labial/buccal and lingual sides of the VL, which have been proposed
to drive the shape of the elongating VL (Qiu and Tucker, 2022).
Differences in oral and aboral parts of the VL were also evident,
highlighting further compartmentalization of the VL during
development. Overall, this is the first molecular analysis of the
VL and provides a number of interesting pathways for further
exploration.

Shh signalling is essential for correct growth and patterning
of the VL

Here, we determined that, although the VL does not express Shh
after the earliest placodal stages, its development is dependent on
Shh signals from the developing tooth. The two laminas are
therefore patterning by the same signal. The Shh co-receptors Gas1,
Boc and Cdon were shown to have enhanced expression in the
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Fig. 6. Lack of Gas1 in the neural crest in Wnt1-Cre Gas1™" embryos mimics the shorter VL phenotype in Gas? null mutants. (A-C) H&E staining of
the anterior lower jaw in frontal sections at E16.5 showing WT (A), Wnt1-Cre Gas1"" (B) and Wnt1-Cre (C) mice. A shorter vestibular lamina (VL) was
observed in the Wnt1-Cre Gas1™" mice compared with the WT and Wnt1-cre positive control, mimicking the VL phenotype in the Gas7~/~ mice (Fig. 3B,G).
(D) A normal VL was observed in Wnt1-Cre mice; DAPI nuclear stain (grey). (E) Graph showing VL length in the WT (N=3, s.e.m.), Wnt1-Cre (N=3, s.e.m.),
and Wnt1-Cre Gas1™"" (N=3, s.e.m.) mice at E16.5. The VL in the Wnt1-Cre Gas 1" mice was significantly shorter compared to the WT. Green dashed lines
label the VL in A-D. TG, tooth germ; MC, Meckel’s cartilage. Lingual-buccal axes shown in C, same axes for all images. *P<0.05, **P<0.01 and ***P<0.001
(two-tailed, unpaired t-test). ns, not significant. Error bars represent s.e.m. Scale bars: 125 pm in A (for A-C); 200 pm in D.

forming VL, and loss of Gas/ in mouse mutants resulted in
truncation of the forming VL. Failure in extension of the VL was
driven by a reduction/misexpression of readouts of Hh signalling
and a reduction in proliferation. Interestingly, Gas/ heterozygous
mice showed a variable defect in the VL, correlating to changes in
Glil expression. Gasl heterozygous mice are viable and feed as
normal, suggesting that earlier VL defects may be able to correct
themselves during later development. This may be linked with
developmental stalling, whereby mutant mice display initial defects
and a slowing down of development but are able to recover with
later accelerated development (Miletich et al., 2011). In both
homozygotes and heterozygous Gas/ mutants the truncated VL was
linked to a loss of the differential expression of Gli/ in the
epithelium, suggesting that the lingual-buccal/labial differences are
key drivers of vestibular lamina outgrowth.

Gas1 in the VL mesenchyme extends the range of the Shh
signal

Gas] mutants have previously been shown to have tooth defects,
which include fusion of the first and second molars, formation of
supernumerary teeth in the diastema and cusp defects (Seppala
et al., 2022). Loss of one copy of Boc in Gasl mutants did not
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exacerbate the phenotype but loss of two copies in the compound
mutants resulted in very severe VL defects. Boc and Gas/ have been
shown to form distinct complexes with Ptchl (Izzi et al., 2011).
Boc™'~ are viable, with subtle changes to the cerebellum and a
background-dependent mild widening of the facial region (Izzi
et al.,, 2011; Echevarrida-Andino and Allen, 2020). Interestingly,
although in many tissues loss of both Boc and Gas! leads to a
worsening of the single mutant phenotype (Seppala et al., 2014),
with regards to the width of the face, Boc and Gas/ double mutants
had a less severe craniofacial phenotype, suggesting context-
dependent effects of these two co-receptors (Echevarria-Andino
and Allen, 2020). Similarly, Gas! can restrain, rather than enhance,
Hh signalling in the mouse diastema and in presomitic mesoderm
explants (Lee et al., 2001a; Cobourne et al., 2004). In the VL,
however, Boc and Gasl appear to act by facilitating Shh signalling
in tissue at a distance from the Shh source, with a significant
downregulation of G/il in the VL of GasI mutants, particularly on
the buccal/labial side. A proposed model of Hh signalling in the VL
is shown in Fig. 8, highlighting the known role of the primary
cilium. This agrees with findings in the heart, neural tube and limb
(Martinelli and Fan, 2007). In these tissues, Shh has been shown to
downregulate Gas! to constrain its own activity, which may explain
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Fig. 7. Manipulation of Shh signalling in explant culture led to changes in VL length and width. (A-J) Sagittal explant slices through the anterior
mandible at E13.5. (A1,B1,E1,F1,11,J1) Day 0. Prominent vestibular lamina (VL) and tooth bud (TB) were observed at E13.5. (A2,B2,E2,F2,12,J2) Day 2. The
VL protruded into the mesenchyme following the curve of the forming tooth germ after 48 h in culture. (A1,2) Control carrier only group for cyclopamine-
treated cultures (20 uM). (B1,2) Cyclopamine-treated cultures (20 pM). (E1,2) Control carrier only group for cyclopamine-treated cultures (50 uM). (F1,2)
Cyclopamine-treated cultures (50 uM). (11,2) Control group for SAG-treated cultures (5 uM). (J1,2) SAG-treated group. (B2,C) The VL was not significantly
shorter in the cyclopamine-treated cultures at a concentration of 20 uM (N=5) compared with the controls (N=4) after 2 days in culture. (D) To account for any
variation at the start of culture we also compared the increase in length during culture by analysing the length at day 2 minus the length at day 0. This also
showed no significant difference. (F2,G,H) When treated with 50 uM cyclopamine, the VL was significantly shorter in the cyclopamine-treated cultures (N=6
for both) after 2 days in culture using both measures. (J2,K,L) The VL was significantly thicker in the SAG-treated (5 uM) cultures (N=7 for both) after 2 days
in culture (K). In addition, we compared the VL width difference on day 2 minus day 0 and showed a statistical significance (L). Green dashed lines label the
VL and white dashed lines outlined the TB. White arrowheads indicate tip of VL after culture. Lingual-labial axes shown in J1, same orientation for all images.
*P<0.05, **P<0.01 and ***P<0.001 (two-tailed, unpaired t-test). Error bars represent s.e.m. All experiments were repeated more than six times for SAG and
50 uM cyclopamine, and four times for 20 yM cyclopamine, and differences were compared within a litter. Scale bars: 300 ym in A1 (for A1,A2,B1,B2);

100 um in E1 (for E1,E2,F1,F2,11,12,J1,J2).

the heightened expression of Gas/ in the VL compared with the truncation of the VL. Expression in the epithelium is therefore not
tooth in WT embryos. sufficient for VL extension. Tooth number has similarly been found

Gasl was expressed in both the buccal/labial epithelium of the to be dependent on Gas/ expression in the mesenchyme, with
VL and the surrounding mesenchyme. Perhaps unexpectedly, loss  supernumerary teeth developing in the diastema of Wntl-Cre;
of Gasl in the neural crest-derived mesenchyme alone led to  GasZ™" mice (Seppala et al., 2022).
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Fig. 8. Schematic of Shh signalling in the VL. (A,B) Review of vertebrate Shh signalling at the cell membrane (Caparrés-Martin et al., 2013; Seppala et al.,
2017). (A) Inactive Shh signalling pathway (Off). In the absence of Shh signal, the cell surface receptor Ptch1 accumulates at the primary ciliary membrane
and inhibits Smo. GLI proteins are sequestered by SuFu, and proteolytically processed into truncated repressor forms, thus repressing the pathway
transcription. (B) Active Shh signalling pathway (On). With the arrival of secreted Shh, the signalling pathway is activated when Shh binds to Ptch1 and
releases the inhibition to Smo. This is facilitated by the co-receptors Cdon, Boc and Gas1. The activated Smo enters into the primary cilia and interacts with
the EVC/EVC2 complex to trigger the downstream GLI family transcriptional activities. Gli1 translocates into the nucleus to promote the target gene
expression. (C) Depressed Shh signalling in Gas7 homozygous mutants. In the Gas7~/~ mutant VL, it is proposed that low levels of Shh cannot release the
inhibition of Smo owing to loss of a key co-receptor, leading to reduced activation of Gli1 in the VL. (D-G) Schematics of the activity of Shh in the vestibular
lamina (VL). (D) In the WT, Shh is produced in the tooth germ and diffuses in a gradient away from the source. High levels of Gas1? at a distance from the
Shh source allow upregulation of G/i1 and Ptch1 in the VL. Expression of Hh downstream pathway genes is essential for proliferation and extension of the
VL. (E) In Gas? mutants, the normal Shh signal at the VL is too weak to elicit activation of Gl/i1 and Ptch1 and the VL fails to grow. (F) In the presence of the
smoothened inhibitor cyclopamine, again G/i1 and Ptch1 are not activated in the VL and it fails to grow. (G) On stimulation of smoothened by SAG, cells
further away from the Shh source can respond and the pathway is upregulated, leading to increase in the width of the VL.

Requirement for Hedgehog signalling in the VL explains the
frenula defects observed in EvC patients

Vestibule defects are associated with EvC syndrome, where the gums
adhere to the upper lip and cheek with multiple associated frenula
(Sasalawad et al., 2013). Interestingly, Evc also has a role in the Shh
pathway, interacting with smoothened in the primary cilium (Fig. 8).
Evc regulates Hh signalling by promoting Sufu/Gli3 dissociation and
Gli3 ciliary traffic (Caparrés-Martin et al., 2013). A lacZ Evc reporter
has previously shown expression of Evc around the teeth and VL at
E15.5 (Ruiz-Perez et al., 2007). The VL has not been studied in Eve
mutant mice, but a similar truncated VL might be predicted based on a
reduction in the Hh pathway and the phenotype from the Gas!
mutants. VL defects would also be predicted to occur in other
ciliopathies and, in keeping with this, frenula defects have been noted
in oral-facial-digital (OFD) syndromes (Bruel et al., 2018) and in
Joubert syndrome (Penon-Portmann et al., 2022). OFD syndromes
can be caused by defects in the ciliary basal body, ciliogenesis or post-
ciliary microtubule functions, with at least 20 genes identified in
patients (Bruel et al., 2018). It would, therefore, be interesting to study
the VL in mouse models where primary cilia function is disrupted. In
addition, changes in the vestibule, with defects and accessory frenula,
may represent an important additional clinical character for defining
ciliopathies in patients.
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Variation in Hedgehog signalling may explain species-
specific difference in the VL

Our culture experiments allowed the development of the VL and
tooth germ to be followed and the Hh pathway to be manipulated at
specific time points. Addition of cyclopamine or SAG to target
smoothened led to striking defects in the VL. Agreeing with the
results from the Gas/ mutants, addition of cyclopamine caused a
shorter VL that failed to extend into the surrounding mesenchyme,
strengthening the results that Gas! promotes Hh signalling in the
VL. Addition of SAG led to a broadening of the VL, which we
hypothesize was caused by an extension of the tissue that was able to
respond to Shh produced by the neighbouring tooth germ (Fig. 8).
The width of the VL varies considerably across mammals, therefore,
the wider VL of humans may be driven by enhanced Hh signalling
in this tissue compared with mammals such as the mouse, where the
VL is very thin.

The results highlight that the tooth germ, through Hh signalling,
plays a key role in development of the VL. These two neighbouring
laminas, therefore, not only share a common origin in some parts of
the jaw but are later patterned together. Defects in the tooth are,
therefore, likely to result in defects in the VL. The VL is a fairly
unstudied structure, therefore, many published mouse mutants with
dental defects may have unreported defects in the VL. From an
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evolutionary perspective, changes to the dentition might not change
in isolation but involve secondary effects on the vestibule, linking
the evolutionary history of these two structures.

MATERIALS AND METHODS

Mouse strains

Gasl mutant mice were generated as previously described (Lee et al.,
2001b; Seppala et al., 2022). Gas ™'~ (Lee et al., 2001b) and Boc "~ (Okada
et al., 2006), Wntl-Cre*’~ (Danielian et al., 1998) and Gas/"* (Jin et al.,
2015) were crossed to generate compound and conditional mutant mice,
respectively. The mice analysed in this research are listed below: WT (E12.5
n>9; E13.5 n>9; E14.5 n>3; E15.5 n>9; E16.5 n>3), Gasl~~ N=18 (E12.5
n=3; E13.5 n=8, E14.5 n=4, E15.5 n=3), Gas1 "'~ N=13 (E12.5 n=3; E13.5
n=7; E14.5 n=3), Boc™'~ N=4 (E13.5 n=1; E14.5 n=1; E15.5 n=1; PO n=1);
Boc"'~ Gas1~'~ N=9 (E13.5 n=4; E15.5 n=3; E18.5 n=1; PO n=1); Boc™'~
Gasl™~ N=3 (E13.5 n=1; E15.5 n=2); Wntl-Cre;Gas"' N=3 (E16.5),
Wntl-Cre N=5 (E16.5). Mutant mice and littermate controls were on a
mixed 129sv/C57B16 background (Seppala et al., 2022). CD1 mice for
transcriptomics, explant culture and in situ hybridization were obtained
at the Institute of Animal Physiology and Genetics, Czech Academy
of Sciences, and King’s College London. E0.5 was considered as the
day when the plug was detected. All animal procedures were carried
out under the guidelines of the Institute of Animal Physiology and
Genetics, and King's College London, with Home Office approved
Schedule 1 culling methods and conform to ARRIVE guidelines. For
proliferation assays, BrdU (30 mg/kg) was injected into the pregnant
mouse 2 h before culling.

RNA isolation and RNA-seq library construction and sequencing
VL and neighbouring incisor tooth germs were isolated from the same slices
at E14. The dissected VL and tooth germs from a single litter (9-15
embryos) were pooled to obtain enough RNA for sequencing. In total, tissue
from 11 litters was isolated at this stage. RNA extraction was performed
using the RNeasy Plus Mini Kit (Qiagen, 74136) and pooled samples from
five litters with the highest quality scores were used for analysis. These are
referred to here as TB1-5 and VL1-5. Sequencing libraries were prepared
from total RNA using the Smarter Stranded Total RNA-seq Kit v2 Pico
Input Mammalian (Takara), followed by size distribution analysis in the
Agilent 2100 Bioanalyzer using a High Sensitivity DNA Kit (Agilent,
5067-4626). Libraries were sequenced using the Illumina NextSeq 500
instrument. Samples were sequenced by the Genomics service at the
Institute of Molecular Genetics. Tuxedo protocol was performed for
Genome-guided assembly.

Downstream analysis of RNA-seq

The RNA-seq datasets were visualized using R (v4.0.2). Duplicated genes
and genes with zero read counts were removed. The counts per gene were
normalized to CPM transformed with log2 using an offset of 1. Expression
plots such as box plot, violin plot and density plot were generated using
package ggplot2 (v3.3.5). Two-tailed, unpaired #-test was performed for
statistical significance of comparisons in gene expression visualized in box
plots. PCA was performed using package pca3d (v0.10.2). Correlation
matrix was visualized using package corrplot (v0.90). For differential
expression analysis, package limma (v3.46.0) was used to identify the DEGs
in TB and VL groups (V=5 in each group). The cut-off criteria for DEGs
were set up with the abs log2FC>1.5 and P-value<0.05. Heatmaps and
volcano plots were depicted to visualize the results using the packages
pheatmap (v1.0.12), ggplot2 (v3.3.5), dplyr (v1.0.7) and ggrepel (v0.9.1).
To prioritize genes of interest, two groups of criteria were established in
volcano plots with the abs log2FC_1>1, P-value_1<0.05, and abs
log2FC_2>2, P-value_2<0.01. The genes were filtered with settings of
the abs log2FC>2 and P-value<0.001 in Heatmap showing ranked genes
with highest differential expression.

Tissue processing and histological staining
Embryonic heads were fixed in 4% paraformaldehyde (PFA) overnight at
4°C followed by gradient dehydration in ethanol, xylene clearance, wax
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immersion and paraffin embedding. Samples were then sectioned at 5-8 um
using a microtome (Leica RM2245) and mounted on the charged slides in
series sections. For histological analysis, the slides were stained with
Haematoxylin and Eosin (H&E) staining, or trichrome staining (Sirrus Red,
Haematoxylin and Alcian Blue) using standard protocols. The Nikon
Eclipse 80i light microscope was used to photograph the stained slides.

Immunofluorescence staining

Immunostaining was performed using standard protocols as previously
described (Qiu et al., 2020; Qiu and Tucker, 2022). The primary antibodies
used on sections were: mouse anti-E-cadherin (Abcam, ab76055, 1/400)
and rat anti-BrdU (Abcam, ab6326, 1/500). Secondary antibodies were then
used to incubate the sections for 1 h at room temperature (RT) at a dilution of
1/500 in the dark: Alexa Fluor donkey anti-mouse 488 (Invitrogen, A21202)
and Alexa Fluor donkey anti-rat 647 (Invitrogen, A21247). Slides were
mounted with Fluoroshield containing DAPI (Sigma-Aldrich, SLBV4269)
and visualized using a Leica TCS SP5 confocal microscope. For BrdU
immunofluorescence staining, the mice were injected with BrdU
labelling reagent (30 mg/kg, Life Technologies, 000103) 2 h before
collection. For E-cadherin immunofluorescence on slices, rabbit anti-E-
cadherin (Abcam, ab15148, 1:100) with secondary Fluor goat anti-rabbit
488 (Invitrogen, A-11008, 1:500). Control groups were set up to confirm
immunofluorescence staining. Each antibody analysis was carried out at
least three times independently.

Radioactive in situ hybridization

Radioactive section in situ hybridization was performed as previously
described (Wilkinson, 1992; Seppala et al., 2014). RNA probes were
synthesized using 3>S-UTP, and signals were recognized using silver
emulsion, which presents positive signals as white grains when viewed
under dark-field. Bright-field and dark-field images were photographed
using a Nikon Eclipse 80i light microscope. The images were then merged
in Photoshop (Adobe 2020), with the colour in dark-field artificially
changed to red. The following restriction and polymerase enzymes were
used for plasmid DNA linearization and mRNA probe synthesis; Ecorl and
T7 for Shh, BamHI and T3 for Ptchl, Ecorl and T7 for Gasl, Xhol and T7
for Cdon, Sall and T7 for Boc. We would like to thank Andrew McMahon
(Harvard University, USA) for the Shh plasmid, Matthew Scott (Stanford
University, USA) for the Prtchl plasmid, Chen-Ming Fan (Carnegie
Institution of Washington, USA) for the Gas/ plasmid and Robert Krauss
(Icahn School of Medicine at Mount Sinai, USA) for the Cdon and Boc
plasmids.

RNAscope assay

Paraffin-embedded embryonic head sections (5 um) were processed as
described above for multiplex fluorescent in situ hybridization.
Commercially available Multiplex Fluorescent Reagent Kit v2 (323100,
Advanced Cell Diagnostics) and RNAscope probes (1:50; Mm-Glil,
311001; Mm-Meisl, 436361; Mm-Meis2, 436371; Mm-Cd44, 476201;
Mm-Nr4a2, 423351; Mm-Wnt7b, 401131; Mm-Otx1, 536041; Mm-DIx5,
478151; Mm-Runx2, 414021; Mm-Rspol-O1, 479591; Mm-Scubel,
488131; Mm-Shh, 314361; Mm-Gasl, 547201; Mm-Ptchl, 402811;
Advanced Cell Diagnostics) were used for transcript detection according
to the manufacturer’s protocol. The hybridized probes were visualized
using the fluorescein (NEL741001KT, Perkin Elmer) and TSA-Plus
Cyanine 3 (NEL744001KT, Perkin-Elmer) system, according to the
manufacturer’s protocol. All incubation steps were completed using the
ACD HybEZ II Hybridization System (321721) at 40°C. In brief, the
slides were deparaffinized in xylene, applied in RNAscope Hydrogen
Peroxide (322335) at RT for 10 min and submerged in RNAscope Target
Retrieval (322001) at 99°C for 30 min. A hydrophobic barrier was then
created to circle the interested areas using the ImmEdge Hydrophobic
Barrier Pen (310018). Slides were then incubated with RNAscope
Protease III (322340) for 15 min followed by the hybridization,
amplification and detection steps according to the protocol. Slides were
mounted with Fluoroshield with DAPI (Sigma-Aldrich, SLBV4269) and
stored at 4°C in the dark.
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Statistics and reproducibility

Quantification of Glil expression levels from RNAscope is outlined in
Fig. S6. Morphometrics of structures were performed using Fiji/Imagel.
The length of the VL was assessed by drawing a line parallel to the curved
VL from the top to the end using the line tool in Fiji. The width of the VL
was measured by drawing a line parallel to the oral epithelium
from the junction of VL and DL to the edge of the buccal VL. Results
were plotted in GraphPad Prism software (V.8.0.2). Statistical significance
was analyzed by IBM SPSS Statistics software (V.25.0) using two-tailed,
unpaired #-tests. The P-values were considered statistically significant if the
P-value<0.05, with *P<0.05, **P<0.01 and ***P<0.001. Error bars
represent s.e.m.

Explant culture

Slice culture for the tooth germ was carried out as previously described
(Alfageeh and Tucker, 2013). In brief, embryonic lower jaws were isolated
at E13.5, when a very clear VL/DL bud can be observed. The mandibles
were then chopped sagittally at 200 pum using a Mcllwain Tissue Chopper,
and slices in the incisor region were selected and cultured on permeable
filters (pore size 0.4 um, BD Falcon cell culture inserts) held by a steel mesh
in Advanced Dulbecco’s Modified Eagle Medium F12 (DMEM F12)
(Invitrogen) with 1% penicillin-streptomycin (Sigma-Aldrich, Merck) and
1% Glutamax (Invitrogen). To investigate the role of Shh during VL
development, slices were cultured with Shh signalling inhibitor
cyclopamine (Sigma-Aldrich) at 20 uM or 50 uM (10 mg/ml stock in
ethanol), or SAG (smoothened agonist) (Sigma-Aldrich) at 5 uM (stock
dissolved in H,0). The explants were cultured at 5% CO, and 37°C for
2 days before harvest. Littermate control groups were set up to compare with
the experimental groups and cultured under the same conditions but with
carrier alone. Litter age can vary depending on mating time, so cultures were
only compared within litters. Slices were photographed at day 0 and day 2
using a Leica dissecting microscope to record the morphology. All
experiments were repeated more than six times for SAG and 50 uM
cyclopamine, and four times for 20 uM cyclopamine.
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Supplementary Figure 1 |

Distribution features of the normalized read counts (Cpm) of VL (N=5) and TB
(N=5) from the RNA-seq dataset. (A) boxplot, (B) violin plot, and (C) density plot
showed consistent distributions of VL and TB expression. (D) Correlation plot. Higher
correlation between the transcriptomic data of VL-VL and TB-TB were observed when
compared to TB-VL. (E) Vimentin, a mesenchymal marker, showing similar expression
between the dissected VL and TB. (F) Cdhl, an epithelial marker, showing no
significant expression differences in the dissected VL and TB. VL: vestibular lamina;
TB: tooth bud.
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Supplementary Figure 2 |

Highlighted genes in the tooth germ at E14.5.

(A, C, E, G) Box plots of genes highlighted as being differentially expressed in the
tooth germ. Unpaired t-tests were performed in R to assess statistical significance. N =
S5VL and 5TB. DIx5, Runx2, Rspol, and Scubel were significantly expressed in the TB
compared to the expression in the VL. (B, B’, D, D’, F, F’, H, H’) Mouse sagittal
sections through the anterior lower incisor tooth germ. RNAscope performed for the
identification of TB markers. (B, B’) DIx5, (D, D’) Runx2, (F, F’) Rspol, (H, H’)
Scubel. (B’, D’, F’, H’) Higher power view of white boxes labeled areas (b’, d’, f°, h’)
in (B, D, F, H). Magenta and white dashed lines outlined the VL and TB respectively.
VL: vestibular lamina; TB: tooth bud. Scale bars in (B, D, F, H) = 100 um. Scale bars
in (B’, D’, F’, H’) = 50 um. Lingual-labial axes shown in H, same plane for all images.
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Supplementary Figure 3 |

The expression pattern of novel markers of the VL at E14.

(A, C, E, G, I, K) Box plots of genes highlighted as being differentially expressed in
the vestibular lamina. Unpaired t-tests were performed in R to assess statistical
significance. N = SVL and 5TB. The expression levels of Meis1, Meis2, Cd44, Nr4a?2,
Wnt7b, and OtxI in the VL were significantly higher than in the TB. (B, B’, D, D’, F,
F’, H, H’, J, J°, L, L) Mouse sagittal sections through the anterior lower incisor tooth
germ. RNAscope performed for the identification of VL markers. (B, B’) Meisl, (D,
D’) Meis2, (F, ¥F’) Cd44, (H, H’) Nrd4a2, (J, J°) Wnt7b, (L, L) Otx1. The magenta
arrowheads in L’ pointed out the strong expression of Otx/ on the labial side of the VL.
(B’, D’, F°, H’, J’, L) Higher power view of white boxes labeled areas (b’, d’, f°, h’,
j’>»I’)in (B, D, F, H, J, L). Magenta and white dashed lines outlined the VL and TB
respectively. VL: vestibular lamina; TB: tooth bud. Yellow dashed lines divided the VL
into two parts: labial side of VL (La), and lingual side of the VL (Li). Scale bars in (B,
D, F, H, J, L) = 100 um. Scale bars in (B’, D’, F’, H’, J°, L’) = 50 um. Lingual-labial
axes shown in L, same plane for all images.
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Supplementary Figure 4 |

Molecular signature of the murine VL at E14.5.

Sagittal sections through the anterior incisor area of the mouse at E14.5 (background
strains used C57BL/6J and NMRI). (A-T) Expression of OtxI, CD44, Oxtr, Wnt9b,
Wnt7b, Meisl, Meis2, Abca8b, Serpinb3a, lrrnl, Ace2, Kihl14, Nr4a2, Kera, Hey?2,
Gasl, Gdf10, Snedl, Osrl, Ramp3 in the murine oral cavity. (A’) Otx1. Higher power
of (A) of the lower incisor tooth bud (TB) and vestibular lamina (VL), showing the
strong expression of Otx/ in the buccal side of the VL. The green dashed line labeled
the VL, and the white dashed line labeled the lower incisor TB. (B’-H’) Higher
magnification of (B-H) of the lower incisor TB and VL, showing the CD44, Oxtr,
Wnt9b, Wnt7b, Meisl, Meis2, Abca8b were mainly expressed in the whole epithelial
VL. (I’-N”) Higher magnification of (I-N) of the lower incisor TB and VL, showing
robust expression of Serpinb3a, lrrnl, Ace2, Klhi14, Nr4a2, Kera at the top of epithelial
or/and mesenchymal VL. (O’, P”) Higher power of (O, P) of the incisor TB and VL,
high expression of Hey2 and Gas! in the buccal VL and mesenchyme were observed.
(Q’-T?) Higher power of (Q-T) of the lower incisor TB and VL with strong expression
of Gdf10, Snedl, Osrl, Ramp3 in the mesenchyme surrounding the buccal side of the
VL. (U) Table of gene expression. VL: vestibular lamina; TB: tooth bud; T: tongue.
Mes: mesenchyme. Images from https://gp3.mpg.de/ (Visel et al., 2004).
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Supplementary Figure S |

Expression of Shh pathway genes in the VL and TB at E14.

(A, D) Box plots of genes highlighted from the Hedgehog pathway. Unpaired t-tests
were performed in R to assess statistical significance. N = 5VL and 5TB. The
expression levels of Shh was significantly higher in the TB, while Gas/ was higher in
the VL. (B, C, E, F) Mouse sagittal sections through the anterior lower incisor tooth
germ. RNAscope performed for Hh pathway genes. (B, C) Shh. Shh expression was
restricted to the enamel knot, showing statistically higher expression in the TB when
compared to the neighboring VL. (E, F) Gasl. Gasl was mainly expressed in the VL,
with the magenta arrowheads pointing out the robust expression in the labial side of the
VL. (C, F) Higher magnification of white boxes labeled regions (¢, f) in (B, E). VL and
TB were contoured by magenta and white dashed lines respectively. VL: vestibular
lamina; TB: tooth bud. Yellow dashed line divided the VL into two parts: labial side of
VL (La), and lingual side of the VL (Li). Scale bars in (B, E) = 100 um. Scale bars in
(C, F) =50 um. Lingual-labial axes shown in B, same plane for all images.
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Supplementary Figure 6 |

Quantification of Glil expression levels by RNAscope.

Frontal sections of the VL and TB at E13.5. (A-F) Dapi (grey). (A-C) Litter mate
controls (N=3); (D-F) Gas/ homozygous mutants (N=3). (G-L) G/i/ (magenta). (G-I)
Litter mate controls (N=3); (J-L) Gas/ homozygous mutants (n=3). VL was contoured
by green lines and the VL was divided into buccal (B) and lingual (L) parts by red
dashed lines. The yellow/blue boxes define the selected regions (of the same volume)
for counting of the Glil expression on the buccal and lingual sides of the VL. VL:

vestibular lamina. Scale bars in (A-L) = 50 um. Buccal-lingual axes shown in J, same
plane for all images.
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Supplementary Figure 7 |

No consistent change in VL length after treatment of explant slices with 20pM
cyclopamine at E13.5.

Sagittal slices through incisor region of mouse embryonic mandibles at E13.5. (A1, C1,
El, G1; B1, D1, F1, H1, I1) DayO0. (A2, C2, E2, G2; B2, D2, F2, H2, 12) Day2 (48 h
culture). (A, C, E, G) Control carrier only group. Black arrowhead points out the
developing whisker follicles after 2 days’ culture in the control group. (B, D, F, H, I)
Cyclopamine-treated groups (20uM). Magenta arrowheads point out the less well-
developed whisker follicles after 2 days in culture with 20uM cyclopamine; while the
VL showed no consistent phenotype. VL and TB were outlined by green and white
dashed lines respectively in Al. VL: vestibular lamina; TB: tooth bud. Scale bars in (A)
=300 um. Same scale in all images. Labial-lingual axes shown in 12, same plane for all
images.
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Supplementary Figure 8 |

Shorter VL in S0uM cyclopamine treated slices.

Sagittal slices through incisor region of mouse embryonic mandibles at E13.5. (A1, C1,
E1l, G1, 11, K1; B1, D1, F1, H1, J1, L1) Day0. (A2, C2, E2, G2, 12, K2; B2, D2, F2,
H2, J2, L2) Day?2 (48 h culture). (A, C, E, G, I, K) Control carrier only group. (B, D,
F, H, J, L) Cyclopamine-treated groups (50uM). A shorter VL was observed in the
cyclopamine-treated groups after 2 days in culture. VL and TB were outlined by green
and white dashed lines respectively in A1. VL: vestibular lamina; TB: tooth bud. White
arrowheads indicate tip of the VL. Scale bars in (A)= 100 um. Same scale in all images.
Labial-lingual axes shown in L2, same plane for all images.
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Supplementary Figure 9 |

Thicker VL in SAG-treated slices.

Sagittal slices through incisor region of mouse embryonic mandibles at E13.5. (A1, C1,
E1l, G1,11,K1, M1; B1, D1, F1, H1, J1, L1, N1) DayO0. (A2, C2, E2, G2, 12, K2, M2;
B2, D2, F2, H2, J2, L2, N2) Day2 (48 h culture). (A, C, E, G, I, K, M) Control carrier
only group. (B, D, F, H, J, L, N) SAG-treated groups (5uM). A thicker VL was observed
in the SAG-treated groups after 2 days in culture. VL and TB were outlined by green
and white dashed lines respectively in Al. VL: vestibular lamina; TB: tooth bud. Scale
bars in (A) = 100 pum. Same scale in all images. Labial-lingual axes shown in N2, same
plane for all images.
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Supplementary Figure 10 |

Changes to Glil and Ptchl expression in SAG and cyclopamine treated slices.
Sagittal sections through lower anterior incisor region at E13. RNAscope for G/i/ and
Ptchl. DAPI (blue); Glil (green, A, B, C); Ptchl (green, D, E, F). (A, D) Control carrier
only group. (B, E) SAG-treated group (5uM). (B) A thicker VL was observed with
increased expression of Glil in the mesenchyme around the VL. (E) Increased
expression of Ptchl particularly in the VL epithelium after SAG-treatment. (C, F)
Cyclopamine-treated group (50uM). A shorter VL was observed with decreased
expression of Glil and Ptchl after 2 days in culture compared to the control groups.
(G) IF was carried out for DAPI (blue) and E-cadherin (green) as a positive control to
confirm the viability of the slices in cyclopamine at S0uM. E-cadherin labeled the VL
and incisor epithelia. Large dots in the mesenchyme are auto-fluorescent blood vessels.
VL and TB were outlined by magenta and white dashed lines respectively. VL:
vestibular lamina; TB: tooth bud. Scale bars in (D) = 100 um. Same scale in all other
images. Labial-lingual axes shown in C, same plane for all images.
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Supplementary data to chapter 5: Molecular profiling of the vestibular
lamina highlights a key role for hedgehog signalling (unpublished)

1) Bioinformatics of the VL at E13

In addition to the RNA-Seq data presented in Chapter 5 which showed results
from a comparison of E14 VL and incisor tooth germ, we also performed
analysis at E13. The dissection and extraction of RNA was performed by
collaborators in the Czech Republic. | performed the RNA-Seq analysis based

on the raw sequencing data.

E13 is the bud stage of tooth development, and the VL and DL are already
distinct. At this stage, a large number of genes exhibited overlapping expression
patterns in both laminas (Fig. S3), in contrast to the later stage (E14) when the
VL and DL had already taken on their own specific morphologies and
presented distinct marker expressions (Qiu et al., 2023). According to the
top genes screened by the RNA-Seq analysis at E14, a large number of
VL and DL markers was validated by examining gene expression in the
E14.5 embryo using Genepaint (https://gp3.mpg.de/) (Visel, Thaller and
Eichele, 2004), a digital atlas that displays gene expression, or by reviewing
the E13.5 and E15.5 datasets in the Allen Mouse Brain Atlas (mouse.brain-

map.org) (Fig. $4,5,6,7).

109



Individuals - PCA

Groups

(o] 18

VL

Dim2 (16%)

0
Dim1 (29.2%)
Figure S3. Principal component analysis (PCA) plot exhibited significant overlap
of gene expression distributions of VL-TB datasets at E13. The scatterplot

displayed blue dots representing TB samples and yellow dots representing VL samples.

The clustering of the samples was shown by ellipses.
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Table 1 Genes expressed during VL development in mouse
Expressed region in VL

Stage =

Buccal Lingual Whole VL VL Mes
EL3:5: Otx1 Smoc2 Smoc2 Tacl
E14.5 Gasl expression from E14.5 expression from E14.5 Sned1
E15-5 Wntob upper 1/2 VL in E14.5 lower 1/2 VL in E14.5, E15.5

Nr4a2 Oxtr

Pla2rl Scarf2
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Tgfbr2
Slc38a4 =
P Thbs1 (DL not sure)
4 Foxc2

Figure S4. The molecular profile of the murine VL at E13.5, E14.5, and E15.5. The
markers specific to VL at E14.5 were identified using Genepaint (https://gp3.mpg.de/)
(Visel, Thaller and Eichele, 2004), while for E13.5 and E15.5, the datasets available

in the Allen Mouse Brain Atlas (mouse.brain-map.org) were referred to.
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Figure S5. The molecular profile of the murine VL and DL at E13.5, E14.5, and
E15.5 (1). Genepaint (https://gp3.mpg.de/) (Visel, Thaller and Eichele, 2004) was
used to identify the markers that are specific to VL and DL at E14.5. However, for E13.5

and E15.5, the Allen Mouse Brain Atlas datasets (mouse.brain-map.org) was used.
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Figure S6. Molecular signature of the murine VL and DL at E13.5, E14.5, and

E15.5 (2). To identify the specific markers for VL and DL at E14.5, Genepaint

112



(https://gp3.mpg.de/) (Visel, Thaller and Eichele, 2004) was utilized, while the

datasets available on the Allen Mouse Brain Atlas (mouse.brain-map.org) were used

to identify the specific markers for E13.5 and E15.5.
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Figure S7. Molecular signature of the murine VL and DL at E13.5, E14.5, and
E15.5 (3). During E14.5, Genepaint (https://gp3.mpg.de/) (Visel, Thaller and
Eichele, 2004) was used to determine the markers that are specific to VL and DL. On
the other hand, for E13.5 and E15.5, the datasets available on the Allen Mouse Brain

Atlas (mouse.brain-map.org) was referenced.

This analysis highlighted that the VL and incisor tooth germ were molecularly
less distinct from each other at earlier stage (E13). The findings from the
analysis also brought to light several intriguing genes that merit further
exploration. One such gene is Nr4a2, also referred to as Nurr1, which belongs

to the NR4A orphan nuclear receptor (NR) family (Volakakis et al., 2010) and
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has been linked to retinoic acid signaling (Perimann and Jansson, 1995).

2) Bioinformatics of the VL at E14 highlights a link with Wnt signalling

In addition to the analysis shown in Chapter 5, further exploration of the E14
dataset emphasized the significance of the Wnt signaling pathway during the
early development of the VL and DL (Fig. S8), with the protein—protein
interaction (PPI) network highlighting the interplay between the Shh and Wnt
signaling (Fig. S9). Exploring the Wnt signaling pathways involved in the
development of the VL would, therefore, be an interesting topic for future

research.
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Figure S8. KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway
enrichment anlysis highlights the involvement of Wnt signalling pathway during

VL and DL early development.

e

Figure S9. Protein—protein interaction (PPI) network emphasizes the interaction

between the Shh and Wnt signaling.
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Chapter 6: Supportive data completed as part of thesis (unpublished)
Abstract

Individuals diagnosed with ciliopathies such as EvC syndrome, often
experience impaired formation of both the vestibule and teeth, resulting in
abnormal frenula formation such as multiple frenula and anomalous tooth
generation like supernumerary teeth. EVC, the primary gene responsible for
EvC syndrome, plays a vital role in the primary cilium and is essential for the
transduction of hedgehog signaling. Despite the significance of EVC in EvC
syndrome, there is currently limited understanding of the underlying
developmental mechanisms responsible for causing defects especially oral
defects in individuals with the condition. In this study, we utilized Evc mouse as
a model to investigate the mechanisms underlying the phenotype of EvC
patients. Our research findings indicated that Evc mutants exhibit a variety of
oral abnormalities, including multiple VL, shortened VL, fused teeth, and
supernumerary teeth, which closely resemble the clinical oral symptoms seen
in individuals with EvC syndrome. The observed defects in Evc mutants were
caused by changes in proliferation and disruptions in the Shh signaling pathway,
with unexpected increase in readouts of Hh signalling. This study improves our
comprehension of the mechanisms underlying the development of frenulum
defects and tooth-like odontomas, offering new perspectives into the causes of

EvC syndrome and other ciliopathies.
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Introduction

Ellis-van Creveld syndrome (EvC, MIM 225500) is an autosomal recessive
chondroectodermal disorder that affects multiple systems and was originally
identified by Richard Ellis and Simon van Creveld in 1940 (Ellis and Van
Creveld, 1940). EvC syndrome has been reported to occur in individuals of
various race or ethnic background (Galdzicka et al., 2002; Tompson et al.,
2007; Shaik et al., 2016), however, it is particularly prevalent in the Old Order
Amish community, with an estimated prevalence of 5 cases per 1000 individuals
within this population (McKusick et al., 1964; Polymeropoulos et al., 1996).
Mutations in the genes EVC (Ruiz-Perez et al., 2000) and EVC2 (Galdzicka
et al., 2002) are predominant etiological factors in the pathogenesis of EvC
syndrome, contributing to approximately 70% of cases (Tompson et al., 2007).
EVC and EVC2 are highly conserved across species, from fish to humans, and
are located in close proximity to each other on the genome, arranged head-to-
head in a divergent configuration (Ruiz-Perez et al., 2003). Mutations in either
EVC or EVC2 result in the unique characteristics specific to EvC syndrome,
with affected individuals exhibiting indistinguishable phenotypes (Ruiz-Perez
et al., 2003). These clinical phenotypes include disproportionate dwarfism,
shortened limbs and ribs, hypoplastic nails, congenital heart disease,
respiratory malformations, and oral defects (Nakatomi, 2009; Sasalawad et

al., 2013).
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The distinct oral features of EvC syndrome are pathognomonic and remain
consistent, specifically regarding the prominent defects in the oral vestibule
frenula and teeth. These defects are critical in early diagnosis of the syndrome
(Hattab, Yassin and Sasa, 1998; Mostafa et al., 2005; Sasalawad et al.,
2013). The dysplastic changes observed in the oral vestibule of EvC syndrome
patients include presence of a wide median frenulum with strong attachment to
the gingival margin, several broad median and labial frenula, accessory labio-
gingival frenula, hypertrophic frenula, and anterior labio-gingival adhesions
resulting from reduced or obliterated muco-buccal sulcus (Hattab, Yassin and
Sasa, 1998; Mostafa et al., 2005; Baujat and Le Merrer, 2007; Sasalawad et
al., 2013; Nethan, Sinha and Chandra, 2017). Inflammation of the gingiva has
also been observed in regions with anomalous frenula attachment (Hattab,
Yassin and Sasa, 1998). A wide range of dental anomalies has been detected
in individuals with EvC syndrome, such as early eruption of teeth at birth,
premature exfoliation, congenital absence of teeth, fused teeth, supernumerary
teeth, malformed tooth, and malocclusion (Hunter and Roberts, 1998; George
etal., 2000; Mostafa et al., 2005; Nakatomi, 2009; Shaik et al., 2016). Similar
vestibule defects are also associated with some other ectodermal dysplasias,
such as Weyers acrofacial dysostosis (OMIM 193530) (Roubicek and
Spranger, 1984). Additionally, a recent study also linked anomalies in the oral
vestibule and teeth with cryptophthalmos resulting from a mutation in FREM2

(Kantaputra et al., 2022).
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The generation of an Evc mouse model was based on evidence suggesting that
EVC mutations were primarily caused by loss of function due to nonsense
codons or frameshifts (Tompson et al., 2007). To achieve this, researchers
deleted Evc exon 1 and inserted a lacZ reporter cassette to eliminate gene
function (Ruiz-Perez et al., 2007). The Evc mutant mouse model has been
developed as a representative model of EvC syndrome and is reported to
closely mimic the physical traits observed in individuals with this condition
(Ruiz-Perez et al., 2007). Strong expression of Evc has been observed
specifically in craniofacial regions and in the developing skeleton of mice at
various embryonic stages (Ruiz-Perez et al., 2007). Specifically, Evc
expression has been observed in the lateral nasal process, nasal septum,
skeletal growth plates, mesenchyme surrounding the tooth germ, maxillary
process, mandibular process, cartilaginous components of the skeleton, nails,
and cranial sutures from E11.5 to PO (Ruiz-Perez et al., 2007). Evc expression
is particularly prominent in the mesenchyme surrounding the VL and developing
tooth bud at E15.5. Interestingly, the distal third section of the VL epithelium

also showed strong Evc expression during this stage (Ruiz-Perez et al., 2007).

The Evc and Evc2 genes encode proteins that have several coiled-coil domains

and potential transmembrane regions (Ruiz-Perez et al., 2003). EVC and

EVC2 are co-dependent for localization in the cilia, and they play a crucial role
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as primary cilia components that are involved in the transduction of various
signaling pathways (Ruiz-Perez et al., 2007; Blair et al., 2011; Louie, Mishina
and Zhang, 2020). EVC and EVC2 proteins interact with one another and are
involved in regulating hedgehog signaling in the primary cilium, with a reduced
response to hedgehog ligands in chondrocytes in mouse mutants (Caparrés-
Martin et al., 2013). The primary cilium acts as a critical signaling hub that is
essential for embryonic patterning and organogenesis during development (see
Introduction and Gas17 chapter). Dysfunctions of the primary cilium have been
associated with various syndromic disorders, referred to as ciliopathies
(Berbari et al., 2009). Besides EvC syndrome, various craniofacial defects
including abnormal frenula were also observed in Oral-Facial-Digital (OFD)

syndromes, a specific subset of ciliopathies (Bruel et al., 2017).

As described previously, during embryonic development, the vestibular lamina
(VL) and dental lamina (DL) originate from the same epithelial band and are
closely associated with each other (Hovorakova et al., 2016; Qiu et al., 2020).
The oral vestibule has been reported as a common site for the appearance of
odontomas/tooth-like tumors that may develop in patients, highlighting that the
VL has the potential to develop tooth-like odontomas or supernumerary teeth
under specific pathological conditions (Hovorakova et al., 2020). The
development of odontomas and supernumerary teeth have been observed in

Gardner syndrome, due to an overactivation of Wnt signaling caused by the
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adenomatous polyposis coli (APC) mutation (Garcia and Knoers, 2009; Yu et
al., 2018). In APC conditional knockouts, excessive canonical Wnt signaling in
the oral epithelium prompted development of extra tooth germs in the vestibule
region, along with increased expression levels of Fgf8 and Shh (Wang et al.,
2009). When Wnt signaling was overexpressed in Sox2-positive cells,
supernumerary teeth were observed in the oral vestibule region, which could
ultimately form mineralized teeth after isolation and culture (Popa, Buchtova
and Tucker, 2019). In mice, the induction of odontomas through stimulated Wnt
signaling has also been observed (Xavier et al., 2016). Overactivated Shh is
also implicated in the onset of odontogenic odontomas (Rui et al., 2014), and
it has been suggested that abnormal activation of Shh in non-odontogenic
epithelial areas could trigger odontoma formation in these regions
(Hovorakova et al., 2016). Overexpression of Wnt/B-catenin in the
mesenchyme can counteract these effects, resulting in a reduction in the
number of teeth (Jarvinen et al., 2018). In dental cultures of snakes, similar to
the phenotype observed in mice, overstimulation of Wnt/B-catenin pathway by
GSKa3p inhibitors could promote the development of additional ectopic tooth
germs (Gaete and Tucker, 2013). These gathered data indicate that the VL has
the capacity to generate teeth under certain circumstances, which could be

associated with its shared origin with the DL.

In this chapter, we investigate the dental and vestibule phenotype of Evc mutant
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mice. We first characterize the postnatal phenotype, then investigate the
underlying mechanisms behind the dental and VL defects in order to explain

the underlying causes of defects in patients.

Methods

Mouse strains

Evc mice were obtained from Victor Luis Ruiz (Institute de Investigaciones
Biomedicas de Madrid). Both the mutant mice and littermate controls were bred
on a mixed CD1 background. The day of plug detection was marked as EO.5,
and all animal procedures were conducted following the guidelines set forth by
King's College London. To label proliferating cells, BrdU (30 mg/kg) was

administered through injection to the pregnant mouse two hours prior to culling.

Tissue processing and histological staining

Embryonic heads were fixed overnight at 4°C in 4% paraformaldehyde (PFA)
followed by decalcification in 0.5M EDTA (pH = 8) for a duration of 3 days (PO)
and 10 days (P4). The samples were then subjected to a series of steps
including gradient dehydration in ethanol, xylene clearance, wax immersion,
and paraffin embedding for histological analysis. The samples were
subsequently sectioned at a thickness of 5-8um using a microtome (Leica

RM2245). These sections were then mounted on charged slides in sequential
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order for further analysis. The slides were prepared for histological analysis and
stained using standard protocols for trichrome staining, which mainly involved
the use of Sirrus Red, Haematoxylin, and Alcian Blue. Photographs of the

stained slides were captured using the Nikon Eclipse 80i light microscope.

Immunofluorescence staining

Immunostaining was conducted following established protocols as previously
outlined (Qiu et al., 2020; Qiu and Tucker, 2022; Qiu et al., 2023). The
sections were subjected to primary antibodies as follows: rat anti-BrdU (Abcam,
ab6326, 1/500), rabbit anti-Arl13b (Novus Biologicals, 17711-1-ap, 1:200) ,
mouse anti-y-tubulin (Sigma-Aldrich, T6557, 1:200), mouse anti-3-catenin (BD
Biosciences, 610153, 1:200), and mouse anti-E-cadherin (Abcam, ab76055,
1/400). Subsequently, the sections were incubated with secondary antibodies
diluted at 1/500 in the dark at room temperature (RT) for 1 hour: Alexa Fluor
donkey anti-mouse 488 (Invitrogen, A21202), Alexa Fluor™ donkey anti-rabbit
568, and Alexa Fluor donkey anti-rat 647 (Invitrogen, A21247). After mounting
the slides with Fluoroshield containing DAPI (Sigma-Aldrich, SLBV4269), the
slides were visualized using a Leica TCS SP5 confocal microscope for
observation. To perform BrdU immunofluorescence staining, the mice were
administered BrdU labeling reagent (30 mg/kg, Life Technologies, 000103) via
injection 2 hours prior to sample collection. Control groups were established to

validate the immunofluorescence staining. Each antibody analysis was
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independently conducted a minimum of three times to ensure reliability and

consistency.

In situ hybridization

The in situ hybridization process was performed according to the standard
protocol, as previously described (Fons Romero et al., 2017). The Gli1 plasmid
was linearized using Sall (R6051, Promega) by incubating it for 2 hours at 37°C,

and then purified with Monarch PCR&DNA cleanup kit (T1030G, NEB).

RNA-Scope assay

The Multiplex Fluorescent Reagent Kit v2 (323100, Advanced Cell Diagnostics)
was employed in accordance with the manufacturer's instructions, as previously
described (Qiu et al., 2023). The RNA-Scope probe used was (1:50; Mm-Gli1,

311001).

Results
Evc mutants replicate the physical characteristics observed in EvC
patients
As mentioned in the introduction, Ellis-van Creveld (EvC) syndrome is primarily
characterized by short limbs and ribs, disproportionate dwarfism, congenital
heart malformations, polydactyly, and oral defects (Ellis and Van Creveld,

1940). Evc homozygous mutants displayed a comparable phenotype, where
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they were observed to be smaller in size than their littermates at P20 (Fig. 14A).
Evc heterozygous mutants appeared to have no notable physical differences
(Fig. 14A). The Evc homozygous mutants displayed very pronounced dental
abnormalities (Fig. 14G, magenta arrowheads; Fig. 15D-F, green
arrowheads). This is in line with the phenotypes of Evc mutants that have been
previously reported (Ruiz-Perez et al., 2007; Nakatomi et al., 2013). As
previously mentioned in the introduction, oral vestibule defects are a consistent
feature of EvVC syndrome, but have not been assessed in Evc mice. Analysis of
the homozygous mutants showed a clear defect in the oral vestibule of the
lower jaw at P20 (Fig. 14D,G), including a hyperplastic lower medial vestibule
that was highly attached to the gingival margin (Fig. 14D,G, red arrowheads),

which results in increased spacing between the two incisors (Fig. 14B-G).

P20

Figure 14. The observed characteristics of the Evc mutants at P20. (A) Body size
differences in Evc’ (N=7), Evc*- (N=7), and WT littermates (N=5). The Evc
homozygous mutants exhibit a substantially reduced body size compared to the
littermate controls, while the body size of Evc heterozygous mutants is similar to that
of their littermate controls. (B-G) Frontal view of the incisors and oral vestibule. (B, E)

WT littermates; (C, F) Evc heterozygous mutants (Het); (D, G) Evc homozygous
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mutants (Hom); Observations in Evc homozygous mutants (D, G) showed the
presence of rudimentary incisors (indicated by magenta arrowheads) and a
hyperplastic lower medial vestibule that displayed high attachment to the gingival
margin (indicated by red arrowheads), resulting in wider spacing between the two
incisors. However, the incisors and vestibule in Evc heterozygous mutants (C, F)

appeared normal and comparable to WT littermates (B, E).

The Evc homozygous mutants exhibit defects in development of tooth
germ and the VL

Given the phenotype in juveniles, the development of the VL was then assessed
during development. In mice, the VL is noticeable in the front part of the mouth,
however, it is less discernible towards the posterior region near the molars
(Peterkova, 1985; Hovorakova et al., 2011). We therefore analysed the
developing VL in the mouse focusing on the more anterior/incisor region.
Similar to the phenotype in Gas? mutants (Qiu and Tucker, 2022), we
observed a rudimentary VL in Evc homozygous mutant (Evc’-) mice compared
to the robust VL in the lower jaw in wild-type (WT) littermates (Fig.15) (truncated
VL observed in N=21/21 Evc’- mice from E14.5 to P4). By E14.5, in WT mice,
the VL has extended into the mesenchyme and displays a full extension of the
VL that almost reaches towards the midline under Meckel's cartilage (Fig. 15G).
However, in Evc homozygous mutants, the extension of VL was stunted and

unable to pass under the forming incisors, remaining shorter than in WT litter
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mates at the same developmental stage (Fig. 15J) (truncated VL observed in
N=6/6 Evc’- embryos at E14.5). By PO, the VL in WT mice had undergone
further extension, resulting in the two laminas touching at the midline (Fig.
15H,1). On the other hand, Evc homozygous mutants continued to display a
shortened VL at PO and P4 (Fig. 15K,L) (truncated VL observed in N=5/5 Evc
" mice at PO and N=4/4 Evc’- mice at P4). At birth (P0), the VL in WT mice
remained solid (Fig. 15H), however, by P4, small holes within the deeper parts
of the lamina start to form (Qiu and Tucker, 2022) (Fig. 15l). Interestingly, the
Evec homozygous mutants exhibited a similar pattern of VL opening (Fig. 15K,L)
(normal opening of VL observed in N=4/4 Evc’- mice at P4), suggesting that
opening of the VL was not compromised in the mutants. Furthermore, Evc’
mice exhibited additional branches in the VL compared to the WT littermate at
P4 (Fig. 15L) (branched VL observed in N=3/4 Evc’ mice at P4), which may

explain the multiple frenula observed in EvC patients (Sasalawad et al., 2013).

The Evc’-mice also exhibited dental defects, which included fused upper incisor
germs (Fig. 15) (fused upper incisor germs observed in N=7/17 Evc’- mice from
E14.5 to P4). Such midline fusions suggest a midline defect similar to the
premaxillary incisor fusion observed in Gas71”’- mice (Seppala et al., 2007),
suggesting narrowing of the midline tissues as a mild form of
holoprosencephaly. These findings underscore the close relationship between

these two genetic mutations. It is noteworthy that at E14.5, PO, and P4 stages
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of development, the VL and DL/tooth germs were observed normal in Evc
heterozygous mutants (data not shown) (normal VL and DL observed in N=7/7

Evc*- mice from E14.5 to P4).

E14.5 PO P4

-
=

3

8,

@

Q.

Q.

2| <
o)
o
|—
=

2

A

@

3

)

= <
&)
&

Figure 15. The Evc’- mice exhibit defects in both tooth germ and VL in the
incisor region. (A-L) Histological trichrome staining was utilized to examine frontal
sections of the VL and tooth germ in the anterior maxilla and mandible at E14.5, PO,
and P4. (A-F) Anterior upper jaw. Compared to littermate controls with normal incisor
tooth germ (A-C), the Evc’- mice displayed fused incisor tooth germs at E14.5, PO, and

P4 (D-F, green arrowheads). (G-L) Anterior lower jaw. (G-l) The VL in the littermate
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controls extends into the mesenchyme and surround the tooth germ, with both sides
touching each other at the midline by PO. (J-L) A shortened VL is observed in the Evc
"~mice (red arrowheads). (L) Multiple VLs are observed in the Evc’-mice. (M, N) in (L)
are Higher power view of boxes m and n. VL is outlined by red dashed lines. Lingual-
buccal axes are displayed in J, with the same axes utilized for all images. Scale bar in

(A-L) = 500um; Scale bar in (M, N) = 250um.

Basic structure of the primary cilium is maintained in the VL in Evc’- mice
The overall structure of the primary cilium has been shown to be unaffected in
Evc’- mice in chondrocytes (Ruiz-Perez et al., 2007; Caparros-Martin et al.,
2013). To confirm this was also true in the craniofacial region, the basic
structure of the primary cilium was assessed using ARL13B and y-tubulin. In
keeping with other tissues, primary cilia were present in the affected VL in Evc

- mice at E12.5 (Fig. 16A,B) and E18 (Fig. 16C,D).
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y-tubulin

ARL13B
Dapi

Fig 16. The ARL13B-posive cells are present in the Evc™" mice in comparison to
the WT littermates. IF for DAPI (grey), ARL13B (red), and y-tubulin (green). (A, B)
E12.5. ARL13B-Positive cells are detected in Evc’- mice compared to their WT
littermates. (C, D) E18. Magnification (red boxes in C and D) showed that the structure
of primary cilia appears normal in the Evc—/- mice, as labelled by ARL13B and y-
tubulin. Buccal-lingual axes in panel B shown for all images. Scale barin (A, B) = 50um;

Scale barin (C, D) = 10um; Scale bar in red boxes in panels C and D = 10um.
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Evc’- mice exhibit defects in proliferation

In the Gas? mutants the truncated VL was linked to a reduction in proliferation
at early developmental stage (E12.5) (Qiu et al., 2023). To investigate the
mechanisms behind the truncated VL phenotype observed in these mutants,
the proliferation level was analysed at E12.5 and E14.5 using the proliferation
marker bromodeoxyuridine (BrdU). At E12.5, the VL and DL were
distinguishable as two separate thickenings (Qiu and Tucker, 2022). The VL
and DL were outlined by E-cadherin in Evc’ mice, the VL appeared slightly
shorter than the WT littermates (Fig. 17A,D). Although the truncated VL in Gas1
and Evc homozygous mutants have different effects on the labial/buccal-lingual
expression pattern, both mutations lead to impaired proliferation at an early
stage (E12.5) in the truncated VL (Qiu et al., 2023; Fig. 17B,C,E,F). Moreover,
at this stage, there was an evident decrease in mesenchymal proliferation
surrounding the developing VL in the Evc homozygous mutants (Fig.
17B,C,E,F) (decrease in mesenchymal proliferation observed in N=4/4 Evc’

embryos at E12.5).
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E12.5

Figure 17. The truncated VL observed in Evc homozygous mutants was linked
to a decrease in proliferation at E12.5. Immunofluorescence (IF) for BrdU (magenta),
DAPI (grey), and E-cadherin (green) in the WT littermates (A-C) and Evc™'~ mice (D-
F). E-cadherin labelled the VL and DL (A, D), and a rudimentary VL was observed in
the Evc™~ mice. The number of BrdU-positive cells in the VL epithelium was reduced
in the Evc™~ mice (E, F) compared to the WT littermates (B, C). Buccal-lingual axes in

panel D shown for all images. Scale bar in (A-F) = 50um.

By E14.5, the VL has already bent to form a curve that surrounds the tooth
germ, proposed to be driven by asymmetrical proliferation (Qiu and Tucker,
2022; Qiu et al., 2023). However, the high level of proliferation at the tip of the
VL, which drives its extension towards the midline, continues at least until PO

(Qiu and Tucker, 2022). To gain deeper insights into how impaired proliferation
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contributes to the truncated VL in Evc’- mice, proliferation was also assessed
at E14.5. By utilizing B-catenin to label the VL and tooth germ, a shorter VL (Fig.
18A,D,G) was clearly observed in the Evc’- mice, while the characteristic
bending of the VL (indicated by rectangular boxes in Fig. 18B,H) was still
present. Within the bending region of the VL (indicated by the rectangular boxes
in B and H), the Evc homozygous mutants displayed a proliferation pattern that
follows the buccal-lingual differential expression, similar to that of the WT
littermates (Fig. 18). Nevertheless, a reduction in proliferation was detected at
the distal end of the truncated VL in Evc homozygous mutants (pointed out by
yellow arrowheads in E and H) during this stage (Fig. 18) (N=4/4 Evc’- embryos
at E14.5). We aim to quantify the changes in proliferation to confirm these

findings.
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E14.5

EVC+/+

EVC-/-

Figure 18. A reduction in proliferation at the tip of the VL at E14.5 is observed in
conjunction with the truncated VL of Evc’ mice. (A-l) Immunofluorescence staining
was performed for B-catenin (green), BrdU (magenta), and DAPI (grey) in both the
littermate controls (A-F) and Evc™~ mice (G-l). B-catenin (green) outlines the incisor

tooth germ and VL in panels A, B, D, E, G ,H. Compared to the littermate controls, a
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shorter VL was observed in the Evc homozygous mutants, along with a significant
decrease in the number of BrdU-positive cells was observed in the epithelium at the
end of the VL in the Evc™~ mice (yellow arrowheads). The rectangular boxes in B and
H indicate the bending region of the VL, where both the Evc homozygous mutants and
WT littermates exhibit the buccal-lingual expression pattern of proliferation. The VL is
outlined by green dashed lines in panels C, F, and I. Lingual-buccal axes are displayed
in I, with the same axes utilized for all images. Scale bar in (A, D, G) = 100pm; Scale

barin (B, C, E, F, H, I) = 50um.

Upregulation of Gli1 in the Evc homozygous mutant VL

Evidence suggests that the loss of EVC or EVC2 function results in impaired
Hedgehog signaling, as evidenced by a significant decrease in the expression
levels of Gli1 or Ptch1 in the developing long bones in mouse mutants when
compared to controls (Caparrés-Martin et al., 2013; Zhang et al., 2015).
Given the similar VL defects in Gas1 and Evc homozygous mutants, it was
hypothesized that the Evc mutants would show diminished readout of Shh
signalling in the tooth and VL, as revealed by a reduction in Gli1 in Gas1
mutants (Qiu et al., 2023). Perhaps unexpectedly, the truncated VL in Evc and
Gas1 mutants were found not to share the same pathological mechanism.
Unlike the decreased Gli1 expression in the shortened VL of Gas? mutants (Qiu
et al., 2023), the truncated VL in the Evc mutants had an upregulation of Gli7,

particularly at the tip of the VL (Fig. 19). This was shown both by RNA-Scope
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and DIG in situ hybridization (Fig 21). We aim to follow this interesting result up
by quantification of the RNA-Scope expression to confirm changes in

expression in different parts of the lamina.

E14.5

EVC+/+

EVC-/-

Figure 19. Upregulated expression of Gli1 in Evc mutants at E14.5. (A, D)
Trichrome staining of VL and DL in the lower incisor region at E14.5. Compared to the
WT littermates (A), a decreased length of the VL was observed in the Evc’- mice. (B,
C, E, F) RNA-Scope for Gli1 (red) and DAPI (grey). (B, C) The WT littermates exhibited
higher expression of Gli1 on the buccal side (B) of the VL in the bending region,
compared to the lingual side (L), whereas minimal expression of Gli1 was observed at
the tip of the VL (white arrowheads in C). (E, F) Despite the truncated VL observed in
Evc’-mice, differential expression of Gli1 between the buccal (B) and lingual (L) sides
in the bending region of the VL was still present. Gli1 expression at the tip of the VL
was significantly increased, as indicated by the white arrowheads in panels E and F.

White dashed lines outlined the boundaries of the VL, and yellow dashed lines were
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added to divide the VL into buccal and lingual sections. Buccal-lingual axes in panel D

shown for all images. Scale bar in (A, D) = 500um; Scale bar in (B, C, E, F) = 50um.

Supernumerary tooth germs and multiple VLs observed in Evc mutants
are consistent with the oral features of EvC syndrome

Although the VL was truncated in the Evc homozygous mutants (Fig. 15), the
later morphology of the VL did not completely phenocopy that of the Gas1
mutants (Qiu et al., 2023). In particular, the VL appeared to branch in the Evc
mutants at E16.5 (Fig. 20) and P4 (Fig. 15L) (branched VL observed in N=3/3
Evc’- embryos at E16.5 and N=3/4 Evc’ mice at P4), a phenotype never
observed in the Gas? mutants (Qiu et al., 2023). By E16.5, the VL had
elongated beneath Meckel's cartilage, and the two laminae were in close
proximity to each other at the midline in the frontal sections (Qiu and Tucker,
2022). Similarly, in E16.5 sagittal sections of WT littermates, it was observed
that the VL had extended under Meckel's cartilage and surrounded the
developing incisor germ (Fig. 20A). However, Evc homozygous mutant sagittal
sections at E16.5 displayed a significantly abbreviated VL, accompanied by the
presence of an additional branch of the VL (Fig. 20E), resembling the branches
found in the forming gland. By P4, tiny openings were noted within the VL in the
anterior frontal sections (Qiu and Tucker, 2022). In the anterior frontal sections
at P4, the Evc mutants displayed comparable microscopic apertures in the

multiple VL (Fig. 15L, white arrowheads), as seen in the VL of the WT
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littermates (Fig. 151, white arrowheads). To investigate the mechanism of
multiple VL formation, the expression of Gli1 was examined in the multiple VLs.
At E16.5, there was a shift in the GIi7 expression pattern in comparison to the
earlier stage (E14.5) (Fig. 19). In WT littermates, Gli1 expression was
predominantly observed in the middle region of the VL and the whisker follicles
(WF), with minimal expression in the upper and distal ends of the VL (Fig. 20B-
D). Interestingly, in the Evc homozygous mutants, the Gli1 expression in the VL
additional branches was reduced (Fig. 20F-H, pointed by white arrowheads),
while the VL still displayed a significant increase in Gli1, particularly at the end
of the VL (Fig. 20F-H, pointed by yellow arrowheads), similar to the Gli1
expression observed in the shorter VL (Fig. 19E,F, pointed by white
arrowheads) (increased Gli1 expression in the shortened VL observed in

N=5/5 Evc’- embryos from E14.5 to E18).

E16.5

EVC+/+

EVC-/-

labial
A

Figure 20. The defective VL of Evc homozygous mutant mice showing altered
expression of Gli1 at E16.5. (A, E) Trichrome staining performed on sagittal sections
of the lower incisor region of mice at E16.5. The VL had extend under the Meckel's

cartilage in the WT littermates (A); while shorter VL along with the additional VL were
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observed in the Eve mutants (E). (B-D; F-H) RNA-Scope for Gli1 (red) and DAPI (grey).
In WT littermates (B-D), Gli1 expression was mainly detected in the middle region (C)
of the VL, with only a few detected in the top (B) and bottom (yellow arrowheads in D)
regions. In Evc mutants (F-H), the expression of Gli71 in the additional branches of the
VL (white arrowheads in F, G, H) was suppressed, but there was a significant increase
in Gli1 expression in the VL, particularly at the end of the VL. The VL is demarcated by
white dashed lines. VL: Vestibular lamina; TG: Incisor tooth germ; MC: Meckel’s
cartilage; WF: Whisker follicles; T: Tongue. Labial-lingual axes in panel E shown for all

images. Scale bars in (A, E) = 500um; Scale bar in (B-D; F-H) =50um.

Interestingly, in addition to the branching VL, the area between the VL and the
tooth was the site of formation of an additional tooth germ in some Evc
homozygous mutant mice (Fig. 21) (additional tooth germ observed in N=2/28
Evc’- mice from E14.5 to P20), mimicking the supernumerary tooth reported in
the incisor regions of EvC patients (Mostafa et al., 2005). Unlike the
supernumerary teeth that have been reported to form in the toothless diastema
region of Gas71 mutants (Seppala et al., 2022), the Evc mutants exhibited a
supernumerary tooth germ from the VL in the incisor region at E18 (Fig. 21C-
G). The origin of this ectopic tooth germ appeared to be from the common
epithelium shared with the truncated VL (Fig. 21D). Additionally, Meckel’s
cartilage appears to be twisted on the side with the extra tooth germ (Fig. 21).

It is noteworthy that at E18, the expression of Gli1 in the VL of the WT littermate
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was significantly decreased (Fig. 21H), as compared to the earlier
developmental stages of E14.5 (Fig. 19B,C) and E16.5 (Fig. 20B-D).
Nevertheless, during this stage, Gli1 expression remained present in other
developing areas, such as the whisker follicles, Meckel's cartilage, and tooth
germ (Fig. 21H). Similar to the observations mentioned above, the Evc’- mice
exhibited an increase in Gli1 expression in both the truncated VL and the VL
that contributed to the supernumerary tooth germ, particularly at the end of the
VL (Fig. 21H-K). Additionally, there was a decrease in Gli1 expression observed
in the whisker follicles of the Evc homozygous mutants (Fig. 21H-K).
Nonetheless, the expression of Gli1 in the supernumerary tooth germ appeared

to be normal (Fig. 21H-K).
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EVC+/+

EVC-/-

E18

Figure 21. Extra tooth germ formed in the Evc homozygous mutants, with
upregulated Gli1 expression in the truncated VL and the normal Gli71 expression
in the extra tooth at E18. (A, C) Immunofluorescence for DAPI (grey). (A) WT
littermate control. (C) Evc homozygous mutant displays a supernumerary tooth germ
on the lingual side of the truncated VL. (B, D-G) To provide further insight, histological

frontal sections of the anterior mandible were obtained using trichrome staining. (B)
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WT littermate control. (D-G) Evc homozygous mutant show an extra tooth germ
(pointed by red arrowheads) formed from the VL (indicated by green arrowheads). (H-
K) DIG in situ hybridization for Gli1, with positive stain in blue. (H) WT littermates. Gli1
expression was notably decreased in the VL, but it continued to be present in other
developing regions, including the whisker follicles, Meckel's cartilage, and tooth germ.
(I-K) Eve mutants. There is an upregulation of Gli1 expression in both the truncated VL
and the VL giving rise to the extra tooth germ, especially at the end of the VL. VL:
Vestibular lamina; T: Incisor tooth germ; MC: Meckel’s cartilage; WF: Whisker follicles;
ST: supernumerary tooth germ. Buccal-lingual axes displayed in C shown for all
images. Scale bars in (A, C) = 150um; Scale bar in (B) = 200pm; Scale bar in (D-G) =

200um; Scale bar in (H-K) = 200um.

Overall, the analysis of the Evc mutant mice emphasized the important role of
Hedgehog signalling in both VL and tooth formation and helped to explain the
phenotype observed in EvC patients. These mice are an excellent model for
further exploration of the VL and to understand the complex and tissue specific

changes to Glif.

Discussion
Analysis of a ciliopathy mutant (Evc) in this chapter highlighted
interesting similarities and differences between the mechanisms involved

in VL defects when compared to Gas7 mutants
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During mouse development, the DL and VL originate from a placode that
expresses Shh, but Shh expression is subsequently silenced in the VL
(Hovorakova et al., 2016). Despite the fact that the VL stops expressing Shh
after the initial placodal stages showed in chapter 5 that the VL development
relies on Shh signals from the adjacent forming tooth, with the upregulation of
Shh co-receptors, Cdo, Boc, and Gas7 observed in the developing VL (Qiu et
al., 2023). The absence of Gas1? affected VL development, as shown by a
truncated VL detected in Gas7”’- mice along with a decrease/misexpression of
Shh signalling readouts and a reduction in cellular proliferation (Qiu et al.,
2023). As previously noted in the introduction, EVC is a key protein involved in
Shh signaling transmission through the primary cilium (Ruiz-Perez et al., 2007).
As predicted, given the impact on Hedgehog signaling, the Evc’ mice display
a similar pattern of VL shortening to Gas7 mutants (Fig. S11; Qiu et al., 2023),
potentially resulting from decreased Shh pathway activity. The midline
phenotype of a fused upper incisor in Evc mutant mice (Fig. S11) closely
mimics the premaxillary incisor fusion observed in Gas7”’- mice (Seppala et al.,
2007). The close relationship between these two genetic mutations is
highlighted by our results. It is intriguing to note that although Evc and Gas1
mutants display comparable VL truncation patterns, they exhibit different
pathological mechanisms. Interestingly, similar to Gas7 mutants, a truncated
VL was also observed in Eve mutants with reduced proliferation, but instead of

loss of Gli1 we observed an increase in this readout of Hh signalling in Evc
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mutants. This is also in contrast to published research which has shown
significant decrease of Gli1 expression in the skeleton in Evc’- mice (Ruiz-
Perez et al., 2007), and sequentially diminished response to Shh signaling from
the buccal to lingual direction during the development of first lower molars in
Evc’- mice (Nakatomi et al., 2013). Although primary cilia have a conserved
structure and are commonly thought to be homogeneous in function, recent
research has highlighted an appreciation that defects in the same cilia
machinery have different impacts on different tissues (Elliott and Brugmann,
2019; Brooks et al., 2021). Our most recent studies have validated a
comparable decrease in Gli1 expression pattern in the first molar of Evc’- mice
(data is not shown), suggesting the response to loss of EVC is context
dependent. It would be fascinating to further examine other Shh response

indicators such as Ptch1 and Shh in other craniofacial tissues in Evc’- mice.

Vestibule changes, such as accessory frenula are critical clinical
indicators that can aid in the diagnosis of ciliopathies in patients

Vestibular defects are a prevalent oral clinical manifestation observed in
individuals with EvC syndrome, which are often characterized by the presence
of multiple frenula and the attachment of gums to the upper lips and cheeks
(Sasalawad et al., 2013). Few previous studies have also reported vestibular
frenula defects in oral-facial-digital (OFD) syndromes (Bruel et al., 2018) and

Joubert syndrome (Penon-Portmann et al., 2022). This implies that other
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ciliopathies may also have vestibular abnormalities, which could have been
overlooked in previous case studies. The phenotypes observed in Evc mutants
closely resemble those found in EvC patients, particularly the oral defects,
which is consistent with previous studies (Ruiz-Perez et al., 2007; Nakatomi

etal., 2013).

The new identified shorter VL phenotypes in Evc mutants, as observed in our
latest findings, could be potentially considered as a possible mechanism
leading to the formation of shallower oral vestibule. Although we expected that
the gums and lips adherence could be associated with the failure opening of
VL, our findings showed that Evc’- mice were still able to create a vestibule by
opening the VL normally at least in the anterior region, with the presence of
small holes in the multiple VL (Fig. 15; Qiu and Tucker, 2022). This suggests
that the differentiation mechanisms of the VL opening may remained unaffected.
The shallower oral vestibule observed in postnatal Evc mutants is most likely
due to an incomplete extension of the VL, rather than a failure to open it.
However, further research on the differentiation process in Evc mutants is

necessary to confirm this hypothesis.

3D reconstructions of the VL in humans have revealed that the VL is a highly

intricate structure that branches out to connect with the DL during development

(Hovorakova et al., 2005, 2007; Qiu et al., 2020). However, in mice, the
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anterior VL appears as a single extension only (Hovorakova et al., 2016). The
branching of VL observed in our studies on Evc mutants may be associated
with the development of accessory frenula in individuals with EvC syndrome.

Epithelial tissue branching is a common phenomenon in various organs, such
as the kidneys, salivary glands, and lungs, which is regulated by Fgf signaling
(Zhang et al., 2014; Chatzeli, Gaete, and Tucker, 2017) . It would be intriguing
to further investigate whether an increase in Fgf signaling is responsible for the

development of multiple VL formations observed in Evc mutants.

Overall, vestibule changes, including accessory frenula, altered attachment,
shallower oral vestibule, and other defects, could serve as crucial clinical

indicators for diagnosing ciliopathies in patients.

Supernumerary tooth formation in Evc mutants provide new insights into
odontoma formation and dental defects in EvC syndrome

It has been reported that in mice, the VL and DL share a Shh expressing domain
(Hovorakova et al., 2016), suggesting a potential common developmental
origin. Our previous research has confirmed that the human VL and DL have a
significant developmental correlation, particularly in the lower incisor region,
where these two laminas share a common origin (Qiu et al., 2020). As we have
discussed in the introduction, the tooth-like tumors could be formed under some

pathological conditions. Studies have demonstrated that an overactive Wnt
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signaling pathway in the epithelium can lead to an upsurge in tooth
development (Jarvinen et al., 2006; Popa, Buchtova and Tucker, 2019).
However, mesenchymal Wnts have been shown to suppress tooth
development. Reducing Wnt activity in the mesenchyme in mice has led to the
formation of ectopic teeth by enabling other regions of the epithelium to
contribute to tooth formation (Jarvinen et al., 2018). Hh and Wnt signaling
pathways have a complex relationship in various tissues, and alterations in Hh
signaling may have an effect on Wnt signaling (Sarkar et al., 2000; Kumar et
al., 2021). The emergence of supernumerary tooth germs in Evc mutants may
result from an imbalance of Wnt signaling between the ectoderm and neural

crest-derived mesenchyme.

Dental abnormalities found in Evc mutants such as fused upper teeth and
supernumerary teeth, resembling the dental defects observed in EvC patients
(Mostafa et al., 2005). In Gas? mutants, the upper fused teeth and
supernumerary tooth formation in toothless diastema region were observed,
along with the reduced levels of Shh transduction (Seppala et al., 2022). Unlike
the Gas71 mutants, the occurrence of extra tooth germs from the VL in Evc
mutants coincides with an increase in Gli1 expression observed in the truncated
VL, suggesting an alternative possibility of potential activation of the non-
canonical Shh signaling pathway. A common feature of non-canonical Shh

signaling pathway is the independent activity of GLI transcription factors without
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requiring PTCH1/SMO or Shh ligand, which often results in oncogenic effects
caused by increased GLI activity (Pietrobono, Gagliardi and Stecca, 2019).
Therefore, it is crucial to further investigate the expression of Ptch1 in both the

shortened VL and supernumerary tooth.

To summarize, the examination of VL and DL defects in Evc mouse models
provides new insights into the mechanisms underlying ciliopathies, especially
EvC syndrome. Further studies are necessary, including quantifying the
shortened VL, quantifying proliferation and Gli1 expression in the truncated VL,
using explant culture of VL to rescue the phenotype, verifying LacZ expression
in Evc mice, analyzing the Wnt signaling pathway to understand the
mechanisms behind supernumerary tooth formation in Evc mutants, examining
the Fgf signaling pathway to understand the mechanisms of multiple VL
formation, and exploring the context-dependent effects of other Hh signaling

components.
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Chapter 7: Discussion

My thesis has followed the development of the VL taking advantage of murine
and human samples, and a variety of transgenic mice that can be used to model
human diseases/syndromes. It offers comprehensive insights into the
development of the VL, encompassing its morphological and molecular aspects.
The key findings of my thesis are as follows:

1) Extra tooth germs formed from the VL in the mouse highlight the evolutionary
and developmental origins of the anterior VL and DL.

2) Differences in Shh signalling level may reflect the varying VL morphology
across different vertebrate species.

3) Species with varying VL morphologies undergo distinct mechanisms of
vestibule formation.

4) The similar truncated VL in two Shh models (Gas7 and Evc mutants) show
distinct pathological mechanisms.

5) VL defects related to disrupted Shh signalling shed light on the pathological

mechanisms of ciliopathies, particularly EvC syndrome.

7.1 Extra tooth germs formed from the VL in the mouse highlight the
evolutionary and developmental origins of the anterior VL and DL

The DL is closely related to various developing structures in vertebrates as
discussed in the introduction (Fig. 7). Thus, it is essential to consider the DL

together with its neighboring epithelial organs, rather than in isolation. My PhD
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research has identified, at least in the lower incisor region, the human VL and
DL share a common origin (Qiu et al., 2020), while Dil labelling of the murine
VL and DL gave mixed results suggesting both a single and dual origin (Fig.
$1,2, Qiu and Tucker, unpublished). Additional research such as explant
culture is therefore necessary to determine the developmental relationships of
these two laminae in other regions, especially the posterior jaw. The VL
development and evolutionary knowledge combined with clinical pathogenesis
shed light on the underlying mechanisms of additional tooth rows adjacent to
the dental arch. As we have discussed, the origin of these anomalies may be
explained by a “reawakening” of epithelial tissues in non-dental regions during
early embryogenesis. Under pathological conditions, these epithelial tissues
can exhibit odontogenic potential, leading to the formation of odontogenic cysts
or tumors. The formation of extra tooth germ formed from the VL (Fig. 21, Qiu
and Tucker, unpublished) could be part of the evolutionary history and

rationalise the origin of dental pathologies that occur around the dentition.

Our preliminary RNA-Seq analysis of E13 showed that there is a close
association between the VL and DL during early development, as evidenced by
the expression of overlapping genes (Fig. $3,5-7, Qiu and Tucker,
unpublished). It is therefore intriguing to explore the decisions that determine
the fate of odontogenic placodes during development. Recently, a single cell

RNA-Sequencing (scRNA-Seq) of the mandibular epithelium at E12 has
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identified a number of distinct cell populations in spatial distinct regions of the
anterior jaw (Ye, Bhojwani and Hu, 2022). The VL is not mentioned in this
study, although the specific region of the VL is analysed. Further analysis could
be carried comparing our datasets with the one of Ye et al., to identify the VL-
associated cell populations and to illustrate their relationship to the DL-
associated cell populations. In keeping with our study identifying novel VL
markers (Qiu et al., 2023), some markers such as Meis1 were also highlighted
at a similar anatomical region in this sScCRNA-Seq analysis (Ye, Bhojwani and

Hu, 2022).

Our molecular analysis focused on the anterior VL and incisor tooth germ, as
the VL is prominent in this region in mice. The occurrence rate of compound
odontomas or complex odontomas varies in the anterior and posterior regions
of the jaw in humans (Satish et al., 2011). To understand the difference in
incidence, it would be worthwhile comparing the populations of VL-cells and
DL-cells in both the anterior and posterior jaw regions. Findings in this thesis
provide a fundamental basis to challenge the fate decisions of VL and DL in this
early placode by signalling manipulation in murine explant culture. In addition,
further research can be carried out in reptiles to investigate whether the early
gland-tooth relationship shares similar gene signatures to the VL-DL
relationship in mice. This would allow for exploration of a conserved mechanism

for fate decisions across vertebrates.
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7.2 Differences in Shh signalling level may reflect the varying VL
morphology across different vertebrate species

The distinct morphologies of the VL across various species, such as sheep,
field voles, and mice, are summarized in Qiu and Tucker 2022. My PhD
research primarily focused on identifying the morphology of the VL in mice and
humans. The results confirmed that there are significant differences between
the two species, with humans having a relatively wider VL (Qiu et al., 2020)
and mice having a thinner VL (Qiu and Tucker, 2022). The considerable
variation in VL width observed among mammals could be explained by varying
level of Shh signalling within the tissue. This is supported by my recent PhD
research showing that enhanced Shh signallng induced by SMO agonist SAG
could lead to significant abnormalities in the VL, presenting an expansion of the
VL with an increase in Shh readouts (Qiu et al., 2023). The anatomical
relationship between the VL and the neighboring tooth germ is highly intricate
and varies significantly across the jaws (Hovorakova et al., 2005, 2007; Qiu
et al., 2020). Throughout my PhD research, my primary focus centered on the
anterior region, particularly the lower incisor region in mouse, where the two
laminas share a common placode expressing Shh domain (Hovorakova et al.,
2016). However, it would be valuable to extend the molecular investigation of

the VL to other regions, particularly the posterior regions.
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7.3 Species with varying VL morphologies undergo distinct mechanisms
of vestibule formation

The contrasting morphologies of the VL gave rise to disparate opening
mechanisms. The VL starts off as a solid block of epithelial tissue which
subsequently undergoes division to form the oral vestibule. Opening of the
human VL started from the oral surface as the cells underwent differentiation,
resulting in division of the VL into multiple distinct pieces (Qiu et al., 2020).
Apoptosis was then involved in the removal of the central "V-shaped" tissue
formed by the multiple fissures (Qiu et al., 2020). In contrast, mice opened their
vestibule through differentiation and merging of small cavities throughout the
VL (Qiu and Tucker, 2022), a process that is similar to lumen formation in
salivary glands (Tucker, 2007). Apoptosis also appeared to play a role in the
mouse but in reducing the thickness of the end VL, rather than as part of
opening (Qiu and Tucker, 2022). In both mouse and human the opening
mechanism was driven by terminal differentiation of the epithelium, causing a
change in cell-cell adhesions. However, the format of fissure formation differed
slightly. Failure in opening in the VL would likely lead to frenulum formation,
where the gingiva are permanently attached to the lips/cheeks, as seen in EvC

patients (Sasalawad et al., 2013).

7.4 The similar truncated VL in two Shh models (Gas?7 and Evc mutants)

show distinct pathological mechanisms
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As mentioned in the introduction, EVC plays a crucial role in the primary cilium
by facilitating the transmission of Shh signaling. As expected, my latest PhD
study shows that the Evc mutants exhibit a comparable pattern of VL truncation
(Fig. 15, Qiu and Tucker, unpublished) to the Gas? mutants, which might be
caused by the diminished Shh pathway. The fused upper incisor observed in
Evc’- mice (Fig. 15, Qiu and Tucker, unpublished) is a midline phenotype
that closely resembles the premaxillary incisor fusion seen in Gas71’ mice
(Seppala et al., 2007). These findings emphasize the close association
between these two genetic mutations. Interestingly, the truncated VL observed
in Evc and Gas1 mutants exhibit distinct pathological mechanisms, despite their

similarities.

Gas1 and Evc mutant mice both exhibit a truncated VL, but the VL in Gas1”
mice is considerably shorter without obvious bending at E13.5 (Qiu et al., 2023)
and E14.5 (data is not presented). In contrast, the truncated VL in Evc
mutants is relatively less severe at E13.5 (data is not shown) and E14.5 (Fig.
15, Qiu and Tucker, unpublished), with a curved shape but an incapacity to
reach the midline. Additionally, Gas1 mutants show reduced Gli7 expression in
the shortened VL and a loss of the labial/buccal-lingual Gli1 expression pattern
(Qiu et al., 2023). Conversely, Evc mutants display increased Gli71 expression
in the truncated VL and maintain the labial/buccal-lingual expression pattern of

Gli1 (Fig. 19), as well as the corresponding proliferation patterning (Fig. 18)
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(Qiu and Tucker, unpublished). These results indicate that Shh signaling-
mediated asymmetrical proliferation plays a critical role in the bending of the VL
during early development. Previous research has provided support for this
hypothesis that asymmetrical growth rates between neighboring tissues could
be the underlying cause of folding and bulging (Radlanski and Renz, 2006).
This observation could potentially clarify the reduced expression of Gli71 during
normal VL development (Fig. 19B,C; 20B-D; 21H, Qiu and Tucker,
unpublished). By E14.5, the VL has undergone bending and is approaching
the midline (Qiu and Tucker, 2022), resulting in a less noticeable buccal-lingual
expression and a reduction in Gli1 expression at the end of the VL. As the VL
surrounds the tooth germ and extends towards the midline by E16.5 (Qiu and
Tucker, 2022), the expression of Gli1 is further reduced at the top and end
regions of the VL. This diminished expression pattern continues through at least
to E18. To validate the expression pattern of Gli7 in the VL, it would be
beneficial to investigate Gli1 expression at earlier developmental stages, such
as E13.5, as well as at later postnatal stages. Gas1 is predominantly expressed
in the buccal side of the VL, as well as in the surrounding mesenchyme of the
buccal region at E13.5 to E15.5 (Qiu et al., 2023; Fig. S4, Qiu and Tucker,
unpublished). Whereas the expression of Evc, shown by the lacZ Evc reporter,
was observed surrounding the tooth germ and VL, with strong expression at the
1/3 end of VL epithelium at E15.5 (Ruiz-Perez et al., 2007). Such differential

expression of Gas? and Evc in the VL may be responsible for the varying
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pathological mechanisms observed in the truncated VL of Gas? and Evc
mutants. Additional LacZ staining analysis is required to confirm the expression
of Evc in orofacial regions, specifically in the tooth germ and VL areas during

earlier developmental stages.

Both mutations result in impaired proliferation in the truncated VL at an early
developmental stage (E12.5) (Qiu et al., 2023; Fig. 17, Qiu and Tucker,
unpublished). This suggest that the proliferation plays a crucial role in the
elongation of the VL but may not be necessary for its initiation. Thus, the
disrupted proliferation observed at the end of the truncated VL in Evc mutants
at E14.5 (Fig. 18, Qiu and Tucker, unpublished) may result in the failure of
the VL to extend towards the midline. These findings suggest a dual role of Shh
signaling-mediated proliferation in VL development. As mentioned, the
asymmetrical proliferation promotes the bending of the VL in the middle region,
while proliferation at the end of the VL facilitates its extension towards the
midline. Therefore, the observed upregulation of Gli1 expression at the tip of
the shortened VL in the Evc mutants at E14.5, E16.5, and E18 (Fig.19;20;21,
Qiu and Tucker, unpublished) may be a result of positive feedback due to the

reduced proliferation in this region in the Evc mutants.

The bending of the VL in Gas1 mutants at later stages, starting from E15.5,

may related to developmental stalling, where the mutants show early defects
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and temporal arrest of development but can recuperate through subsequent
accelerated development (Miletich et al., 2011). To validate this hypothesis,
additional samples of Gas? and Evc mutants at the same developmental stage
should be analyzed. To confirm that the asymmetrical expression pattern
remains unchanged, it is necessary to analyze the expression of Gli1 in the VL
of Evc mutants at an early developmental stage, preferably before or when the
curve occurs, such as at E13.5. Additionally, exploring proliferation in the
truncated VL of Gas7 mutants at a later stage, such as E14.5, would be a

compelling area for further investigation.

7.5 VL defects related to disrupted Shh signalling shed light on the
pathological mechanisms of ciliopathies, particularly EvC syndrome

EvC syndrome is related to defective primary cilium and disrupted Shh signaling,
and our most recent study has confirmed this pathway could be essential for
proper VL development (Qiu et al., 2023). Vestibule defects are the most
common oral clinic manifestations in the individuals of EvC syndrome (see
details in the introduction), with the presence of multiple frenula and the
attachment of gums to the upper lips and cheeks (Sasalawad et al., 2013).
Vestibule abnormalities were also expected to be associated in other
ciliopathies, and as such, Joubert syndrome (Penon-Portmann et al., 2022)
and oral-facial-digital (OFD) syndromes (Bruel et al., 2018) have been found

to exhibit frenula defects. Therefore, my investigation on the VL in Evc mouse
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models could provide valuable insights.

The Evc mutants closely resemble the phenotypes observed in EvC patients,
particularly with regards to the oral defects, with the branching of the VL a
potential mechanism for the generation of accessory frenula (Ruiz-Perez et al.,
2007; Nakatomi et al., 2013; Fig. 15L; 20F-H, Qiu and Tucker, Unpublished).
Attachment of the gums and tissues might be expected to be caused by failure
of opening, however, our Evc mice were still able to open the anterior VL to
create a vestibule, with the presence of small holes in the lower anterior multiple
VL of Eve mutants at P4 (Fig. 15L, Qiu and Tucker, Unpublished), suggesting
that the differentiation mechanisms was unaffected. The shallow oral vestibule
observed postnatally is therefore likely to be due to incomplete extension of the
VL, rather than a failure in the opening of the VL. More in-depth studies on the
differentiation process in Evc mutants would be necessary to confirm this.
Given the reliance of the developing VL on Shh signalling through cilia,
vestibule changes, including accessory frenula, changed attachment and other
defects could serve as a crucial clinical feature for diagnosing ciliopathies in

patients.

The formation of supernumerary tooth germs in the Evc mutants is

accompanied by an increase in Gli1 expression in the truncated VL (Fig. 21,

Qiu and Tucker, unpublished), indicating the potential activation of the non-
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canonical Shh signaling pathway. This pathway is characterized by GLI
transcription factors acting independently of PTCH1/SMO or Shh ligand and is
commonly associated with oncogenic effects due to increased GLI activity
(Pietrobono, Gagliardi and Stecca, 2019). It would be therefore important to

examine the expression of Ptch1 in both the VL and supernumerary tooth.

Hh has an intricate relationship with Wnt signalling in a number of tissues
(Sarkar et al., 2000; Day and Yang, 2008; Kumar et al., 2021). Therefore,
changes in hedgehog signalling may impact Wnt signalling. Aanalysis of RNA-
Seq data at E14 highlighted the importance of the Wnt signaling pathway and
its interaction with Shh in the early development of the VL and DL (Fig. S8,9.
Qiu et al., Unpublished). Mesenchymal Wnts have been found to have a
suppressive effect on tooth development. In mouse, decreasing Wnt activity in
the mesenchyme, led to the formation of ectopic teeth by allowing other regions
of the epithelium to contribute to tooth formation (Jarvinen et al., 2018). In
contrast, overactivation of Wnt signalling in the epithelium led to an increase in
tooth development (Jarvinen et al., 2006; Popa, Buchtova and Tucker, 2019).
The balance of Wnt signalling in the two different tissues (ectoderm and neural
crest derived mesenchyme) is therefore intriguing for future exploration in the

context of the VL and supernumerary tooth formation.

Despite the loss of Gli1 expression in the additional branches of the VL in Evc
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mutants, there was a significant upregulation of Gli1 expression in the VL,
particularly in the end region (Fig. 20, Qiu and Tucker, Unpublished). This
suggests that the regulation of Gli1 via EVC may be context-dependent. Thus,
it would be necessary to investigate other Shh readouts, such as Ptch1 and

Gli1, in other craniofacial tissues of Eve mutant mice.

3D reconstructions of the VL in humans have shown that the VL is not a simple
sheet but branches to link up with the DL during human development
(Hovorakova et al., 2005, 2007; Qiu et. al., 2020). In the mouse, however, the
anterior VL appears as a single extension (Hovorakova et al., 2016). In the
Evc mutants the epithelium of the VL appeared to branch (Fig. 15; 20, Qiu and
Tucker, Unpublished). Branching of epithelial tissues occurs in a number of
organs (lungs, salivary glands, kidney) and depends on the critical function of
Fgf signaling (Zhang et al., 2014; Chatzeli, Gaete, and Tucker, 2017). It would
therefore be interesting to test whether an upregulation of Fgf signaling is

responsible for the development of multiple VL formation in the Evc mutants.

In summary, my PhD research has addressed a gap in odontogenic studies by
providing a comprehensive investigation of the VL and its developmental
relationship with the DL, thereby contributing new insights to the field.
Specifically, these findings highlight the importance of a previously overlooked

structure that plays a crucial role in the development of the oral cavity. The
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uncovered mechanisms of normal oral vestibule formation in both mice and
human have shown a close developmental relationship between the VL and DL.
Additionally, molecular profiling of the VL in relation to the DL has highlighted
the involvement of Shh signals from the adjacent tooth germ during VL
development, while the VL and DL defects identified in Gas1 and Evc mouse
models have provided the basis for further VL studies and enhanced our
understanding of disorders linked to this region, such as ciliopathies. In the
future it is hoped that increased understanding of the VL and vestibule and its
association with ciliopathies will improve the diagnosis and outcomes for

patients.
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1) Figures in introduction

Teeth/Dentition

Tongue

Figure 1. A basic schematic diagram showing the structure of oral cavity. The
upper vestibule and lower vestibule are highlighted, which create the sulcus between

the cheeks/lips and teeth/gum.
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Figure 2. A diagrammatic representation illustrating the arrangement and types

of teeth in mice and humans. (A) Mouse dentition. In mice, there are one incisor (i)

and three molars (m1, m2, m3) positioned in each quadrant, which are distinctly

spaced apart by a toothless gap in the dental arch, known as the diastema. (B) The

human has two sets of dentitions and more complex tooth types. The arrangement of

permanent dentition is displayed, which consists eight teeth in each quadrant,

including one central incisor (Ci), one lateral incisor (Li), one canine (C), two premolars

(P1, P2), and three molars (M1, M2, M3). The third molar (M3) is also called wisdom

teeth.
A E11-E11.5 B E12.5-E13.5 C E13.5-E14.5 D E15.5-E18.5
- & W
Shh
Thickening Bud Cap Bell

Figure 3. A schematic diagram of Shh transcription (red) during early tooth

development. (A) Thickening/placode. The DL initiates as a thickened epithelium at
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embryonic day (E) 11 to E11.5. The Shh expression is confined to the epithelial
thickening. (B) Bud stage at E12.5 to E13.5. The Shh expresses in the enamel knot
precursor cells located at the tip of the early bud. (C) Cap stage at E13.5to E14.5. The
Shh expression is observed in the primary enamel knot. (D) Bell stage at E15.5 to
E18.5. Shh expresses is detected in the stratum intermedium, pre-ameloblasts and

internal enamel epithelium.

A

1: labio/bucco-gingival sheet 3: VL 4: tooth germ

2: dento-gingival sheet 5: VL groove
Figure 4. A basic illustration demonstrates the development of dento-gingival
sheet and labio-gingival sheet in human embryos. (A) During the second month of
embryonic development in humans, epithelial thickening grew into the underneath
tissue, forming the labio/bucco-gingival sheet (A1) and dento-gingival sheet (A2). The
labio-tectal furrow was indicated by a black arrowhead. (B) The dento-gingival sheet
produced the ectodermal section of tooth germs (B4). Meanwhile, the labio/bucco-
gingival sheet developed into the epithelia (B3) that covered the interior surface of the

lip and a portion of the gingiva. 1: labio/bucco-gingival sheet (red arrowhead), 2: dento-
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gingival sheet (white arrowhead), 3: vestibular lamina (VL) (blue arrowhead), 4: tooth

germ (yellow arrowhead), 5: VL groove.

Figure 5. Spatial arrangement of oral cavity and its surrounding structures. (A)
37mm crown-rump length (CRL) human embryo. Based on a 3D reconstruction of the
right oral cavity and its adjacent tissues, it was observed that the tooth germs i1 in the
maxilla region were in the bud stage, the maxilla extended into the groove between
the Lv (VL) and Ld (DL). In the lower jaw, i1 had developed to the early cap stage.
Additionally, the CM (MC) swell had reached adjacent to the bud i1, and a portion of
the Mand was situated in the space between the CM (MC) and other dental germs. (B)
21mm CRL human embryo. A 3D reconstruction was used to examine the lower tooth
primordia and the surrounding tissues, which revealed that the Lv (VL) runs
continuously and externally to the tooth germs. Furthermore, the Lv (VL) was found to
be fused with the central incisor. (C) 37mm CRL human embryo. A 3D reconstruction
of the upper canine primordia and the Lv (VL) showed that the VL was particularly thick
in this region. Lv (VL): vestibular lamina; Ld (DL): dental lamina; i1: primary central
incisor primordia; i2: primary lateral incisor primordia; c: primary canine primordia;
m1: the primary 1st molar primordia; m2: the primary 2nd molar primordia; Mand:

mandibular bone; Max: maxilla; CM (MC): Meckel's cartilage ( adapted from Radlanski,
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1995).

incisors

MVR CFR

bulges

B Cc medial

L-— posterior

Figure 6. Spatial interactions of the DL and VL in human fetus. The dental
epithelium is tinted yellow, and the base of the oral vestibule is shaded in orange. The
rest VL epithelium is green. (A) The prevailing theory posits that the VL is a continuous
entity that runs externally and parallel the DL. (B) VL and DL in the upper jaw. Recent
findings suggest that the upper VL epithelial bulges initially appear outside of the DL in
the lip area. These bulges fuse together and develop into the CVR situated posteriorly.
The CVR merges with the dental mound located posterior to the c. Within the cheek
area, the vestibular epithelium gives rise to both the MVR and CFR. The CFR refers
to the epithelium that lines the mucosal inflection, separating the cheeks and teeth.
Posteriorly, the MVR separates into two distinct branches MMVR and LMVR as it
extends backwards. (C) VL and DL in the lower jaw. The lower vestibular epithelium

exhibits several distinct structures, including the LVR, ITVE, and the dCFR. In the lower
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incisor region, the vestibular and dental epithelium are fused together. VL: vestibular
lamina; DL: dental lamina; CVR: canine vestibular ridge; c: deciduous canine
primordium; CFR: cheek-furrow ridge; LMVR: lateral molar vestibular ridge; MMVR:
medial molar vestibular ridge; MVR: molar vestibular ridge; AC: accessory epithelial
cap; MC: mouth corner; LVR: labial vestibular ridge; ITVE: irregularly thickened
vestibular epithelium; dCFR: mandibular cheek furrow ridge; m1: first deciduous molar;

m2: second deciduous molar (Hovorakova et al., 2007).

A DL and GL in reptiles B DL and VL in mammals

\ g VL
GL
labial/buccal lingual labial/buccal lingual

Figure 7. DL-gland lamina in reptiles and DL-VL lamina in mammals. (A) In reptiles,
the primary epithelial thickening can develop into the DL and an adjacent gland lamina,
such as the venom gland in snake and gland in chameleons. (B) In mammals, this
primary epithelial thickening can develop into the DL and an adjacent vestibular lamina.
Both the glands and VL located in the buccal/labial side of the DL. DL: dental lamina;

VL: vestibular lamina; GL: gland lamina.
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Figure 8. Odontomas formation associated with VL. (A) Cone Beam Computed
Tomography (CBCT) photograph of a 10-year old patient, showing the odontomas
formation located in the anterior upper jaw. (B) The MicroCT scan displays the dental
structures within odontoma. (C) Histological section of odontoma toothlet, which shows
a structured odontoblasts layer. (D, E) The upper and lower VL/DL in human fetuses
are visualized by 3D reconstructions (Hovorakova et al., 2007). Dark grey: DL, I:
Incisors, C: Canines, M1: the 1t molar, M2: the 2" molar, AC: accessory cusp.
Asterisks: highlights of the areas to form compound odontomas; Arrow: the region

where complex odontomas may form (Hovorakova et al., 2020).
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Figure 9. Some typical clinical features of EvC patients. (A) The typical
characteristics of a 13-year-old patient, who present normal trunk and facial
development but with short stature (4 feet). (B, C) Supernumerary fingers and
hypoplastic, fragile or missing nails. (D) A panoramic X-ray displays partial absence of
teeth and an impacted incisor in the lower jaw. Red arrowheads point out the

supernumerary fingers (adapted from Sasalawad et al., 2013).

214



Multiple frenula S

[

. N
-Hyperplastic frenutum
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Figure 10. Oral vestibule and tooth defects seen in EvC patients. (A) Multiple
broad labial frenula and conical incisors in the upper jaw. White arrowheads point out
the accessory labio-gingival frenulum, and blue arrowheads point out the conical
incisors. (B) Upper broad median frenum (white arrowhead) with highly attachment to
the gingival margin, leading to the increased space between the upper incisors. Tooth
defects include malocclusion, conical shaped teeth, and the missing or impacted lower
incisors (white asterisk). (C) Lower broad median frenum (white arrowhead) with highly
attachment to the gingival margin. (adapted from Sasalawad et al., 2013; adapted

from Kalaskar and Kalaskar, 2012).
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Figure 11. Evc expression pattern in the murine VL and TB. At E15.5, the
expression of Eve, as shown using a reporter for LacZ, was mainly concentrated in the
mesenchyme surrounding the VL and TB. Within the VL epithelium, robust expression
of Evc was detected in the distal third region of VL. VL: vestibular lamina; TB: tooth

bud.
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Figure 12. A diagrammatic representation illustrates the structures of primary
cilium and motile cilium. (A) The cilium’s main structural components including ciliary
membrane, basal body, axoneme, and EVC zone. (B) Specifically, the axoneme within
the primary cilium consists of a ring that contains nine microtubule doublets. (C) In
contrast to primary cilium, the motile cilium exhibits a distinct structural arrangement

known as the "9+2" structure, which consists of a central pair of microtubules.

A B e
1
1
1
A
@ : @
EVC_Z) E Primary cilia EVCﬂ g Primary cilia
=5 3 Se3 S
9 £3 x <E3! x
fn; < <= | L4
§ /*/‘ &'
1
1
i SUFD waﬁnn & B
h GLI
Cdon Boc P.'&?JFL Gasl 4 i Cdon Bee E“."f'rL Gas1
/ \ Basal body o Basal body
4 A -
it v PKA - GLIA
- o -
I e Y ek gue /
SUFU GLIR-P GSK3B Ll /
’
GL ! “\ 5
,.‘ Proteasome ,'
(i 1
Nucleus 7 Nucleus
¥ Cytoplasm *

Cytoplasm GLIR GLIA

217



Figure 13. A basic diagram depicting the key steps of Shh signaling transduction
in the primary cilium. (A) In the inactive (OFF) state, PTCH1 gathers on the primary
cilium membrane and suppresses the function of SMO. SUFU sequesters GLI proteins
and triggers their phosphorylation by GSK3B, PKA, and CK1. Following
phosphorylation, GLI proteins are proteolytically cleaved to truncated repressor forms
that suppress the signalling transduction. (B) The binding of SHH to PTCH1 activates
the Shh signaling pathway (ON), with facilitation from co-receptors CDO, BOC, and
GAS1. SMO accumulates in the ciliary membrane and interacts with EVC/EVC2
proteins. The SUFU-GLI complex is transported to the cilium tip and dissociated, full-

length GLI then enters into the nucleus to activate the pathway.

2) Figures in chapter 6 (unpublished)

P20

Figure 14. The observed characteristics of the Evc mutants at P20. (A) Body size
differences in EVC’ (N=7), EVC*"- (N=7), and WT littermates (N=5). The Evc
homozygous mutants exhibit a substantially reduced body size compared to the
littermate controls, while the body size of Evc heterozygous mutants is similar to that
of their littermate controls. (B-G) Frontal view of the incisors and oral vestibule. (B, E)

WT littermates; (C, F) Evc heterozygous mutants (Het); (D, G) Evc homozygous
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mutants (Hom); Observations in Evc homozygous mutants (D, G) showed the
presence of rudimentary incisors (indicated by magenta arrowheads) and a
hyperplastic lower medial vestibule that displayed high attachment to the gingival
margin (indicated by red arrowheads), resulting in wider spacing between the two
incisors. However, the incisors and vestibule in Evc heterozygous mutants (C, F)
appeared normal and comparable to WT littermates (B, E). (Qiu and Tucker,

unpublished)
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Figure 15. The Evc’- mice exhibit defects in both tooth germ and VL in the
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incisor region. (A-L) Histological trichrome staining was utilized to examine frontal
sections of the VL and tooth germ in the anterior maxilla and mandible at E14.5, PO,
and P4. (A-F) Anterior upper jaw. Compared to littermate controls with normal incisor
tooth germ (A-C), the Evc’- mice displayed fused incisor tooth germs at E14.5, PO, and
P4 (D-F, green arrowheads). (G-L) Anterior lower jaw. (G-l) The VL in the littermate
controls extends into the mesenchyme and surround the tooth germ, with both sides
touching each other at the midline by PO. (J-L) A shortened VL is observed in the Evc
"~mice (red arrowheads). (L) Multiple VLs are observed in the Evc’-mice. (M, N) in (L)
are Higher power view of boxes m and n. VL is outlined by red dashed lines. Lingual-
buccal axes are displayed in J, with the same axes utilized for all images. Scale bar in

(A-L) = 500pm; Scale bar in (M, N) = 250um. (Qiu and Tucker, unpublished)
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Fig 16. The ARL13B-posive cells are present in the Evc™™ mice in comparison to
the WT littermates. IF for DAPI (grey), ARL13B (red), and y-tubulin (green). (A, B)
E12.5. ARL13B-Positive cells are detected in Evc’- mice compared to their WT
littermates. (C, D) E18. Magnification (red boxes in C and D) showed that the structure
of primary cilia appears normal in the Evc—/- mice, as labelled by ARL13B and y-
tubulin. Buccal-lingual axes in panel B shown for all images. Scale barin (A, B) = 50um;
Scale bar in (C, D) = 10um; Scale bar in red boxes in panels C and D = 10um. (Qiu

and Tucker, unpublished)
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E12.5

Figure 17. The truncated VL observed in Evc homozygous mutants was linked
to a decrease in proliferation at E12.5. Immunofluorescence (IF) for BrdU (magenta),
DAPI (grey), and E-cadherin (green) in the WT littermates (A-C) and Evc™'~ mice (D-
F). E-cadherin labelled the VL and DL (A, D), and a rudimentary VL was observed in
the Evc™~ mice. The number of BrdU-positive cells in the VL epithelium was reduced
in the Evc™~ mice (E, F) compared to the WT littermates (B, C). Buccal-lingual axes in
panel D shown for all images. Scale bar in (A-F) = 50um. (Qiu and Tucker,

unpublished)
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E14.5

EVC+/+

EVC-/-

Figure 18. A reduction in proliferation at the tip of the VL at E14.5 is observed in
conjunction with the truncated VL of Evc’ mice. (A-l) Immunofluorescence staining
was performed for B-catenin (green), BrdU (magenta), and DAPI (grey) in both the
littermate controls (A-F) and Evc™'~ mice (G-l). B-catenin (green) outlines the incisor

tooth germ and VL in panels A, B, D, E, G ,H. Compared to the littermate controls, a
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shorter VL was observed in the Evc homozygous mutants, along with a significant
decrease in the number of BrdU-positive cells was observed in the epithelium at the
end of the VL in the Evc™~ mice (yellow arrowheads). The rectangular boxes in B and
H indicate the bending region of the VL, where both the Evc homozygous mutants and
WT littermates exhibit the buccal-lingual expression pattern of proliferation. The VL is
outlined by green dashed lines in panels C, F, and I. Lingual-buccal axes are displayed
in I, with the same axes utilized for all images. Scale bar in (A, D, G) = 100pm; Scale

barin (B, C, E, F, H, I) = 50um. (Qiu and Tucker, unpublished)

E14.5

EVC+/+

EVC-/-

Figure 19. Upregulated expression of Gli1 in Evc mutants at E14.5. (A, D)
Trichrome staining of VL and DL in the lower incisor region at E14.5. Compared to the

WT littermates (A), a decreased length of the VL was observed in the Evc’- mice. (B,
C, E, F) RNA-Scope for Gli1 (red) and DAPI (grey). (B, C) The WT littermates exhibited

higher expression of Gli1 on the buccal side (B) of the VL in the bending region,
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compared to the lingual side (L), whereas minimal expression of Gli1 was observed at
the tip of the VL (white arrowheads in C). (E, F) Despite the truncated VL observed in
Evc’-mice, differential expression of Gli1 between the buccal (B) and lingual (L) sides
in the bending region of the VL was still present. Gli1 expression at the tip of the VL
was significantly increased, as indicated by the white arrowheads in panels E and F.
White dashed lines outlined the boundaries of the VL, and yellow dashed lines were
added to divide the VL into buccal and lingual sections. Buccal-lingual axes in panel D
shown for all images. Scale bar in (A, D) = 500um; Scale bar in (B, C, E, F) = 50um.

(Qiu and Tucker, unpublished)

EVC+/+

EVC-/-

labial
A

Figure 20. The defective VL of Evc homozygous mutant mice showing altered
expression of Gli1 at E16.5. (A, E) Trichrome staining performed on sagittal sections
of the lower incisor region of mice at E16.5. The VL had extend under the Meckel's
cartilage in the WT littermates (A); while shorter VL along with the additional VL were
observed in the Eve mutants (E). (B-D; F-H) RNA-Scope for Gli1 (red) and DAPI (grey).
In WT littermates (B-D), Gli1 expression was mainly detected in the middle region (C)

of the VL, with only a few detected in the top (B) and bottom (yellow arrowheads in D)
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regions. In Evc mutants (F-H), the expression of Gli1 in the additional branches of the
VL (white arrowheads in F, G, H) was suppressed, but there was a significant increase
in Gli1 expression in the VL, particularly at the end of the VL. The VL is demarcated by
white dashed lines. VL: Vestibular lamina; TG: Incisor tooth germ; MC: Meckel’s
cartilage; WF: Whisker follicles; T: Tongue. Labial-lingual axes in panel E shown for all
images. Scale bars in (A, E) = 500um; Scale bar in (B-D; F-H) =50um. (Qiu and Tucker,

unpublished)
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E18

Figure 21. Extra tooth germ formed in the Evc homozygous mutants, with
upregulated Gli1 expression in the truncated VL and the normal Gli71 expression
in the extra tooth at E18. (A, C) Immunofluorescence for DAPI (grey). (A) WT
littermate control. (C) Evc homozygous mutant displays a supernumerary tooth germ
on the lingual side of the truncated VL. (B, D-G) To provide further insight, histological

frontal sections of the anterior mandible were obtained using trichrome staining. (B)
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WT littermate control. (D-G) Evc homozygous mutant show an extra tooth germ
(pointed by red arrowheads) formed from the VL (indicated by green arrowheads). (H-
K) Dig insitu hybridization for Gli1, with positive stain in blue. (H) WT littermates. Gli1
expression was notably decreased in the VL, but it continued to be present in other
developing regions, including the whisker follicles, Meckel's cartilage, and tooth germ.
(I-K) Evc mutants. There is an upregulation of Gli1 expression in both the truncated VL
and the VL giving rise to the extra tooth germ, especially at the end of the VL. VL:
Vestibular lamina; T: Incisor tooth germ; MC: Meckel’s cartilage; WF: Whisker follicles;
ST: supernumerary tooth germ. Buccal-lingual axes displayed in C shown for all
images. Scale bars in (A, C) = 150um; Scale bar in (B) = 200um; Scale bar in (D-G) =

200um; Scale bar in (H-K) = 200um. (Qiu and Tucker, unpublished)

3) Figures in supplementary for chapter 3 (unpublished)

Figure S1. The Dil tracing experiment reveals that the origin of murine VL and
DL can be traced back to the same oral epithelial placode. (A-D) The development

of murine VL and DL at E12.5 after 3 days in culture. At Day0 (E12.5), a single
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thickened epithelium was observed. (E-H) The corresponding slices of VL and DL
labeled with Dil (red fluorescence). The caudal portion of the epithelial thickening was
labeled with Dil at Day0 (E12.5). The Dil extended to label the oral epithelium
associated with the DL, while the non-labelled portion of the placode gave rise to VL.
The VL and DL were outlined with red dashed lines. VL: vestibular lamina; DL: dental
lamina; OE: oral epithelium. Scale bar in (A-H) = 100um. Labial-lingual axes shown in

E, same plane for all images. (Qiu and Tucker, unpublished)

lingual
ikl

Figure S2. The Dil tracing results demonstrate that VL and DL form from two
distinct adjacent thickenings, and the VL is situated at the labial side of the DL.
(A-D) The development of murine VL and DL at E12.5 after 3 days in culture. By E12.5,
the primordia of VL and DL were already discernible as distinct entities when viewed
as sagittal slices. (E-H) The corresponding slices of VL and DL labeled with Dil (red
fluorescence). Dil labeling of the more rostral thickening revealed an extension of Dil
downwards, which was associated with the development of VL. No Dil was observed
in the DL that originated from the more caudal placode. The VL and DL were outlined

with red dashed lines. VL: vestibular lamina; DL: dental lamina; OE: oral epithelium.
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Scale bar in (A-H) = 100um. Labial-lingual axes shown in E, same plane for all images.

(Qiu and Tucker, unpublished)

4) Figures in supplementary for chapter 5 (unpublished)

Individuals - PCA
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0
Dim1 (29.2%)
Figure S3. Principal component analysis (PCA) plot exhibited significant overlap
of gene expression distributions of VL-TB datasets at E13. The scatterplot

displayed blue dots representing TB samples and yellow dots representing VL samples.
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The clustering of the samples was shown by ellipses. (Qiu et al., unpublished)
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Table 1 Genes expressed during VL development in mouse
Expressed region in VL
Stage = =
Buccal Lingual Whole VL VL Mes
EL3:5: Otx1 Smoc2 Smoc2 Tacl
E14.5 Gasl expression from E14.5 expression from E14.5 Sned1
E15-5 WntSb upper 1/2 VL in E14.5 lower 1/2 VL in E14.5, E15.5
Nr4a2 Oxtr
Pla2rl Scarf2
Rxfpl Prom2
Tgfbr2
Slc38a4 Ee
P Thbs1 (DL not sure)
4 Foxc2

Figure S4. The molecular profile of the murine VL at E13.5, E14.5, and E15.5. The
markers specific to VL at E14.5 were identified using Genepaint (https://gp3.mpg.de/)
(Visel, Thaller and Eichele, 2004), while for E13.5 and E15.5, the datasets available
in the Allen Mouse Brain Atlas (mouse.brain-map.org) were referred to. (Qiu and

Tucker, unpublished)
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Figure S5. The molecular profile of the murine VL and DL at E13.5, E14.5, and
E15.5 (1). Genepaint (https://gp3.mpg.de/) (Visel, Thaller and Eichele, 2004) was
used to identify the markers that are specific to VL and DL at E14.5. However, for E13.5
and E15.5, the Allen Mouse Brain Atlas datasets (mouse.brain-map.org) was used.

(Qiu and Tucker, unpublished)
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Figure S6. Molecular signature of the murine VL and DL at E13.5, E14.5, and
E15.5 (2). To identify the specific markers for VL and DL at E14.5, Genepaint
(https://gp3.mpg.de/) (Visel, Thaller and Eichele, 2004) was utilized, while the
datasets available on the Allen Mouse Brain Atlas (mouse.brain-map.org) were used

to identify the specific markers for E13.5 and E15.5. (Qiu and Tucker, unpublished)
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Figure S7. Molecular signature of the murine VL and DL at E13.5, E14.5, and
E15.5 (3). During E14.5, Genepaint (https://gp3.mpg.de/) (Visel, Thaller and
Eichele, 2004) was used to determine the markers that are specific to VL and DL. On
the other hand, for E13.5 and E15.5, the datasets available on the Allen Mouse Brain

Atlas (mouse.brain-map.org) was referenced. (Qiu and Tucker, unpublished)
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Figure S8. KEGG (Kyoto Encyclopedia of Genes andGenomes) pathway
enrichment anlysis highlights the involvement of Wnt signalling pathway during

VL and DL early development. (Qiu et al., unpublished)
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Figure S9. Protein—protein interaction (PPI) network emphasizes the interaction

between the Shh and Wnt signaling. (Qiu et al., unpublished)
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