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ABSTRACT
Kevin Matthew Byrd: How To Make A Mouth: Oral Epithelia Require
Locoregional Mitotic Diversity In Morphogenesis and In Maintenance
(Under the direction of Scott Williams)
Oral epithelia (OE) frequently renew and function to protect the oral cavity against
constant challenge from microbes, toxins, and injury. Despite increasing evidence that
differentiation pathways are frequently mutated in oral squamous cell carcinomas (OSCCs),
little is known about what regulates OE development and maintenance. Work from our lab in
skin has shown that proper orientation of mitotic spindles (oriented cell divisions, OCDs) is
essential for development; yet, whether OCDs play any role in OE is unknown.
The first aim was to characterize OE development to assess if known OCD gene
LGN (Gpsm2) promoted OCDs in OE. Apically localized LGN was found to direct
perpendicular divisions that promoted E16.5 OE stratification. Surprisingly, in dorsal tongue
(DT), LGN was alternatively localized and promoted planar OCDs. Loss of LGN disrupted
the 3D morphogenesis of DT filiform papillae but was dispensable for hair folliculogenesis.
Thus, LGN demonstrated tissue-specific functions in ectoderm and its appendage
development by spatiotemporally controlling OCDs.
The next aim was to assess adult OE under homeostatic conditions, searching for
evidence of OE stem/progenitor cell (OESC) heterogeneity. I adopted lineage tracing and
genetic label retention strategies, which identified frequently and infrequently dividing cells
(FDC/IDCs) in the hard palate. Using lineage tracing, I found evidence of FDCs that often
oriented their divisions perpendicularly. However, using label retention assays, I also
identified IDCs with characteristics indicative of stemness, including less proliferation and
more planar OCDs. With these initial experiments, I provided preliminary evidence of OESC
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heterogeneity in adult OE, including slower-cycling reserve OESCs and more rapidly
dividing active OESCs.
The final aim was to test the role of OCDs in oral tumorigenesis. This project aim
was to create a novel mouse model of OSCC, LSL-p53R172H or LSL-p53R270H mice, which
express p53 gain-on-function “hotspot” mutations (p53GOF) when crossed to an epithelialspecific cre (K14-cre). To accomplish this goal, a large pilot study was performed and
demonstrated significantly decreased oral tumor latency in both K14-p53GOF compared to
p53WT or heterozygous p53GOF mice. This aim has generated a new model of OSCC that will
be used for testing the role of OCDs during OSCC initiation.
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PREFACE
“The scientist does not study nature because it is useful to do so. He studies it
because he takes pleasure in it, and he takes pleasure in it because it is beautiful. If nature
were not beautiful, it would not be worth knowing, and life would not be worth living. I am not
speaking, of course, of the beauty which strikes the senses, of the beauty of qualities and
appearances…What I mean is that more intimate beauty which comes from the harmonious
order of its parts, and which a pure intelligence can grasp.” ― Henri Poincaré
“The universe is asymmetric and I am persuaded that life, as it is known to us, is a
direct result of the asymmetry of the universe...” ―Louis Pasteur
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CHAPTER 1: INTRODUCTION1
1.1 .

Preface
The goal of Chapter 1 is to provide an overview of how the oral cavity is formed while

subsequently building its diverse oral epithelia (OE) during embryogenesis. First, in humans
and in mice, I start out by broadly providing a review of craniofacial morphogenesis before
narrowing the focus to the development of the oral cavity and the specification of early
ectoderm to oral epithelia. Next, I further focus the introduction on what is known regarding
OE structure (both keratinization and adhesions) and contrasting these findings to the more
widely studied interfollicular epidermis (IFE). I conclude these sections by outlining
published mechanisms of IFE and OE morphogenesis, which include numerous well-known
pathways regulating differentiation and stratification. Finally, I provide a targeted introduction
to 1) the discovery of oriented cell divisions (OCDs) and 2) their connection to cell fate in
epithelial systems, an understudied process in OE development and homeostasis. To do
this, I take a historical perspective on the discovery of OCDs and discuss what is currently
know about OCDs at the molecular level, including 1) core spindle orientation complex
(SOC) assembly during mitosis and 2) emerging mechanisms of OCD regulation. Each of
these introductory sections provides relevant future directions that should continue to be
investigated. Concepts explored in this introduction related to OE morphogenesis and
maintenance will be frequently referenced and underlie the rationale for the experiments
summarized in Chapter 2 (OE development), Chapter 3 (OE stem and progenitor cell
regulation), and Chapter 4 (OE carcinogenesis).
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1.2

Building a Protective and Renewable Oral Mucosal Epithelium
All animals contain a structure that functions as a mouth (Chen et al., 2017b). It may

be easy to mistake this functional unit for a simple, hollow cavity that merely serves to
connect the outside environment to the aerodigestive tract. However, upon further
examination, it is revealed to be a diverse collection of complex tissues and organs that are
harmoniously integrated into the vital functions of communication, defense, feeding,
breathing, and early digestion, each of which is necessary for survival (Chen et al., 2017b;
Nanci, 2012; Squier and Kremer, 2001). Diseases of these tissues can range from
innocuous, seriously disabling, or even lethal (Regezi et al., 2016) and were originally
recognized as such by Hippocrates himself, who catalogued oral diseases as a part of—not
separate from—the whole body (Askitopoulou et al., 2017). Despite this ancient perspective
and recent noble efforts by healthcare leaders at the highest levels, the concept of oral
medicine existing separate from general medicine persists (Donoff et al., 2014).
In humans, the oral cavity is lined by a diverse collection of highly proliferative,
stratified and specialized, keratinized and non-keratinized, squamous mucosal epithelia
(Jones and Klein, 2013; Nanci, 2012; Papagerakis et al., 2014; Squier and Kremer, 2001)
(Fig. 1.1). Oral mucosal epithelia (OE), which share features from both the interfollicular
epidermis (IFE; an ectoderm derivative) and the upper gastrointestinal tract epithelia
(endodermal derivative), include a) the lips, the cheeks (buccal), the ventral tongue and the
floor of the mouth (termed “lining mucosa”), b) the gingiva and the hard palate (“masticatory
mucosa”), and c) the soft palate and the dorsal tongue (“specialized mucosa”, which
received contribution from both the endoderm and the ectoderm) (Barlow and Klein, 2015;
Jones and Klein, 2013; Kist et al., 2014; Okubo et al., 2009b; Rothova et al., 2012; Zhang et
al., 2014a). In humans, there are also prominent epithelial-associated organs, such as the
salivary glands and the teeth; however, in humans, these epithelia currently have limited
regenerative potentials in adults, and thus, exist outside the scope of this work (Aure et al.,
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2015; Dardick et al., 1990; Kuang-Hsien Hu et al., 2014; Pringle et al., 2013). Even among
the OE subtypes (masticatory, lining, and specialized), their diversity is apparent, often
displaying striking differences between histological features (Mackenzie et al., 1991; Sa et
al., 2017; Sawaf et al., 1990), proliferation and cell turnover rates (Bertalanffy, 1960;
Bjarnason et al., 1999; Cutright and Bauer, 1967; Hume and Potten, 1979; Thomson et al.,
1999), patterns of stratification and differentiation (Dale et al., 1990; Presland and Dale,
2000; Salonen et al., 1989; Winning and Townsend, 2000), and even OE permeabiities
(Squier, 1991), all of which are relatable to their function in protecting the oral cavity from
the external environment.
How these diverse OE are built during embryogenesis and maintained in adulthood
has been poorly characterized but most of the current interest is related to their
stem/progenitor cells. Collectively, this OE population is still being characterized for
heterogeneity and thus will be termed “oral epithelial stem/progenitor cells” (OESCs) for the
purposes of this work (Jones and Klein, 2013; Papagerakis et al., 2014). Like other stratified
epithelia, it is assumed that OESCs are located within the proliferative basal layers, which lie
on top of, and intimately connected to, an integrin- and laminin-rich basement membrane
(DeWard et al., 2014; Donati and Watt, 2015; Doupe et al., 2012; Hsu et al., 2014; Mascre
et al., 2012; Solanas and Benitah, 2013). This membrane separates OESCs from the
underlying lamina propria, consisting of dense connective tissue, and often, a submucosa,
comprised of blood vessels, lymphatic vessels, and peripheral nerves (Davies et al., 2010;
Grenier et al., 2009; Liu et al., 2012b; Sa et al., 2017; Winning and Townsend, 2000).
Furthermore, it is believed that OESCs are also responsible for constantly renewing
OE throughout life, despite the many types of challenges presented by masticatory stresses
(Glass and Maize, 1991), by habits/diet and subsequent exposure to toxins (Howie et al.,
2001; Teschendorff et al., 2015; Wangsri et al., 2012), by normal or idiopathic outcomes
from routine dental procedures (Carter and Worthington, 2016; Jin et al., 2017), or by the
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host-pathogen interactions between commensal and pathogenic bacteria (microbiome)
(Chen et al., 2010; Dewhirst et al., 2010), viruses (virome) (Duerkop and Hooper, 2013;
Edlund et al., 2015; Phyu et al., 2017), and fungi (mycobiome/fungome) (Seed, 2015).
Under every condition, OESCs must balance differentiation and self-renewal renewal
(Arwert et al., 2012; DeWard et al., 2014; Donati and Watt, 2015; Doupe et al., 2012;
Elbediwy et al., 2016; Rosekrans et al., 2015; Sada et al., 2016; Watt, 2014). For example,
failure to maintain the relatively high OE proliferation rates can result in the debilitating
ulcers seen in oral mucositis after radiation therapy (Al-Ansari et al., 2015; Maria et al.,
2017; Sonis, 2004) or in erosive autoimmune diseases such as lichen planus or pemphigus
vulgaris (Arduino, 2017; Kasperkiewicz et al., 2017; Le Cleach and Chosidow, 2012; Yih et
al., 1998). Alternatively, failure to balance OE proliferation can lead to epithelial overgrowth
and changes to tissue organization as seen in benign oral keratinopathies such as
pachyonychia congentia (McLean et al., 2011; Smith, 2003), squamous papillomas (Regezi
et al., 2016), or in head and neck/oral squamous cell carcinomas (HNSCCs/OSCCs)
(Cancer Genome Atlas, 2015; Chen et al., 2017a)
For at least fifty years, it has been known that the OE are among the most
proliferative tissues in the body (Bertalanffy, 1960), but how they accomplish this feat—
through mitotic spindle orientation, mitotic frequency, mitotic length—remains a mystery
(Jones and Klein, 2013; Papagerakis et al., 2014). This is because for many years OE have
been understudied, resulting in/from a) few OE-specific mouse models, b) minimal genetic
characterization of OE differentiation, and c) a poor understanding of OESCs, whether in
development, maintenance, or OE diseases. However, renewed interest in these tissues is
emerging among researchers, including three studies I conducted and will present in
Chapters 2 (Byrd et al., 2016), 3, and 4. This focus should hopefully result in the adoption of
improved bioengineering approaches to oral surgeries/wound healing (Guzman-Uribe et al.,
2017; Soma et al., 2014; Ueno et al., 2016; Weinreb and Nemcovsky, 2015), new and more
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precise treatments for oral epithelial-related pathologies (Arduino, 2017; Chan and Behrens,
2013; Chatenoud, 2016; Culton et al., 2015; Kasperkiewicz et al., 2017), and a more
complete understanding of oral epithelial cancer initiation, progression, and metastasis
(Cancer Genome Atlas, 2015; Miller et al., 2015; Weinstein et al., 2013). As was stated by
Jones and Klein in their 2013 review of OESCs, these are truly the “first steps in a long
journey”; however, much of what I will discuss in this the following chapters would not be
possible without the many classic papers on OE biology that I will be drawing from
throughout this work.
1.2.1

Morphogenesis of the Craniofacial Complex
It might seem obvious, but it is important to note that every animal has a mouth, from

invertebrates, including sea anemones and earthworms, to vertebrates, such as birds, mice,
and humans (Chen et al., 2017b). Relatedly, even primitive, single celled organisms utilize
endocytosis, a process where materials are taken in and “digested” by a cellular organelle
(Chen et al., 2017b; Reece et al., 2012). Among evolutionary biologists, it has been
hypothesized that the mouth is a homologous structure and only evolved once (Chen et al.,
2017b). In all studied animals, including diploblasts (simple animals formed from only two
germ layers) and triploblasts (higher order animals formed from three germ layers), the oral
cavity is formed from intimate interactions between ectoderm and endoderm (Chen et al.,
2017b). However, in triploblasts, which also develop more complex oral structures,
mesoderm and cranial neural crest cells (CNCCs) also contribute to mouth development in
addition to endoderm and ectoderm, suggesting a potentially important role for the
mesoderm and CNCCs in directing the higher ordered structures of OE and its associated
appendages (Johnston and Bronsky, 1995; Parada and Chai, 2015; Winning and
Townsend, 2000).
The first known use of the term “craniofacial” in a publication appeared in 1876 by
Thomas Huxley in his study of sea lampreys (Petromyzon marinus) (Huxley, 1876). Nearly,
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a century and a half later, the craniofacial complex is described as collection of unique
anatomical structures comprising the head, face, and oral cavity that cooperate in both form
and function (Brinkley et al., 2013; Brinkley et al., 2016), but how these craniofacial
structures develop to accomplish their many tasks is still an area of great intrigue
(Adameyko and Fried, 2016; Boehringer et al., 2011). The earliest stages of oral cavity
development begins in triploblasts involving blastocyst formation and its three derived
lineages: hypoblast, trophoblast, and, importantly, the epiblast, which itself gives rise to the
mesoderm, endoderm, and ectoderm during gastrulation (Benitah and Frye, 2012;
Scialdone et al., 2016).
In the early 1900s, studies of craniofacial development were conducted in
amphibians, demonstrating how the head and neck connective and skeletal tissues were
derived from CNCCs and mesoderm, respectively (Horstadius, 1950; Premkumar, 2011).
Before the adoption of genetically engineered mouse models in the 1980s, a common model
used to study cranial ectoderm—which give rise to oral epithelia, skin, nasal epithelia and
their associated appendages (Benitah and Frye, 2012; Som and Naidich, 2013)—was an ex
vivo whole head or simple palate culture system, which included microdissected palates
from rodents (Moriarty et al., 1963) but also eventually amphibians (Dickinson, 2016) birds
(Koch and Smiley, 1981; Shah and Cheng, 1988), reptiles (Ferguson et al., 1984), and other
larger mammals (Depaola et al., 1974). These palate cultures are being used again with
renewed interest due to advanced genetic tools and live-image microscopy (Kim et al.,
2015; Kim et al., 2017).
It is important to note that in the modern era of craniofacial genetics research,
including the studies presented in this dissertation, the mouse is the most commonly utilized
and powerful model system in craniofacial genetics (Bush and Jiang, 2012; Gritli-Linde,
2007; Li et al., 2017b). While many craniofacial genes, pathways, and phenotypes observed
in mice do correlate with human development, they do not always (Yu et al., 2017);
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however, the corresponding timeline in mice will be detailed along with the human timeline
for reference (see Figs. 1.3A, 1.4A), which again do not always align seamlessly. For
continuity, it will be necessary to first outline the basic timeline for mouth development and
then to describe the development of OE before discussing their specific structural elements
and suspected developmental pathways contributing to their morphogenesis.
1.2.2

Primitive Oral Cavity Development
Following gastrulation, the earliest evidence of the primary oral cavity begins in the

3rd-4th week of development in humans, or embryonic day 9.0 (E9.0) in mice. For clarity,
from here onward, I will refer to the human and mouse equivalents together (e.g. 34wks/E9.0). By this time, CNCC migration, specification of primitive surface ectoderm to oral
epithelial basal cell fate, and morphogenesis of secondary structures as diverse as the
pharyngeal arches and primary palate are beginning to occur (Jiang et al., 2006; Johnston
and Bronsky, 1995). In humans, at 24 days of gestation, a primitive oral cavity called a
stomodeum appears (alternately referred to as stomatodeum or stomatodaeum. This
structure is lined by ectoderm and separated from the primitive foregut by a
buccopharyngeal (alternatively termed, oropharyngeal) membrane, which is evident by 45wks/E10 (Depew et al., 2002; Winning and Townsend, 2000).
The stomodeum appears between two mandibular swellings that will eventually fuse
and form the various structures of the mandibular arch (Jiang et al., 2006; Som and Naidich,
2013; Yoon et al., 2000). The stomodeum invaginates posteriorly in a way that prevents
endodermal anterior expansion, serving as gatekeeper between the two primary germ layers
(Minarik et al., 2017). After the embryo begins to fold, the buccopharyngeal membrane
degrades, allowing for the first direct communication between the endoderm (pharyngeal
aches) and ectoderm (orofacial epithelia) (Hooper et al., 2017; Que, 2015; Winning and
Townsend, 2000). However, there is recent evidence, at least in non-teleost fish embryos
(i.e. bichir, sturgeon, and gar), that endodermally-derived “pre-oral” foregut diverticula can

7

contribute to orofacial development before buccopharyngeal membrane breakdown (Minarik
et al., 2017). Whether this will also be shown in higher vertebrates is currently unknown.
Recent research is focused on systemic biology approaches (microarray and RNAsequencing) to transcriptionally profile the distinct early genetic networks of mesoderm,
neuroepithelia, maxillary/mandibular arches, and ectoderm formation that will provide clues
on uncharacterized pathways crucial for their specification during development (Brunskill et
al., 2014; Hooper et al., 2017).
1.2.3

Primary and Secondary Palatogenesis

i.

Primary Palatogenesis
Between 4-5wks/E9.5, five total prominences have emerged that comprise the

primitive face (Hinrichsen, 1985; Jiang et al., 2006; Schroeder, 1991). This includes 1) a
single frontonasal prominence, 2) paired maxillary prominences, and 3) paired mandibular
prominences (swellings), each of which is mainly comprised CNCCs and mesoderm but are
also lined superficially by cranial ectoderm (Depew et al., 2002; Hooper et al., 2017).
Through a series of complex morphogenetic events around the 5wks/E12, the frontonasal
prominence (medial and lateral nasal processes) and maxillary prominences (intermaxillary
segment) fuse to complete the formation of the embryonic lips and primary palate (Jiang et
al., 2006). By this time in development, all five facial prominences have fused to form the
primary face (Depew et al., 2002), and the primary palate contributes to the maxilla (anterior
1/3 of the pre-maxillary region) (Jiang et al., 2006).
ii)

Secondary Palatogenesis
After primary palate formation, the secondary palate must form, which is another

complex morphogenetic process that involves the emergence of the epithelially-lined palatal
shelves from the bilateral maxillary prominences, vertical outgrowth of the shelves toward
the floor of the mouth, elevation of the palatal shelves above the tongue, and shelf fusion1
(Bush and Jiang, 2012; Li et al., 2017b; Lough et al., 2017). Secondary palatogenesis has
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been classically described to consistently occur, even between mouse strains, between 1012 weeks/E13.5-15.5 of gestation (Greene and Pratt, 1976; Walker, 1956). This process
plays an essential role in separating the oral and nasal cavity, forming the bulk of the maxilla
and fusing with the primary palate (E14-15) (Bush and Jiang, 2012; Li et al., 2017b). Any
disturbance in these delicate processes—including changes to epithelial adhesions—can be
severely debilitating, including a wide range of prevalent human birth defects, including nonsyndromic cleft lip and/or cleft palate (Bush and Jiang, 2012; Lough et al., 2017) to gross
abnormalities such as holoprosencephalies (Twigg and Wilkie, 2015).
1.2.4

Embryonic Origins of the Specialized Dorsal Tongue Epithelia

i.

Primitive Tongue Formation
Concurrently with the gross morphogenesis of the human face, the tongue and the

mandible develop in synchrony, such that when the mandibular prominences first appear, a
medial lingual swelling also appears, which will comprise the future anterior and posterior
tongue (Parada and Chai, 2015). The majority of the tongue is formed from CNCCs and
mesoderm and, like the early progenitors for OE, is covered by a single layer of ectoderm.
Through another set of coordinated morphogenetic events, the lateral mandibular swellings
fuse and quickly grow, merging with the medial lingual swelling to form the anterior twothirds of the oral tongue (pars presulcalis, Fig. 1.2A,B) (Parada and Chai, 2015). The third
branchial arch, hypopharyngeal eminence, and copula fuse to form the endodermallyderived, posterior one-third of the pharyngeal tongue (pars postsulcalis) (Parada and Chai,
2015; Sawaf et al., 1990). As the primitive tongue continues to develop between 69wks/E8.5-9.5, the specialized OE of the dorsal tongue (dorsum linguae) also forms. As in
masticatory and lining OE, this process also involves ectoderm specification, but shortly
thereafter, some basal cells condense into columnar epithelial thickenings, leading to the
formation of placodes, which will form the sensory taste papillae (circumvallate, foliate, and
fungiform, Fig. 1.2A,B) (Barlow, 2015; Barlow and Klein, 2015; Mistretta and Kumari, 2017)).
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ii.

Dorsal Tongue Epithelial Placodogenesis
Epithelial placodes, which contribute to structures as diverse as teeth, hair follicles,

mammary glands, and the dorsal tongue papillae, utilize familiar signaling pathways such as
Wnt, Fibroblast growth factor/receptor (Fgf/r), Ectodyplasin/receptors (Eda/r), T-box (Tbx),
Paired box (Pax), and Bone morphogenetic protein (Bmp) signaling pathways to create
highly specialized ectodermally-associated appendages (Ahn, 2015; Jonker et al., 2004; Kist
et al., 2014; Mikkola, 2007; Singh and Groves, 2016). Uniquely, however, after the eruption
of fungiform papillae, a fourth type of papilla on the dorsal tongue (filiform) begins to develop
from additional placodes, which serve taste-independent roles in mastication (Fig. 1.2C)
(Ahn, 2015). The mechanisms of epithelial placode signaling has been thoroughly reviewed
elsewhere (Ahn, 2015; Barlow, 2015; Barlow and Klein, 2015; Biggs and Mikkola, 2014;
Kapsimali and Barlow, 2013; Ladher, 2017; Mistretta and Kumari, 2017; Singh and Groves,
2016); however, the development and maintenance of the filiform papillae have been
limitedly described (Baratz and Farbman, 1975; Hume and Potten, 1976; Kutuzov and
Sicher, 1951). The developmental timeline of filiform papilla placodogenesis (between
E14.5) is one focus of my 2016 Development paper, discussed further in Chapter 2 (Byrd et
al., 2016); however, I will further elaborate on their biology in this Introduction.
iii.

Dorsal Tongue Filiform Papillae: Evolution, Form, and Function
In humans, mature filiform papillae appear as small conical projections that form the

majority of the dorsal tongue surface and, due to their thick and unique keratinization and
frequent renewal, are thought to aid in feeding as well as in mechanical protection for the
less numerous taste papillae (Iwasaki, 2002; Kutuzov and Sicher, 1951). Across many
species, their morphology is unexpectedly variable and diverse (Iwasaki, 2002). They are
also hypothesized to serve an important role in the evolutionary transition of water-dwelling
to land-dwelling animals, which is extrapolated from evidence that water-dwelling animals
only present with a thickened mucosa in the floor of the mouth, which is lacking skeletal
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muscles, an essential component of a “true tongue” (Kent, 1978). Contrast this to landdwelling animals, all of which have a “true tongue” of various specializations, leading some
to propose that tongues evolved in tetrapods due to the challenges faced by eating harder,
tougher, and drier food on land. Thus, the adaptation of renewing, protective lingual papillae
is logical by extension (Helff, 1929; Iwasaki, 2002). Speaking to their heterogeneity, filiform
papillae are observed in 1) fresh water-dwelling amphibian and turtle tongues—the surface
of which are non-keratinized and interspersed between rudimentary salivary glands
(secretory vesicles), and 2) in other reptilian species and land-dwelling turtles that present
with keratinization but without secretory vesicles (Iwasaki, 2002).
This specialized epithelium in mice and in humans arises from a single layer of
specified ectoderm, presenting as a thickened bilayer of epithelia prior to placode formation
(E13.5-14.5). Like most of the OE and IFE, development occurs as a wave from 1)
inferioràsuperior, 2) posterioràanterior, and 3) medialàlateral, relative to the embryo; thus,
at different locations within the same animal, it is possible to find differential developmental
stages as great as 0.5-1d relatively delayed (i.e. between tail and head IFE). At this first
stage, the interpapillary layer (IPL) is intimately connected through a series of two- to threecell thick epithelial channels and typically encircled by six or seven epithelial cells (Fig. 1.2C)
(Baratz and Farbman, 1975; Byrd et al., 2016). Over the course of a few days (E15.5E17.5), the IPL increases in cell thickness, and the depth of the IPL increases; however, the
preceding placode patterning remains intact.
As the IPL layer develops, mitoses begin to be restricted to the basally positioned
OESCs—a process that likely share similar epithelial-mesenchymal signaling mechanisms
seen in other morphogenetic events such as intestinal crypt-villus (Shyer et al., 2015),
mammary gland (Rodilla et al., 2015), and palatal rugae development (Sohn et al., 2011b;
Welsh and O'Brien, 2009a). The final event for filiform papilla development is keratinization
and polarization of the papillary layer (PL) (Byrd et al., 2016; Cameron, 1966; Cane and
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Spearman, 1969). While the IPL continues its refinement, superficial keratinized scales
appear which develop into a bulge of epithelial cells by E17.5 in the posterior tongue (Fig.
1.2D). These spines (totaling ~7000 in mice (Wang et al., 2016b)) elongate in an
anteroposterior direction to form early spines that continue to develop—along with the other
taste papillae—postnatally (Fig. 1.2E,F) (Barlow, 2015; Barlow and Klein, 2015; Cameron,
1966; Cane and Spearman, 1969; Hume and Potten, 1976; Mistretta and Kumari, 2017).

1.3

Oral Epithelial Development: Structure, Function, and Regulation

1.3.1

Oral Epithelial Specification and Periderm Formation

i.

Oral Epithelial Specification
After the cranial ectoderm forms, it exists as a single layer of cells that will eventually

migrate and differentiate into the nervous system, IFE, and OE (Benitah and Frye, 2012).
Between 5-6wks/E9.5-10.5, this single layer of oral ectoderm becomes committed to an
epithelial fate, at which point they can be referred to as basal keratinocytes, or more simply,
basal cells. Surprisingly, little is known about this epithelial specification process due to few
studies separating the mesoderm from ectoderm and analyzing each uniquely; however,
some recent work has transcriptionally profiled the facial prominences and utilized careful
techniques to profile the ectoderm separately from mesenchyme (Brunskill et al., 2014;
Buchtová et al., 2010; Feng et al., 2009; Hooper et al., 2017; Potter and Potter, 2015). The
end goal of this specification is generate progenitors responsible for producing a mature OE,
including a proliferative basal layer (stratum basale), spinous layer (stratum spinosum),
granular layer (stratum granulosum), and, if present, the most differentiated and protective
cornified layer (stratum corneum) (Jones and Klein, 2013; Presland and Dale, 2000)
It has been shown that these newly specified skin keratinocytes and also the
underlying mesenchyme act cooperatively to secrete specific elements of the extracellular
matrix that will become the basement membrane (Marinkovich et al., 1993; Smola et al.,
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1998). Similar to the IFE, the OE and underlying CNCCs/mesenchyme are in constant
crosstalk, where the ectoderm both provides and receives instructive cues (Squier and
Kremer, 2001; Van Otterloo et al., 2016; Winning and Townsend, 2000). These newly
formed IFE and OE basal layers consist of highly proliferative, cuboidal basal cells, which
begin to express simple keratin intermediate filaments in humans (KRT8, KRT18, and
KRT19) (Pelissier et al., 1992).
ii.

Periderm Formation
The first event in OE stratification begins around 5wks/E10 with the formation of a

transient suprabasal layer called periderm, which in mice uniquely expresses Keratin 7/17
(Krt7, Krt17); however, simple epithelial Keratins 8/18 (Krt8, Krt8) are restricted to periderm
in later OE development (see Fig. 1.3) (Byrd et al., 2016; Hammond et al., 2017; Holbrook
and Odland, 1975; M'Boneko and Merker, 1988). Periderm serves to prevent premature
adhesions as the mouse epithelia develop but must also be removed to allow the palatal
shelves to adhere during secondary palatogenesis (10-12wks/E13.5-E15.5) (Richardson et
al., 2014), a process which has been reported to be under the control of TGFβ3 (Richardson
et al., 2017). Periderm formation has been shown to occur through cooperative actions of
Ghrl3, Jag2 Irf6, Sfn, and Ripk4, among others; however, each of listed genes are
downstream direct targets of master epithelial transcription factor, p63 (TP63 in humans
/Trp63 in mice) (Hammond et al., 2017). Additionally, p63-/- (null) mice are lacking periderm
(Richardson et al., 2017), suggesting a crucial role for p63 in periderm morphogenesis. In
other epithelia, this layer persists until about 20-24wks/E17.5 and continues to prevent
premature adhesions among epithelia in close contact with one another, a potentially
common occurrence during OE development (Byrd et al., 2016; Hammond et al., 2017).
Though some periderm is likely sloughed off during the normal course of late-stage OE
development (Hammond et al., 2017; Pelissier et al., 1992), there is recent evidence that
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some periderm may also contribute to the terminally differentiated layers (Akiyama et al.,
1999; Richardson et al., 2014)
iii.

Early Oral Epithelial Stratification and Differentiation
Already by 10wks/E13.5, epithelial-mesenchymal interactions lead to the emergence

of secondary morphological features, including the palatal rugae (Economou et al., 2013)
and dorsal tongue papilla placodes (Barlow, 2015). It also during this time that differences
begin to appear between the lining and masticatory OE, specifically in the organization of
collagen in the lamina propria, OE stratification, and differential keratin expression
(Schroeder, 1991; Winning and Townsend, 2000). By the time the human embryo is
10wks/E14.5-15.5), multilayered OE are clearly present, but spinous layer keratins aren’t
evident until—at the earliest—13wks in humans (Pelissier et al., 1992; Rao et al., 2014;
Winning and Townsend, 2000). Interestingly, this suggests that in humans, OE stratification
is decoupled from differentiation, (i.e. stratification is earlier than expression of masticatory
spinous layer KRT1/KRT10, markers of the first events of “true” OE differentiation in these
tissues (Pelissier et al., 1992). This is also an observation I made in mouse OE
development, and one that is not observed for IFE (Byrd et al., 2016). The proliferative and
differentiative processes that regulate OE development are the subject of my 2016
Development paper, discussed further in Chapter 2 (Byrd et al., 2016).
These observations identify the most dynamic window of human OE development as
occurring between 10-24 weeks, which is both relatively earlier and slightly longer compared
to the to timeline in mice (E13-18; 19 total days) (Byrd et al., 2016). Though obvious
differences exist, there are also shared features between IFE and OE development, such as
developing from a single layer of specified ectoderm and continuing to build a mature
stratified epithelia expressing mature granular layer markers such as Filaggrin by 28 weeks
(Winning and Townsend, 2000). Through the coordination of cell-cell adhesions, cellextracellular matrix focal contacts, and apical-basal cell polarization, the OE and the IFE are
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organized into a stratified epithelium where the closest layer to the basement membrane is
the least differentiated (basal layer or stratum basale), and in health is the only proliferating
layer. Thus, this basal layer is responsible for generating all of the post-mitotic suprabasal
cells that progress outwardly to a spinous layer, a granular layer, and finally, if fully
keratinized, a layer of densely keratinized corneocytes or “squames” (Fuchs, 1995; Presland
and Dale, 2000). This process continues until just before birth (Byrd et al., 2016) (Fig. 1.3A).
1.3.2

Keratins in Oral Epithelia: Development, Maintenance, and Disease
During OE development (and throughout life), OE are renewed without interruption,

requiring a tight balance of proliferation and differentiated cell turnover. To do this requires
an incredibly regulated—and regionally tailored—environment that will allow for basal cells
to continue making new cells while the spinous, granular, and/or cornified cells continue to
migrate outwards (Fuchs and Nowak, 2008). The corneal layer presents as a first line of
defense to the outer environment in IFE and masticatory OE, but even its presentation in OE
is diversely displayed (Presland and Dale, 2000). For example, even within the broad
grouping of masticatory OE, the hard palate epithelia is orthokeratinized, meaning the
corneal layer is lacking nuclei like IFE; however, the gingival epithelia present as
parakeratinized, meaning the corneal layer retains nuclei (Winning and Townsend, 2000).
The majority of work on OE development comes from mice, which—distinct from
humans—do not present with any non-keratinized OE (Jones and Klein, 2013). There exists
a wide diversity of OE keratin expression patterns in the animal kingdom; however, among a
sampling of animals, the most closely related mammals that express keratins resembling
lining and masticatory OE in humans are pigs, dogs, and non-human primates (Barrett et al.,
1998; Sa et al., 2016).
i.

OE Cells: Keratinocytes, Langerhans Cells, Merkel Cells, and Melanocytes
The building blocks of OE, from basal to cornified layers, are keratinocytes, which

contain the diverse group of 10-nm intermediate filament proteins called keratins (Presland
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and Dale, 2000; Winning and Townsend, 2000). Keratins are theorized to have played a
major role in the aquatic-to-terrestrial evolutionary transition based on the diverse role in
structurally supporting appendages as diverse as hair, feather, horns, and nails (Sun et al.,
2017). OE also contain other non-keratinocyte populations; however, as a group, they are
not thought to contribute directly to the renewal of IFE or OE (Feller et al., 2014; Haeberle
and Lumpkin, 2008; Righi et al., 2006; Upadhyay et al., 2013b). Non-keratinocytes include
1) melanocytes (neural crest-derived (Barrett and Scully, 1994; Feller et al., 2014)), 2)
Merkel cells (epithelially-derived (Morrison et al., 2009; Van Keymeulen et al., 2009; Woo et
al., 2010)), and 3) Langerhans cells (myeloid- and lymphoid-derived; (Upadhyay et al.,
2013b)). These cells are known to have important roles in oral pigmentation (Feller et al.,
2014), mechanotransduction (Righi et al., 2006), and adaptive immunity (Upadhyay et al.,
2013b), respectively.
Non-keratinocytes only comprise an estimated 10% of all IFE cells (reviewed
individually elsewhere (Clausen and Potten, 1990; Feller et al., 2014; Mahomed, 2010;
Upadhyay et al., 2013a; van Konijnenburg and Mucida, 2017)). The population percentages
of non-keratinocytes in OE are underreported, especially in the unique OE niches.
Melanocytes have been reported to comprise between ~5-10% of OE cells (Barrett and
Scully, 1994); Langerhans cells, only 2-4% (Upadhyay et al., 2013b), both of which appear
to be in similar rates to IFE (Yamaguchi et al., 2007). However, Merkel cells appear to be in
relatively higher concentrated in OE—especially in areas of higher masticatory stress such
as the hard palate, gingiva, and buccal mucosa (Barrett et al., 2000; Haeberle and Lumpkin,
2008)—as compared to IFE (Fradette et al., 2003). This trend is not confined just to
humans/mice and has been reported in salamanders (Toyoshima et al., 1999), goats
(Halata et al., 1999) and primates (Halata and Baumann, 1999) as well. Whether Merkel
cells serve additional roles, for example in OE wound healing (Righi et al., 2006), is still
being investigated. For reference, I am just beginning to explore these concepts and report
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on palatal innervation and its relationship to OE stem cell kinetics in Chapter 3 of this
dissertation (Fig. 3.12,13).
ii.

OE Keratins: Development and Maintenance
As evidence of their structural importance in epithelia, keratins proteins form as

much as 85% of a cornified layer cell in skin (Fuchs, 1995). There are at least 54 human
keratins, of which half are exclusively found in ectodermal appendages such as hair follicles.
Non-“hair” keratins are generally grouped into two major families: type I (acidic—keratins 920) and type II (neutral/basic—keratins 1-8). Nearly all of these genes are found in two gene
clusters located on chromosome 17q21 (type I Keratins) and 12q13 (type II keratins) in
humans (Moll et al., 2008). To perform their structural function alongside actin filaments and
microtubules in the cytoskeleton, keratins form obligate, α-helical coiled-coil heterodimers—
generally matching a type I and type II keratins in parallel N-to-C-terminal orientation—
before polymerizing into 20,000-mers to form an intermediate filament (IF) (Fuchs, 1995).
Along with actin filaments (microfilaments) and microtubules, IFs form the cytoskeleton of
the cell (Fuchs, 1995; Smith, 2003; Toivola et al., 2015).
Over the course of development, IFE and OE display various combinations of type II
keratins (KRT1-KRT8) and type I keratins (KRT10-KRT19). In the humans, simple epithelia
express KRT8/KRT18/KRT19 (Moll et al., 1982; Porter and Lane, 2003), and after OE
specification, these are the first keratins to be expressed before stratification and
differentiation (Pelissier et al., 1992). However, as the first suprabasal cells become
transient periderm in mice, they express Krt7/Krt8/Krt17/Krt18 (Akiyama et al., 1999;
Hammond et al., 2017; Richardson et al., 2014). Early in human development, KRT5/KRT14
heterodimers replace the simple keratins (Krt8/Krt18/Krt19) (Fig. 1.3A) (Pelissier et al.,
1992). In both masticatory and lining OE, KRT8/KRT19 weaken suprabasally by
16wks/E15.5, and KRT18 expression is no longer evident outside the periderm by
23wks/E17.5 (Fig. 1.3B, C) (Pelissier et al., 1992).
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Developmentally, the only observed difference in masticatory and lining mucosa is
that masticatory OE express KRT1/KRT10 expression by the 11wks/E15.5 (Fig. 1.3B)
(Pelissier et al., 1992). These timelines follow in the masticatory-like OE of mice where
differentiation occurs in a stepwise fashion between E14.5-E16.5, often stratifying before
differentiating (Krt1/Krt10 expression (Fig. 1.3C) (Byrd et al., 2016). This suggests that
masticatory OE identity in humans is already specified by the 11wks/E15.5 of OE
development, months/days before the first masticatory stresses will be encountered.
KRT1/KRT10 pairs, for reasons that are unknown, are rarely expressed in lining mucosa,
which express KRT4/KRT13 heterodimers suprabasally; however, KRT1/KRT10 mRNAs are
often expressed in much of the lining OE in healthy adults (Bloor et al., 1998; Pelissier et al.,
1992). This observation suggests a potential regulatory mechanism of KRT1/KRT10
expression through post-transcriptional or post-translational regulation (i.e. RNAi).
In mice, other keratins have been detected in early oral ectoderm (E10.5-E12.5),
including Krt6a and Krt15 by E12.5 (Hooper et al., 2017). Notably, at E9.5 near areas of
rapid mesenchymal development, Krt5/Krt14 can be detected in IFE, suggesting a role for
mesenchyme in surface ectoderm specification (Byrne et al., 1994). However, in a series of
papers published by Carolyn Byrne using basal keratin transgenic reporters (Krt5-βgal) and
in situ hybridization in combination with dye exclusion assays, IFE and OE maturation was
shown to occur regionally and then to spread superiorly/ventrally and anteriorly/laterally in
IFE and OE, respectively (Byrne et al., 1994; Hardman et al., 1998; Marshall et al., 2000).
What controls this “wave of differentiation” in in the embryo is still unclear.
In adults, OE display a significant heterogeneity in keratin expression compared to
IFE. Although theoretically any type I and type II keratin can interact to form a heterodimer,
in practice, stereotypical interactions are often found in vivo. For example, OE and IFE
maintain expression of basal layer pair, keratin 5 and keratin 14 (KRT5/KRT14). However,
as was observed in development, KRT1/KRT10 is a common spinous layer pairing in IFE,
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but is specific to the masticatory OE (Fig. 1.4A) (Byrd et al., 2016; Fuchs, 1995; Moll et al.,
2008). Lining OE appears more like the esophageal epithelium because both frequently
displaying KRT4/KRT13 heterodimers in their suprabasal cells in health (Squier and Kremer,
2001). Additionally, 1) KRT6/KRT16 (Berglund et al., 2008; McLean et al., 2011; Ponten et
al., 2008) and 2) KRT19 are observed in OE as well (Presland and Dale, 2000). These
keratins have been reported to play unique roles in wound healing (Wojcik et al., 2001) and
to serve as an OESC marker, respectively (Jones and Klein, 2013)
Adding to this OE complexity are the gingival epithelia, which develop postnatally
due to tooth eruption and include 1) the junctional epithelia (tooth-associated), 2) gingival
margin, 3) attached gingival epithelia, and 4) alveolar mucosal epithelia. From toothassociated outward, these masticatory OE present with every keratin pairing seen in the
mouth (KRT5/KRT14, KRT1/KRT10, and KRT4/KRT13—but also KRT6/KRT16 and
KRT8/KRT18 pairs as well (Fig. 1.4B) (Mackenzie et al., 1991; Salonen et al., 1989). It is
tempting to speculate that under specific conditions such as wound healing on in certain
disease states that OE could display atypical pairs that might serve an as of yet described
significance (Mackenzie et al., 1991).
iii.

Differentiation of Suprabasal Cells into a Cornified Layer
In the differentiating suprabasal cells of the granular and cornified layers, additional

proteins are expressed that serve to package keratins into progressively tighter bundles for
protection. One of these proteins is filaggrin, a filament associated protein secreted as a
precursor (profilaggrin) in the granular layer, which is enzymatically cleaved and modified to
produce a mature filaggrin molecule capable of directly aggregating keratins in more
terminal differentiated layers (Brown and McLean, 2012; Presland and Dale, 2000).
Masticatory OE display a mechanically protective cornified layer, but these OE are also
constantly coated with saliva in health and are known to present with various masticatory
and lining OE permeabiities (Squier, 1991). Contrastingly, the cornified layer is critical in
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IFE, where protection from water loss is a key function of the terminal layers (Tsuruta et al.,
2002). IFE and masticatory OE cornified envelope include filaggrin (FLG) involucrin (IVL),
loricrin (LOR), trichohylalin (TCHH), small proline-rich family members (represented by the
SPRR genes), cystatin A (CSTA), and the large family of late cornified envelope (LCE
genes), among others. Few of these, except for IVL, are present in the lining OE (Fig. 1.4AC) (Steinert and Marekov, 1995).
No known OE diseases have been demonstrated to be directly associated with the
loss of cornified envelope proteins; however, recent reports have associated FLG mutations
with aberrant allergic responses and thus make it possible that some OE-associated
immunoreactive diseases could be connected to undiscovered alterations to OE
granular/cornified layer proteins (Brown and McLean, 2012; Candi et al., 2005; Kezic and
Jakasa, 2016). IFE diseases associated with or directly from alterations in filaggrin include
ichthyiosis vulgaris and atopic eczema. This is surprising because filaggrin is expressed in
the masticatory OE (Brown and McLean, 2012; De Benedetto et al., 2008). How the OE are
able to maintain their renewal and integrity, despite alterations in expressed structural
elements is an important area for future investigation.
iv.

Specialized Keratinization of the Filiform Papillae
Strikingly, specialized filiform papillae display characteristics of both lining and

masticatory OE, including Krt5/Krt14 co-expression in the basal layer (Dale et al., 1990;
Lindberg and Rheinwald, 1990). However, the papillae of the anterior dorsal tongue—which
contains both filiform and fungiform papillae—display unique keratinization patterns in their
terminal layers due to only regional papillary cornification. The posterior wall and tips of the
filiform papillae in addition to the mushroom-shaped tops of the fungiform papillae are fully
cornified and KRT1/KRT10 positive. Alternatively, the anterior filiform papillae and the
interpapillary epithelia (IPE) resemble lining OE by lacking cornification and expressing
KRT4/KRT13 suprabasally (Coslet and Cohen, 1967; Listgarten, 1971; McFall and Kraus,
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1963; Pelissier et al., 1992). The filiform papillae function in some way like dorsal tongue
“hairs”, another concept explored in my 2016 Development paper (Byrd et al., 2016). They
even express poorly understood “hair” keratins, such as Krt36 and Krt84 (type I and II “hair”
keratins, respectively (Schweizer et al., 2006; Xu et al., 2017)). These keratins are lost in
recent Wnt10a-associated mouse models of ectodermal dysplasia that also reported
differentiation defects (Xu et al., 2017), so they may be associated with normal terminal
differentiation of the filiform papillae. How the tongue achieves this unique keratin patterning
is poorly understood.
v.

Regulation of Keratinization in Stratified Epithelia
Regulation of IFE/OE keratins is known to involve transcription factors of the MAPK,

AP-1 (junB, cfos, fosB) and AP-2 protein families (Eckert et al., 1997; Eckert et al., 2003;
Fuchs, 1995). Specifically, AP-2 binding sites are frequently found within the promoters of
many IFE expressed genes and AP2 mRNA expression precedes the expression of
Krt5/Krt14 in developing IFE and OE by about a day in mice (Byrne et al., 1994; RedemannFibi et al., 1991; Smeyne et al., 1992; Wilkinson et al., 1989). A “master regulator of
stratified epithelia”, the transcription factor p63 (Trp63 in mice and Tp63 in humans), has
been shown to bind a Krt14 functional enhancer also bound by AP-1, AP-2, Ets, and
Sp1/Sp3 transcription factors (Romano et al., 2007). p63 is also expressed before the
simple keratin to Krt5/Krt14 transition, and p63-/- mice fail to stratify or to express Krt5/Krt14
before early lethality (Mills et al., 1999; Romano et al., 2006, 2007; Sinha et al., 2000; Sinha
and Fuchs, 2001; Yang et al., 1999). Other reported IFE keratin regulators, whether direct or
indirect, include the Wnt pathway (Xu et al., 2017), Irf6/Ripk4 (Kwa et al., 2014; Richardson
et al., 2006), and Notch pathway components, among others (Blanpain et al., 2006; Kayserili
et al., 2009; Nguyen et al., 2006; Tadeu and Horsley, 2013).
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vi.

Skin and Oral Keratinopathies
Keratin-associated diseases, sometimes called “keratinopathies,” can be caused

frequently by autosomal dominant mutations in almost all of the type I or type II keratins and
can affect both IFE and OE, simultaneously or specifically, depending on the keratin
affected and the specific mutation (Porter and Lane, 2003). Due to the clinical presentation
of these keratinopathies, which has been thoroughly reviewed previously (Bale and
DiGiovanna, 1997; Porter and Lane, 2003; Rao et al., 2014; Smith, 2003; Toivola et al.,
2015), it has been revealed there are obvious differences even in the structure and potential
redundant function of some structural proteins of the IFE and OE (Fig. 1.4A-C). Currently,
among the known keratinopathies, OE are only affected by mutations in basal keratin pairs
(KRT5/KRT14, KRT6/KRT16) and a lining OE suprabasal keratin pair (KRT4/KRT13) (Fig.
1.4D) (Presland and Dale, 2000; Rao et al., 2014; Toivola et al., 2015)
Mutations in the prevalent IFE and OE basal keratin pair KRT5/KRT14 are known to
cause the debilitating epidermolysis bullosa simplex (EBS) in IFE, of which there are many
subtypes and variable clinical presentations (Coulombe and Lee, 2012). Interestingly,
however, KRT5/KRT14 mutations only cause clinically-relevant phenotypes in OE in the
most severe form EBS-Dowling-Meara type (DM-EBS), which present with OE lesions that
heal without scarring in the early stages of life (Moll et al., 2008; Presland and Dale, 2000;
Presland and Jurevic, 2002). Most of the mutations that cause the EBS-DM subtype occur in
the highly conserved N-terminal end of the rod domains (α-helical initiation and termination
peptides) of KRT5/KRT14, whereas the IFE-specific EBS mutations (i.e. of the Köbner or
Weber-Cockayne EBS subtypes) typically occur in the subterminal or even central rod
domains of KRT5/KRT14 (Csikos et al., 2004; Porter and Lane, 2003). These EBS variants
(Köbner, now termed “generalized” and Weber-Cockayne, “localized”) display clinical
phenotypes that widely vary from mild to severe in IFE (Coulombe and Lee, 2012).
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Depending on the mutation, KRT5/KRT14 intermediate filaments may be sparse or—
in the worst cases—completely absent. However, it has been reported in autosomal
recessive (AR)-EBS, which only occurs from KRT14 mutations (Hovnanian et al., 1993),
KRT5/KRT15 heterodimers can form in affected IFE, suggesting a compensatory
mechanism for KRT14 loss in vivo (Jonkman et al., 1996). This pair was not as abundant
due to a less prevalent KRT5 expression overall, which may account for the clinical
phenotype; however, this KRT5/KRT15 pair may also display limited potential to
compensate for the strength of the missing KRT5/KRT14 pair (Jonkman et al., 1996). If 9
expression is able to compensate, its expression in OE is may partially explain the less
severe OE phenotypes between IFE and OE in patients afflicted by EBS.
Other differences in keratinopathies also are observed, such as basal keratin
mutations in KRT6 or KRT16, which cause pachyonychia congenita in palmoplantar skin
and OE, but mutations in KRT7 and KRT17 result in disease only in palmoplantar skin
(McLean et al., 2011). Alternatively, mutations in KRT4 or KRT13 can cause white sponge
nevus, a benign hyperplastic condition affecting only the lining OE and esophageal
epithelium (Chiu et al., 2007; Presland and Dale, 2000). Human mutations in KRT1/KRT10
(and KRT9) can cause epidermolytic palmoplantar keratoderma (PPK), which, as the name
suggests, grossly affects palmoplantar skin alone; however, this is surprising, given that the
KRT1/KRT10 pair is the most prevalent suprabasal pair in masticatory OE (Toivola et al.,
2015). There are no known IFE and OE keratinopathies involving KRT8, KRT18, or KRT76,
however, mutations in KRT8 are suspected to be a risk factor for chronic and acute liver
disease as well as primary biliary cirrhosis (Fig. 1.4D) (Rao et al., 2014; Toivola et al., 2015).
Further genetic mapping and protein analysis of these and other patient’s OE, IFE,
and palmoplantar skin may reveal important structural/functional information about potential
redundant heterodimerization between other type I/II keratins and KRT6A or KRT15, both of
which are present in OE. While most keratins have been genetically altered in mouse
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models, even recreating OE white sponge nevus by Krt4-/- knockout in mice, few studies
have taken the approach of illuminating more about the unique keratin biology between IFE
and OE in these models (Porter and Lane, 2003; Presland and Dale, 2000).
1.3.3

Cell-Matrix Adhesions in OE: Focal Adhesions and Hemidesmosomes
During development and maintenance, IFE and OE basal layer cells must adhere

tightly to the underlying basement membrane and also to the cells of the suprabasal layers
(Schöck and Perrimon, 2002). To achieve this, basal OE are both intimately connected to 1)
the basement membrane (cell-matrix adhesions) and 2) basal and suprabasal layers (cellcell adhesions) (Sumigray and Lechler, 2015). Once established, the constant remodeling of
cell-matrix/cell-cell junctions is required to shed cells from the terminal epithelial layer to
make room for the newly generated progeny migrating from (Fuchs and Nowak, 2008). This
is further complicated by the cell shape changes that occur as keratinocytes as they
differentiate from the basal layer, transitioning from small columnar/cuboidal basal cells to
progressively wider and flatter suprabasal cells (Schöck and Perrimon, 2002), all of which
cell-cell adhesions somehow accommodate. How these dynamic processes occur in the
highly proliferative OE is poorly studied.
Broadly, cell-matrix adhesions include 1) focal adhesions and 2) hemidesmosomes,
and cell-cell junctions include 1) desmosomes, 2) adherens junctions, and 3) tight junctions
(TJs), the latter of which are expressed in suprabasal cells (Sumigray and Lechler, 2015).
Both laterally (at desmosomal cell-cell adhesions) and/or basally (at integrin-based cellmatrix adhesions), these domains also serve to link keratins to the membrane (Desai et al.,
2009; Tsuruta et al., 2011). Considering the variety of keratins in OE, one could also
hypothesize the need for a heterogeneous array of cell-cell and cell-matrix proteins may be
necessary to functionally link the various cytoskeletal elements in OE to the cortex, and
.there is some evidence of this in adult palatal epithelium (see Fig. 3.2C)
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Recent work has focused on the multifunctional role of cell-cell and cell-matrix
adhesions; for this work I will primarily focus on what is known in the mouse IFE and OE
basal cells, including 1) integrin- and laminin-associated cell-matrix adhesions and 2) cellcell junctional desmosomes and cadherin-catenin complex adherens junctions (AJs).
Understanding cell-cell and cell-matrix adhesions is becoming increasing pertinent due to
their potential role in influencing basal cell integrity and signaling in a variety of contexts and
model systems; this has been reviewed elsewhere (Brown, 2000; Hynes and Zhao, 2000;
Miller et al., 2013).
i.

The Role of Cell-Matrix Adhesions in Oral Epithelia
Cell-matrix adhesions occur at the growth factor-rich basement membrane (BM), an

interface that allows the overlying basal epithelial cells to connect and communicate with the
underlying mesenchyme (dermis in IFE; lamina propria in OE). Here, signaling is dynamic,
going both ways during development and in homeostasis (Fuchs and Nowak, 2008; Schöck
and Perrimon, 2002). This interface is populated by various adhesion complexes, which
broadly include 1) focal adhesions (FAs, also called focal contacts) and 2)
hemidesmosomes. Both FAs and hemidesmosomes anchor basal keratinocytes to the BM
via integrin-mediated adhesion to extracellular matrix (ECM) molecules, primarily laminins
and collagens. FAs function, indirectly or directly, to transmit mechanical force and signals
between the matrix and the actin cytoskeleton, while hemidesmosomes link to the keratin
intermediate filament cytoskeleton (Watt and Fujiwara, 2011).
FAs and hemidesmosomes often engage distinct complexes of integrins and
laminins (Tsuruta et al., 2011; Watt and Fujiwara, 2011). For example, FAs of the IFE
involve a core of α3β1 integrin, laminin-511/laminin-332 and the transmembrane collagen
XIII, while hemidesmosomes involve α6β4 integrin, laminin-332 (laminin-5) and collagen
XVII (McMillan et al., 2003; Watt and Fujiwara, 2011). Discrete integrin pairs are also found
in distinct regions of the OE, including αvβ6, an integrin often associated with pathological

25

conditions such as wound healing, inflammation and cancer, but which is expressed in
healthy gingival epithelium (Larjava et al., 2011). FAs also contain many actin-binding
proteins such as talin, vinculin, paxillin and kindlins. The latter is of particular interest
because mutations in kindlin-1 (FERMT1) cause Kindler syndrome, a rare skin-blistering
disorder with oral manifestations such as early-onset periodontitis (Wiebe et al., 2008).
Hemidesmosomes, which are located on the inner part of the cell’s cortical basal
domain (cell-facing lamina lucida and the lamina propria-facing lamina densa), play an
unique role from FAs by connecting keratin intermediate filaments to the basal cell
membrane (McMillan et al., 2003; Tsuruta et al., 2011). The core components of OE
hemidesmosomes include 1) transmembrane integrin family members comprised of α and β
subunits (α3β1, α6β4), 2) tetraspanin family members such as CD151 that are thought to
interact with integrins, and 3) collagen family members (collagen XVIII and BP180/BPAG2),
which provide the hemidesmosome direct anchorage to the oral lamina propria (Chen et al.,
2009; Kolachala et al., 2007; McMillan et al., 2003; Moharamzadeh et al., 2007; Pankov and
Yamada, 2002; Presland and Jurevic, 2002). In IFE, the α6β4 integrin pair provide the link
for association of Krt5/Krt14 intermediate filaments and hemidesmosomes; this keratinanchoring interaction occurs through the C-terminal tail of β4-integrin (Tsuruta et al., 2011;
Watt and Fujiwara, 2011).
There has been some evidence suggesting that masticatory OE contain longer rete
ridges that express higher amounts of α3, α6, β1, and β4 as compared to lining OE and that
in masticatory mucosa, which in agreement with previous reports about the direct
relationship of force application and the increase in focal adhesions (Riveline et al., 2001;
Sa et al., 2017). These OE masticatory and lining basement membranes have also been
reported to include other αβ subunits, including α2β1, α9β1, and αvβ5 (Fig. 1.5A-C)
(Häkkinen et al., 2000; Larjava et al., 2011).

26

ii.

Oral Epithelial Diseases: Cell-Matrix Adhesions
Interestingly, due to the indirect interactions between keratins and

hemidesmosomes, IFE-associated epidermolysis bullosa (EB) subtypes have been
associated with disruption of cell-matrix adhesions. This includes for example alterations to
α3β1 integrin, which causes atresia-junctional epidermolysis bullosa; however, this EB
variants presents without OE involvement (Fig. 1.5A) (McMillan et al., 2003; Travis et al.,
1992). Other cell-adhesion EB variants with OE involvement include generalized atrophic
benign EB (linked to BP180), EB with pyloric atresia (α6β4), junctional EB (laminin 5), and
dystrophic EB (collagen VII) (McGrath et al., 1996; Olague-Marchan et al., 2000; Presland
and Jurevic, 2002; Pulkkinen et al., 1998; Wright et al., 1991; Wright et al., 1993).
There are also some acquired autoimmune diseases where autoantibodies are
directed at the various structural basement membrane components; these present with
“desquamation” phenotypes including ulcers after epithelial sloughing that affect OE and IFE
simultaneously or OE exclusively. These include 1) lichen planus/lichenoid lesions of either
autoimmune or reactive pathologic origin (autoantibodies against 180/200kDa proteins in
IFE and OE) (Ismail et al., 2007), 2) linear oral IgA disease (autoantibodies against BP180,
LAD-1, and other 200/280kDa proteins in OE and IFE), and 3) chronic ulcerative stomatitis
(autoantibodies against ΔNp63α in OE) (Feller et al., 2017) (Yih et al., 1998). Additionally,
two types of pemphigoid have been reported: 1) bullous pemphigoid (autoantibodies unique
to IFE; rarely in OE) (van Beek et al., 2017; Zillikens et al., 1997) and mucous membrane
pemphigoid (unique autoantibodies to OE) (Chan et al., 2002; Scully and Muzio, 2008).
However, there are some related diseases that affect IFE exclusively, and, like the observed
differences in skin versus oral keratinopathies, these variable phenotypes may provide
evidence of inherent differences between these tissues and may shed some light as to why
some proteins appear more important in one epithelium over another (Arduino, 2017;
O'regan et al., 2004; Solomon, 2008; Yih et al., 1998).
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1.3.4

Cell-Cell Adhesions in OE: Desmosomal and Classical Cadherins
Similar to the role of keratins, which impart strength to IFE and OE cells under from

their external environments, cell-cell adhesions provide the necessary structural “glue” in
between cells within and between epithelial layers. Cell-cell adhesions in IFE and OE basal
layers are primarily regulated by desmosomal and adherens junction (AJ) proteins;
suprabasal adhesions include these adhesions but also include another broad adhesion
class termed tight junction (TJ) proteins. AJs are populated by the calcium-dependent,
“classical” cadherins (E-cadherin, P-cadherin, T-cadherin) that act through homotypic
transmembranous interactions to bind adjacent cells extracellularly and also serve to link the
actin cytoskeleton to the lateral and apical membranes intracellularly. Desmosomes, like
hemidesmosomes, are intracellularly connected to the keratins, and contain some similar
intracellular players but are otherwise are molecularly distinct (Johnson et al., 2014).
Basal cells present with lateral and apical AJs and desmosomes; cell-matrix
adhesion proteins occupy the basal domain. In suprabasal layers, AJs, desmosomes are
expressed circumferentially—apical, lateral, and basal—and TJs are only found in the
outermost suprabasal layers (granular layer) (Furuse et al., 2002; Morita et al., 1998). Each
of these categories are widely reported to have canonical roles: AJs in basal/suprabasal cell
structure and physiology, desmosomes in mechanical strength, and suprabasal TJs in
regulating the bidirectional barrier in OE and which may contain unique players compared to
IFE due reported changes to the OE barrier by the oral microbiome (Groeger and Meyle,
2015). I will primarily focus on basal layer cell-cell adhesions for the purposes of this
Introduction and will not detail OE TJs, though admittedly not much is known.
Recently, cell-cell adhesions are recently being ascribed additional roles that have
become increasingly complex, relating to their potential roles in proliferation, stratification,
differentiation, regulation of cell shape through the cell cytoskeleton, and even roles in
mechanosensation/mechanotransduction and inflammation (Godsel et al., 2010; Kobielak
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and Boddupally, 2014; Schlüter et al., 2004; Sumigray et al., 2012; Sumigray and Lechler,
2015; Tinkle et al., 2004). Cell-cell adhesions have been best studied either in vitro or in
mouse IFE in vivo (Foote et al., 2013). Much of what has been found through in vivo as
compared to in vitro studies is that cell-cell adhesions are frequently functionally redundant
or compensatory, much like some of the phenotypes observed in the keratinopathies
(Sumigray et al., 2012). While it is convenient to categorically “bin” these molecules, it is
now understood that there is significant crosstalk between classes of adhesion molecules
(Sumigray and Lechler, 2015).
i.

The Role of Desmosomal Cadherins in Oral Epithelia
Functionally, desmosomes are thought to more tightly bind cells together, but they

have been suggested to exist in two states: adhesive and hyperadhesive, of which the latter
is thought to be “calcium-independent” (Garrod and Chidgey, 2008). The extracellular
desmosomal “core” consists of cadherin-like transmembrane receptors of the desmogleins
(Dsg1-4) and desmocollins (Dsc1-3) that can interact both homo- and hetero-typically in
trans. Intracellularly, the Dsg/Dsc intracellular domain binds to members of the desmosomal
“plaque”, which include the armadillo family protein plakoglobin (PG, also called γ-catenin,
encoded by Jup), plakophilins (Pkp1, Pkp2, Pkp3), and desmoplakin (Dsp) (Johnson et al.,
2014). Dsp anchors the plaque to keratin filaments, linking the cell-cell adhesions to the
cytoskeleton and thus providing a key part of the network responsible for cell-cell integrity
across the entire tissue (Fuchs and Nowak, 2008; Garrod and Chidgey, 2008; Johnson et
al., 2014). Though not discussed here, cornified tissues also express a modified
desmosome called corneodesmosomes comprised of Dsg1, Dsc1, envoplakin, periplakin,
and corneodesmosin in IFE (Johnson et al., 2014; Presland and Dale, 2000). There are also
tissue-specific desmosomal proteins, such as Perp—a p53/p63 target—that, when lost,
causes lethality as a result of blisters and hyperproliferation in IFE and OE (Ihrie et al., 2005;
Kong et al., 2013).
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As mentioned earlier, there are distinct keratin intermediate filaments expressed in
the OE basal layer in humans (KRT5, KRT14, KRT6A, KRT15, and KRT19), which may
uniquely heterodimerize and thus could potentially interact with an array of desmosomal
proteins, thought this hasn’t been clearly tested. Also like the keratins, desmosomal proteins
are uniquely distributed in the layers of the IFE and OE (Fig. 1.5); however, much more is
known about IFE desmosomes (Hartlieb et al., 2013). In developing mouse IFE, Dsg2
mRNA is expressed early (E12.5) and becomes restricted to suprabasal stages as the
tissue stratifies. Over the course of a few days until E16.5, Dsg1 and Dsc1/2/3 mRNA
expression follows; however, by E15.5, IFE is already enriched for Dsg1 and Dsc1/3. In
contrast, OE and lingual epithelia express Dsg1/3 and Dsc2/3, thus distinguished from IFE
by its lack of Dsc1 and higher levels of expression of Dsg3 (King et al., 1997). In adult IFE,
desmosomal proteins Dsp, Pkp3, and PG are expressed in every layer, yet, basal cells
express Dsg2 exclusively, and Pkp2, Dsc2/3, and Dsg3 are expressed at their highest levels
in basal cells—decreasing in expression outward from the basal layer. Pkp1 and Dsg1 are
expressed at their highest levels in the stratum corneum and are minimally expressed in
basal IFE. The same is reported for Dsc1 and Dsg4; however, expression is in a gradient
outward, ending in the spinous or granular layer, respectively (Johnson et al., 2014).
Transcriptional regulation of desmosomal gene expression has been linked to
several familiar transcription factors (Sp1, AP-1/AP-2, NF-κB, p53/p63, Klf4/Klf5, Smads,
and canonical Wnt/Tcf/Lefs, and others, reviewed previously (Johnson et al., 2014)). The
breadth of their regulation in IFE and OE as well as their potential roles in cell signaling are
still being uncovered but suggest a tight level of control is necessary for cell-cell adhesion at
various stages of differentiation. For example, it is hypothesized that the regulation of
stronger or weaker adhesion between cells depends on the needs of the tissue. In wound
healing for example, migration would be favored, and this process may require weaker
desmosomal interactions to close the injury during the healing process (Garrod et al., 2005).
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Due to the increased wound healing efficiency in OE (both in time and decreased scarring),
it is hypothetically possible that direct regulation of desmosomes in OE—are at least in
part—contributes to this phenomenon.
ii.

Oral Epithelial Diseases: Desmosomes
In human OE, DSG3 is considered the primary Dsg and is expressed at high levels

in basal and suprabasal layers of masticatory and lining OE; however, DSG1 has also been
reported as well (Hooper et al., 2017; Presland and Dale, 2000; Shirakata et al., 1998).
DSC2 and DSC3 are abundant in basal/suprabasal cells of adult OE and are detected as
early E11.5/E12.5, respectively (Hooper et al., 2017; Ponten et al., 2008; Uhlen et al., 2010;
Yu et al., 2015). Pkp1 expression is also detected in early OE, and PKP3 also appears to be
expressed together with plakins in adult human OE (Berglund et al., 2008; Uhlen et al.,
2010; Yu et al., 2015). Patients with haploinsufficiency of DSG1 present with striate
palmoplantar keratoderma that includes hyperplasia only in palmoplantar skin (Rickman et
al., 1999). Dsc1-/- mice only display blistering in IFE and also demonstrate compensatory
DSG4 expression in the terminal IFE layers and in the hair follicle, though it is in unclear if
OE were examined (Chidgey et al., 2001; Kljuic et al., 2003). Remarkably, over-/misexpression of Dsg3 converts the corneal layer of IFE to morphologically resemble OE,
leading to fatal dehydration (Elias et al., 2001). This study provided some of the first
evidence of a tissue-specific role for Dsg3 may explain the permeability differences between
IFE and OE (Elias et al., 2001).
Close examination of pemphigus foliaceus and pemphigus vulgaris, a pair of
autoimmune epithelial blistering diseases that are associated with loss of Dsg function, best
illuminate these observed differences between IFE and OE (Kasperkiewicz et al., 2017).
Both diseases involve primary dysregulation of Dsg1 or Dsg3, respectively; however, even
in widespread pemphigus foliaceus, no mucosal involvement is observed. Pemphigus
vulgaris is primarily involved with mucosal surfaces, including severe blistering of OE;
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however, increasingly it is observed to present with dual autoantibodies against DSG1 and
DSG3 that likely explain why the disease can also present with IFE phenotypes as well
(Arduino, 2017; Kasperkiewicz et al., 2017; Shirakata et al., 1998; Yih et al., 1998). Dsg3-/mice display an OE blistering phenotype reminiscent of what is found in pemphigus vulgaris
in humans, and while feeding is difficult for these mice, they often survive to adulthood
(Koch et al., 1997; Lenox et al., 2000). It has been more challenging to generate a mouse
disease model of pemphigus foliaceus due to the fact that there are three Dsg1 genes in
mice (Dsg1a, Dsg1b, Dsg1c) (Kljuic and Christiano, 2003; Pulkkinen et al., 2003), compared
to one desmoglein (DSG1) in humans (Wang et al., 1994).
iii.

The Role of Classical Cadherins in Oral Epithelia
While desmosomes interact with the keratin cytoskeleton, the cell appears to have

adopted a less adhesive complex of cadherin family proteins to interact with the actin
cytoskeleton, known as adherens junctions (AJs). Interestingly, while playing important roles
in cell-cell adhesion, AJs can also participate in cell signaling (discussed later). Like
desmosomes, the extracellular portion of AJs is composed of transmembrane classical
cadherins, which form calcium-dependent homotypic trans interactions between neighboring
cells. While E-cadherin (Cdh1) is perhaps the best-known and studied cadherin, there are
over 20 cadherin family members, and at least four are expressed in IFE and OE (E-cad and
P-cad/Cdh3, R-cad/Cdh4 and T-cad/Cdh13).
All cadherins—with the notable exception of T-cad, which whose extracellular
domain is anchored to the plasma membrane by a GPI moiety—contain a transmembrane
region and cytoplasmic tail that mediates interactions with the actin cytoskeleton via three
catenins (α-catenin/Ctnna1, β-catenin/Ctnnb1, and p120/Ctnnd1) (Gumbiner, 2005; Yap et
al., 1997). The binding of α-catenin facilitates the interaction of E-cadherin indirectly with Factin, vinculin, α-actinin, and formin-1 (Gumbiner, 2005; Perez-Moreno and Fuchs, 2006).
Collectively, these AJ complexes, cell-matrix interactions, and actin work together to help
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polarize basal cells, such that there are basal, lateral, and apical domains with each cell that
asymmetrically organize proteins and organelles within the cell (Fuchs and Nowak, 2008).
Direct interactors of AJs include tyrosine kinases and serine kinases, Rho subfamily
GTPases, Arf GTPases, and Rap1 (Fukata and Kaibuchi, 2001; Hogan et al., 2004;
Palacios et al., 2002; Reynolds et al., 1994; Takeda et al., 1995). However, E-cadherin can
be indirectly regulated through epigenetic silencing of its promoter by methylation or by
binding of epithelial-mesenchymal transition (EMT) transcription factors (Twist, Snai1/2)
directly to the E-box within the E-cad/Cdh1 promoter to downregulate its expression
(Peinado et al., 2004; Thiery, 2002; Thiery et al., 2009). Cadherin-catenin AJ complexes can
also signal on their own through small GTPases, (such as Cdc42) to remodel the actin
cytoskeleton, but also can be regulated by these small GTPases as well (Harris and Tepass,
2010; Kovacs, 2003; Wheelock and Johnson, 2003). Interestingly, β-catenin is also
classically associated as a transcriptional coactivator in the important Wnt classical signaling
pathway, which has been associated with cell proliferation, cell polarity, and cell fate choices
during nearly every morphogenic process discussed so far in this Introduction (MacDonald
et al., 2009).
E-cadherin is part of the type 1 classical cadherin complex and is considered the
prototypic cadherin in epithelia; however, it also has a role in adhesion/compaction at the 8cell stage and later early roles in adhesion of newly specified ectoderm that are maintained
through adulthood in stratified epithelia (Harris and Tepass, 2010; Takeichi, 1988). Of note,
there have been comparatively few studies of if/how these adhesions are uniquely
structured in OE compared to the epidermis. During OE development, E-cadherin is
expressed early in basal/suprabasal cells (Byrd et al., 2016), a pattern which appears similar
in adult OE (see Fig. 3.2C). In IFE, there appear to be other cadherin family members
expressed, such as T-cadherin and P-cadherin, in various patterns and expression levels,
though their function has been best studied in hair and sebaceous glands (Fig. 1.5)

33

(Buechner et al., 2016; Devenport and Fuchs, 2008; Samuelov et al., 2015; Zhou et al.,
2002).
In human OE, it has also been shown that P-cadherin is robustly expressed, even in
development, and in databases such as the Human Protein Atlas, P-cad and T-cad have
both been shown to be expressed specifically in basal and IFE OE cells (Berglund et al.,
2008; Lenox et al., 2000; Ponten et al., 2008). This is in direct contrast to E-cad, which is
expressed between basal and early suprabasal cells in masticatory and lining OE (Berglund
et al., 2008; Downer and Speight, 1993; Lee et al., 2015; Ponten et al., 2008). P-cad and Ecadherin share relative high sequence homology and demonstrate functional redundancy
(Suzuki and Hirano, 2016; Tinkle et al., 2004); however, T-cad lacks the transmembrane
domain present in other classical cadherins, only attaching to the cell membrane through a
GPI (Glycosylphosphatidylinositol) moiety (Ciatto et al., 2010). p120-catenin appears to be
expressed in IFE and OE, though in human samples, it appears to be differentially
expressed in basal and suprabasal cells, depending on the antibody used (Ponten et al.,
2008; Uhlen et al., 2010). p120-catenin has been shown to regulate the amount of cortical
cadherin expression in IFE, and in knockout mice, there is less AJ protein expression at the
cortex but without barrier defects. Ultimately, these mice demonstrate aging-associated
increases in IFE inflammation, which may also be relevant in the pathophysiology of the
numerous and poorly understood oral mucosal inflammatory diseases in humans (PerezMoreno et al., 2006).
iv.

Oral Epithelial Diseases: Adherens Junctions
A few syndromes have been shown to be associated with E-cad and P-cad, each

without OE phenotypes though occasionally loss of E-cad expression has been associated
with cleft lip/cleft palate in humans (Frebourg et al., 2006; Kjær et al., 2005). Functional loss
of E-cad expression in mouse IFE has been shown to cause defects in hair folliculogenesis
and basal cell hyperproliferation; however, there has been no reported OE phenotypes

34

(Tinkle et al., 2004). P-cadherin (Cdh3-/-) and T-cadherin (Cdh13-/-) knockout mice are viable
and also present with no reported IFE or OE phenotype. Cdh3-/- mice do, however, display
hyperplastic mammary epithelia, which becomes dysplastic in older mice (Denzel et al.,
2010; Lenox et al., 2000; Radice et al., 1997). Using a double transgenic strategy that
targeted P-cad expression using RNAi and E-cad via knockout resulted in excessive
blistering—and even altered tight junction expression—which led to excessive transepithelial
water loss—resulted in perinatal lethality. However, while this study reported widespread
blistering of the paws, tail, and even around the mouth, no phenotype was reported in OE.
Notably, the published photographs taken of barrier assays appear to show differentiation
defects intraorally (Tinkle et al., 2004; Tinkle et al., 2008).
Considering the dynamic interplay of desmosomes and AJs, a study utilizing Dsg3-/;Cdh3-/- double knockout mice, demonstrated the OE blistering phenotype was worse than in
Dsg3-/- single mutants, resulting in serious feeding complications that led to malnutrition and
lethality around one week after birth (Koch et al., 1997; Lenox et al., 2000). This study
provides two important pieces of evidence for OE cell-cell adhesions: 1) there may be
synergistic interactions between desmosomes and AJs in OE and 2) there is likely a
functional role for P-cadherin in OE that cannot be fully compensated for by other cadherins.
This latter finding contrasts with IFE, where Cdh3 loss is tolerated, and Cdh1 loss leads to
compensatory upregulation of P-cad. These structural differences may help to explain some
of the observed differences in IFE and OE.
Finally, there also exists another transmembrane mechanism for cell-cell adhesions
in basal and suprabasal cells that include a class of immunoglobulin proteins called nectins
that bind directly to afadin, which itself is linked directly to actin, as well as indirectly via its
interaction with α-catenin (Takai et al., 2008). While little is known about the expression or
function of nectins/afadin in OE, it is interesting to note that mutations in two nectins,
NECTIN1 (PVRL1) (Sözen et al., 2001; Suzuki et al., 2000) and NECTIN4 (PVRL4) have
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been linked to human syndromes characterized by cleft lip/palate and ectodermal dysplasias
(Jelani et al., 2011; Raza et al., 2015), respectively. Other membranous associated proteins,
such as epithelial membrane protein (Emp1 and Emp2) have been detected in early oral
murine ectoderm, which is unexpected due to their novel role in regulating the junctions of
the blood brain barrier (Bangsow et al., 2008; Hooper et al., 2017). Outside the scope of my
work here, I recently co-authored a review1 on the role of cell-cell adhesions during
secondary palatogenesis that further illuminates what is known in OE outside of this review,
including an exhaustive list of known cell-cell adhesion mouse models and whether OE
phenotypes were observed (Lough et al., 2017).

1.4

Mechanisms Influencing Oral Epithelial Development and Maintenance

1.4.1

Regulatory Mechanisms of Oral Epithelial Morphogenesis
Currently, there have been few developmental genetic studies that have specifically

addressed OE stratification and differentiation. However, a recent focus across many of the
life sciences has been on compiling large databases of 1) tissue- and cell-specific RNA
sequencing, 2) genome-wide knockout screens, and 3) computational analyses to predict
gene regulatory networks (Bernadskaya and Christiaen, 2016; Breschi et al., 2016; Gerrard
et al., 2016; Liakath-Ali et al., 2014; Sennett et al., 2015; White et al., 2013). The application
of this type of approach can be seen, for example, in pan-cancer meta-analysis studies of
The Cancer Genome Atlas, which highlight the complex interplay of gene networks across
many cancer types (Cheng et al., 2017; Miller et al., 2015; Weinstein et al., 2013).
Additionally, collaborative databases such as the FaceBase consortium (Brinkley et
al., 2016), are working to compile multilayered and often tissue specific datasets in
zebrafish, mice, and humans that they then are providing researchers. Understanding the
many shared features between IFE and OE as well as the ability to access much of this
information through publically deposited datasets (SRA Toolkit, Gene Expression Omnibus,
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others), there is a possibility to begin performing meta-analyses of IFE data and OE data
with the specific goal of looking for shared and unique pathways between IFE and OE
(Battle et al., 2017; Chiang et al., 2017; Hochheiser et al., 2011; Li et al., 2017a; Li et al.,
2017c).The application of this type of approach to OE development would likely reduce the
labor-intensive single gene knockout studies currently available.
i.

Regulation of Oral Epithelia Development and Maintenance
Historically, much has been learned from knockout mice in IFE. To draw conclusions

from these types of studies for OE research is still a challenge, as many of these studies
either do not often examine/report their findings for OE. Many of the common gene
regulatory networks in IFE development include transcription factors and downstream
networks that I have frequently referenced in this Introduction (Bernadskaya and Christiaen,
2016). These include functional roles for Irf6 (IRF6, (Richardson et al., 2006)), p63 (TP63,
(Mills et al., 1999; Su et al., 2009; Yang et al., 1999)), and the Notch (Moriyama et al., 2008;
Tadeu and Horsley, 2013; Williams et al., 2011) and Wnt signaling pathways (Lim and
Nusse, 2013). Other poorly described but nonetheless interesting regulators include the Fox
family of transcription factors (Foxc1, (Bin et al., 2016)) and an understudied complex
consisting of keratinocyte differentiating-associated protein (KRTDAP), dermokine-α/β
(DMKN), and suprabasin (SBSN), all of which are located on chromosome 19q13.1 in
humans (Matsui et al., 2004; Oomizu et al., 2000).
While many emerging pathways have been described, the subtleties of their
phenotypic presentations are outside the scope of this work; however I will at least list
important studies for future investigation. These include: 1) EGF/R pathway proteins
(Her2/Erbb2, (Vassar and Fuchs, 1991)), 2) Tgf-α (Tgfa, (Dahlhoff et al., 2017)); 3)
serine/threonine phosphatases (Ppp2ca (Fang et al., 2016)), 4) beta-galactosidase binding
proteins (Lgals7, (Gendronneau et al., 2015)), 5) mitochondrial-associated proteins
(Gadd45gip1, (Shin et al., 2017)), 6) DNA repair pathway proteins (Ddb1, (Cang et al.,
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2007)); and 7) even the underlying mesenchyme (fibroblasts (Driskell et al., 2013)). Novel
differentiation modifiers include both epigenetic regulation (polycomb repressor complexes)
and lncRNAs, both of which potentially regulate whole genomic regions (Ezhkova et al.,
2009; Mulder et al., 2012). It is important to note that not all of these strategies utilized an
epithelial-specific strategy to query gene function; therefore, some of these IFE phenotypes
may have been the result of systemic effects not currently understood.
A related screen found IFE basal layer “dysmorphology” in a broad range of mutants:
1) a methyltransferase (Nsun2), 2) a transcriptional coactivator (Snip1), 3) endoplasmic
reticulum related proteins (Tmc6; Crebl1), 4) a cilia related protein (Rpgrip1l), 5) a multimer
scaffolding proteins (Wdr37), 6) a bZip transcription factor (Xbp1), 7) a small actin binding
protein (Pfn1), and 8) a cytokine receptor (Il22ra1) (Liakath-Ali et al., 2014). These studies
reported that many of the knockout mice displayed only mesenchymal and/or only hairrelated phenotypes and have not been included in this final list. This list already provides a
wealth of interesting targets for future studies in OE. However, some of these knockout mice
with mesenchymal or hair phenotypes may still be of interest in OE due to the possibility of
unique OE phenotypes that would have been missed in these initial publications
(DiTommaso et al., 2014; Liakath-Ali et al., 2014).
Already known OE regulators that are also shared with IFE include: 1) Irf6 (IRF6)
(Richardson et al., 2006), 2) p63 (TP63) (Mills et al., 1999; Yang et al., 1999), and 3) the
Wnt pathway (Yin et al., 2015). Other unique mechanisms of OE morphogenesis have yet to
be described, though recent work highlights specific upregulation of Wnt pathway (Wnt5a,
Wnt7a, Wnt7b, and Wnt10b), Egf/r, and Eda/r transcripts in E12.5 murine oral ectoderm
(Hooper et al., 2017). Interestingly, the referenced knockout screens in mice revealed new
roles in IFE for Krt76 (Krt2p), a keratin previously identified in human masticatory OE
(DiTommaso et al., 2014).
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ii.

Regulation of Filiform Papillae Development and Maintenance
Filiform papillae appear to be inherently proliferative, whereby a patient utilizing a

primarily soft diet, as seen after surgery, can develop overgrown filiform papillae (“hairy
tongue”) which demonstrate no pathological significance and are easily removed by
switching back to a normal diet or by using mechanical abrasion with commercially-available
“tongue cleaners” (Gurvits and Tan, 2014; Thompson and Kessler, 2010). Despite its highly
proliferative nature, the dorsal surface of the tongue rarely is the primary site of oral
squamous cell carcinoma, which may be due to its thick keratinization and/or unique
renewal mechanisms (Goldenberg et al., 2000). Understanding why this occurs is relevant
to cancer biology, but there has been minimal investigation into how these tissues are
structured compared to masticatory/lining OE or IFE. However, there appears to have been
comparatively more research conducted specifically in filiform papilla regulation compared to
masticatory/lining OE (Hume and Potten, 1979; Okubo et al., 2009a; Potten et al., 1978)
(Tanaka et al., 2013a).
Pathways involved in filiform papilla morphogenesis and maintenance include the
contribution of 1) homebox and paired box transcription factors, Hoxc13 (Hoxc13) and Pax9
(Pax9), respectively (Godwin and Capecchi, 1998; Jonker et al., 2004)), 2) a C2H2-type zinc
finger protein (Bcl11b, (Nishiguchi et al., 2016)), 3) the PI3K and PKA pathways (Jung et al.,
2017), 4) Fgf/r pathway proteins (Fgf10/Fgfr2b) (Sohn et al., 2011a)), 5) Ikkα/Irf6 (Chuk/Irf6)
(Kawasaki et al., 2016), 6) Notch (Li and Zhou, 2014), retinoic acid, and SHH signaling
pathways (Castillo et al., 2014; El Shahawy et al., 2017), 8) Tgfβ (Tgfb) (Li and Zhou, 2014),
9) Wnt pathway proteins (Liu et al., 2012a; Xu et al., 2017), and 10) even recently include
evidence of a maintenance role for the reserve intestinal stem cell marker Bmi1 (Tanaka et
al., 2013a). Much like the relevant comparisons between masticatory/lining OE and IFE,
comparisons between filiform papillae and other ectodermal appendages may shed light on
in vivo mechanisms of morphogenesis that are currently unclear. For example, tissue scale
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studies of hair follicle planar polarity proteins such as Fzd6 (Fzd6), Vangl2 (Vangl2), and
Celsr1 (Celsr1) have also shown analogous defects in the arrangement of filiform papillae
(Hua et al., 2014b; Wang et al., 2016b). These pathways, both shared and unique, also
provide a list of potentially interesting targets to study in IFE and masticatory/lining OE as
well.
1.4.2

The Discovery of Epithelial Cell Delamination
While many of these listed targets in OE and filiform papilla regulation from the

previous section are interesting and certainly promising targets for future investigation, these
lists should act more a reference than as a guide. The more fundamental question in OE
development and in adult OE maintenance is “How do OE cells balance the generation of
new OESCs while simultaneously influencing other cells to commit to a differentiated cell
fate?” Importantly, by in vivo monitoring (Rompolas et al., 2016), this cell fate choice to
differentiate in IFE (and by extension, OE) has been demonstrated to be “irreversible” in all
observed cells; however, dedifferentiation has been observed in vivo in intestinal epithelial
populations (pre-Paneth cells, pre-enteroendocrine, and enterocytes) previously assumed to
be “committed” progenitors of the GI tract (e Melo et al., 2017; Tetteh et al., 2016; Yan et al.,
2017). Thus, the possibility of “plasticity” shouldn’t be factored out completely in either IFE
or OE cell fate commitment to differentiation. Even with this inclusion, the equation remains:
In IFE/OE 1) “What to do with the new cells?” and 2) “What to do with the older ones?”.
What is remarkable about this question in the OE is that due to their rapid
proliferating, they inherently require a finely balanced coordination of mitosis, migration,
extrusion, and cell death. This is no less impressive, for example, when considering regional
“steady-state” differences of the OE throughout life —for example, the comparatively thin
floor of mouth OE remains thin as does the relatively the thick hard palate remains thick.
These regional differences are consistent between people and throughout life and thus
provide one piece of evidence of the tightly controlled mechanisms of OE regulation
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(Aegerter-Wilmsen et al., 2010; Farhadifar et al., 2007; Marinari et al., 2012b; Streichan et
al., 2014).
For over a century, it has been known that the lowest layer of cells divides to build
stratified epithelia; however, the exact mechanisms of this how process occurs are still being
investigated (Thuringer, 1928). It has been thought for many years that stratification is
driven by basal cell delamination—that is, detachment of basal cells from the underlying
basement membrane, and their subsequent replacement by basal layer mitoses from
neighboring cells. Using pioneering human cell culture techniques in the 1970s in the lab of
Howard Green (Rheinwald and Green, 1975), studies attempted to confirm the hypotheses
of delamination in vitro (Banks-Schlegel and Green, 1981; Rice and Green, 1979). These
studies led to the conclusion that “basal” monolayer cells exist in heterogeneous states of
differentiation marked by involucrin. These studies were possible due to changes in calcium
(Ca2+) concentration in the culture media, which kept cells in an undifferentiated state in low
Ca2+ media. Only upon shifting to high Ca2+ media was differentiation stimulated (Hennings
et al., 1980). In the skin field, we still use high/low Ca2+ media in labs today (Williams et al.,
2011; Williams et al., 2014) and from my own unpublished data on cultured OE cells, these
high/low Ca2+ media work for OE.
This technique allowed for an important study that showed the some “basal”
monolayer cells expressed involucrin, even in low Ca2+ media, an observation that is also
observed in vivo (Mascre et al., 2012; Watt and Green, 1982). It was also observed that
shifting the cells to high Ca2+ media caused many of the involucrin cells to be expelled from
the basal monolayer (Watt and Green, 1982). These observations were again extrapolated
to explain the way that cells stratify and differentiate in vivo—a phenomenon now
characterized by 1) the loss of focal adhesions and hemidesmosomes and 2) the migration
of basal cell toward the spinous layer—now termed delamination (Watt and Green, 1982;
Williams et al., 2014). This has now been demonstrated during IFE development (Williams
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et al., 2014) and in adult normal maintenance in vivo (Rompolas et al., 2016). Whether this
occurs and is important in developing or adult OE remains to be investigated, but I have
seen evidence of delamination in adult OE lineage tracing experiments in vivo (see Fig.
3.3A, left magnified panel).
1.4.3

The Connection Between Oriented Cell Divisions and Cell Fate
While there is now growing evidence that delamination does occur, the process itself

poses a problem for the tissue. Specifically, when a cell delaminates from the basal layer,
this leaves a newly vacant space where that cell once resided, but how does the epithelia fill
this space? While in the short term the gap can be filled by expansion of neighboring cells,
this is not sustainable. In the long term, compensatory proliferation must occur or the
epithelium would ulcerate/blister due to lack of renewal. Thus, one model of adult
maintenance would assume that a nearby basal cell would orient its mitotic spindle laterally
(planar) along the basement membrane, where the newest daughter cell would now occupy
the vacant space (Janes and Watt, 2006; Watt, 2014). This, however, leads to an interesting
question: “What is the differentiation state of this new basal daughter cell?” For example, if
one daughter cell retains the ability to divide again (more stem cell-like) and the other begins
to express involucrin, then these cells display unique cell fates and thus the compensatory
division was “asymmetric” (Chen et al., 2016a; Gönczy, 2008; Knoblich, 2008; Neumuller
and Knoblich, 2009). However, if both daughter cells retain an equivalent ability to divide
again, then the compensatory division was “symmetric”. In both cases, this division occurred
in the basal layer but the division vector (planar) and the cell fate were not necessarily
coupled.
Alternatively, divisions do occur where the daughter cell inadvertently enters the
spinous layer and proceeds to differentiate; however, the remaining basal cell is able to
divide—an asymmetric division. Here, the division vector (perpendicular) and cell fate
(asymmetric) are coupled. This is an intuitively simple and satisfying way to preserve
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homeostasis because each division event produces exactly one progenitor and one
differentiated cell, thus maintaining a constant pool of progenitors while producing the
committed differentiated cells to fuel the constant renewal. The concept that “cell division is
controlled not only in time, but also in orientation” was recently articulated by Bellaiche and
Morin (Morin and Bellaiche, 2011), and emphasizes that a simple change in division plane
can have important ramifications for fate outcomes.
i.

Discovery of Asymmetric and Symmetric Cell Divisions
Classically, an asymmetric cell division (ACD) requires that the produced daughter

cells directly adopt different fates (Jan and Jan, 1998). This concept is not new—ACDs have
been observed for at least 125 years. The earliest evidence of this comes from
observational studies of freshwater leech (D. picta), which regionally (asymmetrically)
divides their eggs into offspring; this study was followed up in sea squirts (Ascidiacea),
which demonstrated unique (asymmetric) cell specification, arising from pigmented areas of
the developing egg (Barta and Sawyer, 1990; Conklin, 1905; Whitman, 1878). The
phenomenon of mitotic asymmetry has been observed from bacteria to humans, while the
mechanisms that regulate spindle positioning have been shown to be both intrinsic and
extrinsic (Hawkins and Garriga, 1998). The earliest evidence that intrinsic factors can
influence division orientation was described by Oscar Hertwig in 1884, where he observed
that sea urchins align their mitotic spindles parallel to the long axis of the cell (now termed
“Hertwig’s Rule) (Hertwig, 1884; Minc et al., 2011). However, it was many more years before
some of the genes and molecules that control cell fate were uncovered (di Pietro et al.,
2016; Knoblich, 2008; Seldin and Macara, 2017).
Much of this progress has been made through forward genetic studies (e.g. genetic
screens) conducted in classic organisms that undergo ACDs. These include 1) bacteria
such as Proteobacteria (C. crescentus) and Firmicutes (B. subtilis), 2) budding yeast (S.
cerevisiae) and fission yeast (S. pombe), 3) roundworm (C. elegans), 4) fly (D.
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melanogaster), including the sensory organ precursor, neuroblast (neural precursor) and
ovarian germline stem cells (Horvitz and Herskowitz, 1992; Roegiers and Jan, 2004;
Shapiro and Losick, 1997). Perhaps most seminal was the identification of six “Partitioning
defective” genes (known as Par1-6), lead to defects in the ACD of the C. elegans one-cell
embryo when mutated (Kemphues et al., 1988). Additional studies primarily in Drosophila
neuroblasts recovered additional genes, revealing an evolutionarily conserved pathway that
regulates spindle orientation. More recently, in mice (M. musculus), a number of
stem/progenitor populations have been observed to undergo ACDs that utilize some of
these same pathways (Knoblich, 2008), including T-cells, muscle satellite (stem) cells,
hematopoietic stem cells, and more recently, epithelia (Byrd et al., 2016; Lechler and Fuchs,
2005; Williams et al., 2011; Williams et al., 2014). Other less “classical” systems to study
asymmetric cell division include green algae (Volvox), Cyanobacteria (Anabaena), and other
insects (i.e. grasshopper—S. americana) (Doe et al., 1985; Horvitz and Herskowitz, 1992;
Kuwada and Goodman, 1985).
ii.

Oriented Cell Divisions: A Historical Perspective
As a whole, these models have demonstrated division asymmetry to be a vital and

evolutionarily conserved process necessary for development and for maintenance.
However, as stated 25 years ago in the classic 1992 review by Horvitz and Herskowitz,
“Although the fundamental basis of asymmetric cell division is not yet understood at a
mechanistic level…enough is known to establish that a variety of distinct mechanisms are
used to make sister cells different from each other (Horvitz and Herskowitz, 1992).” As a
field, we have, however, made significant progress towards understanding ACDs since this
review was written, particularly in vertebrates. However, these studies would not be possible
without the groundbreaking mechanistic work done in these other classical model systems
(reviewed (Gönczy, 2008; Hawkins and Garriga, 1998; Jan and Jan, 1998; Matsuzaki, 2000;
Roegiers and Jan, 2004)). For the rest of this work, I will focus on the connection of division
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(a)symmetry to the phenomenon of direction of cell division (termed “oriented cell division”,
OCDs) mainly in vertebrate epithelial model systems with an emphasis on IFE. Specifically, I
will focus on what is known about direct regulators—intrinsic core spindle orientation
complex (SOC) proteins—and indirect regulators—extrinsic factors such as cell-cell and cellmatrix adhesions and other “permissive” cues.
For almost a century, interest in how epithelia utilize mitosis to renew has resulted in
unique observations about the characteristics of basal layer mitoses. In studies by Thuringer
in 1924, in vivo observations of adult IFE basal layer cells arranging or “orienting” their
mitotic spindles parallel (planar) to the underlying basement membrane were reported,
though nothing was noted about divisions orienting perpendicular to the basement
membrane (Thuringer, 1924, 1928). For the next thirty years, as summarized by MarquesPereira and Leblond in 1965, the maintenance of renewing structures was theorized to
require “mitotic divisions of epithelial cells [that] are differential, that is, yield two different
daughter cells, one of which remains in the deeper layers to divide again, and another which
migrates towards the surface to differentiate and eventually be sloughed off (Marques‐
Pereira and Leblond, 1965).” This type of division had already been given a variety of
nonstandard names including “asymmetric”, “unequal”, and “bivalent” to produce “mixed
pairs” of cells (Cowdry, 1950; Marques‐Pereira and Leblond, 1965; Mercer, 1962;
Rolshoven, 1951). Using the language of the field today, Marques-Pereira and Leblond were
describing planar ODCs with asymmetric cell fates (Ichijo et al., 2017; Marques‐Pereira
and Leblond, 1965).
Much attention has also been given to a pair of important papers from I.H.M. Smart
in the early 1970s (Blanpain and Fuchs, 2009; Byrne et al., 1994; Koster and Roop, 2005;
Poulson and Lechler, 2010; Williams et al., 2011), which published evidence of OCDs in
developing IFE and adult esophageal epithelium (and later in olfactory and ependymal
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epithelia) including horizontal, oblique, and vertical division patterns (Smart, 1972, 1973;
Smart, 1970a, b, 1971). An important early abstract from the Smart lab was published in the
1967, which looked at over 100 oriented cell divisions in mouse embryonic bronchial,
tracheal, olfactory mucosal, and IFE (Doig and Smart, 1967). Remarkably, this pilot study
found that in developing skin, IFE basal cells presented with changes in their division plane
over the course of development (Doig and Smart, 1967), an observation that has been
demonstrated many time since in my work and in other’s (Byrd et al., 2016; Lechler and
Fuchs, 2005; Williams et al., 2014).
Perhaps the most important and oft-overlooked study is the aforementioned 1965
paper by Marques-Pereira and Leblond that actually provided the first evidence for both
delamination and oriented divisions in vivo. Using autoradiography techniques pioneered by
Leblond himself in 1946, this study provided evidence of delamination (termed “outgoing
pairs” and symmetric and asymmetric divisions (termed “basal pairs” and “mixed pairs”,
respectively) in adult esophageal epithelia (Marques‐Pereira and Leblond, 1965). This
study also suggested (see: Appendix 1, authored by N.J. Nadler) that planar divisions might
necessarily precede perpendicular divisions or delamination in adult the esophagus (Nadler,
1965). Another paper from Leblond that appears in 1966 appears to have further expounded
these results in the intestine and the testes (Leblond et al., 1966). Considering the current
forward progress of the field, these early studies by Smart and Leblond studies seem almost
prescient when one reflects on relative simplicity of their methodology. Collectively, this
important work from both Smart and Leblond evaluated a vast array of epithelia (intestine,
esophagus, bronchus, trachea, olfactory epithelia, and IFE), but unfortunately, none
addressed OCDs of the OE. This significant gap of knowledge is the main hypothesis that I
directly address in my 2016 Development paper (Byrd et al., 2016) and am continuing in
adult OE (Chapter 3).
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iii.

Oriented Cell Divisions in the Modern Molecular Era
Fifty years after these important papers demonstrated a role for cell labeling and

mathematical modeling techniques in basal layer cell fate (Leblond et al., 1966; Marques‐
Pereira and Leblond, 1965; Nadler, 1965), similar techniques—though modernized—are still
being used assay the role of oriented cell divisions in the IFE and OE (Clayton et al., 2007;
Mascre et al., 2012; Rompolas et al., 2016; Sada et al., 2016; Williams et al., 2014). With
genetic screens in Drosophila and C. elegans in the 1990s revealing many of the essential
genes controlling ACDs, studies in vertebrate systems soon followed. While early studies
conducted in brain demonstrated the first mechanisms of OCD and ACDs in mice in the
early 2000s (Chenn and McConnell, 1995; Falk et al., 2017; Haydar et al., 2003; Noctor et
al., 2004; Postiglione et al., 2011b; Sanada and Tsai, 2005a), since then, many studies
conducted in many other murine tissues—IFE (Byrd et al., 2016; Poulson and Lechler, 2010;
Williams et al., 2011; Williams et al., 2014), hair follicle (Niessen et al., 2013; Ouspenskaia
et al., 2016a; Seldin et al., 2016a), tooth (Li et al., 2016a; Pispa and Thesleff, 2003), retina
(Lacomme et al., 2016a), lung (El‐Hashash and Warburton, 2011), intestine (Bellis et al.,
2012; Fleming et al., 2009; Fleming et al., 2007; Morris et al., 2015), prostate (Wang et al.,
2014a), heart (Wu et al., 2010), and, mammary epithelia (Regan et al., 2013)—have
demonstrated a role for OCDs in development and/or maintenance.
In the context of stratified epithelia, a 1994 study by Byrne and Fuchs revisited
Smart’s observations from the 1970s, and briefly discussed changes in oriented cell
divisions during IFE development (Byrne et al., 1994). In 2000, work from the lab of Fiona
Watt published a brief report on perpendicular and planar OCDs in adult esophageal
epithelium (Seery and Watt, 2000). However, it was a 2005 study by Lechler and Fuchs that
provided the first proof of conservation of the spindle orientation pathway in vertebrates.
This study demonstrated that OCDs during IFE development changes as stratification
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commences, with parallel divisions predominating at E12.5 and perpendicular (asymmetric
stratifying) divisions occurring later, peaking at E16.5 (Lechler and Fuchs, 2005). This
paper, together with another paper from the Knoblich and Barres labs in retina (Žigman et
al., 2005), also identified the vertebrate homolog of Inscuteable (Insc), a critical spindle
orientation protein first identified in Drosophila (Schober et al., 1999), long thought to lack a
vertebrate homolog. Using a transgenic mouse expressing GFP-tagged Insc expressed in
the epidermis, it was shown that Insc and LGN (the vertebrate homolog of Drosophila Pins,
or Partner of Inscuteable, another critical spindle orientation protein (Parmentier et al.,
2000a; Schaefer et al., 2000; Yu et al., 2000) colocalize at the apical cortex in perpendicular
divisions (Lechler and Fuchs, 2005). Though providing no direct proof that the ACD
machinery is functionally required for proper orientation of divisions, this work did provide
strong evidence by demonstrating that OCDs are altered in several mouse mutants with
impaired epithelial architecture (Lechler and Fuchs, 2005). Specifically, 1) loss of focal
adhesion-associated β1-integrin, 2) the AJ protein α-catenin or 3) the master stratified
epithelial transcription factor p63 (but not hemidesmosomal β4-integrin or desmoplakin)—
led to “randomized” OCDs (Lechler and Fuchs, 2005).
From all reviewed evidence, this 2005 Lechler was also the first study to report on
the existence of OCDs in OE, claiming that in adult tongue epithelia, about 65% of divisions
were perpendicular, although no visual evidence of this was presented in this original study
(Lechler and Fuchs, 2005). However, in a later review by Nowak and Fuchs (Fuchs and
Nowak, 2008), a single image was published in their Figure 2A, showing a perpendicular
OCD (also noted as an ACD) in E15.5 WT tongue, which to my knowledge is the first
published account of OCDs in OE. More recently, a study using wholemounts of the
developing palate concluded that “passive” planar OCDs in the interrugae regions occurred
frequently in the plane of palate elongation. However the authors concluded that these
planar-polarized divisions were not the primary drivers of the palate elongation, instead
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arguing that the biased directionality of these divisions was a byproduct of “Hertwig’s rule”
(Hertwig, 1884), as the cells were more stretched along this axis (Economou et al., 2013).
While we are just beginning to understand how OCDs are regulated and how they regulate
stem/progenitor fate in OE, in the next chapter, I will outline my contributions to fill this
knowledge gap. In brief, my studies of the role of LGN in OE development suggests that
while some mechanisms are conserved between epidermis and OE, other OE tissues “play
by different rules.” In the next sections, I will first describe the major conserved players in
oriented cell divisions, and then discuss how the specific players involved in promoting
ACDs in mammalian stratified epithelia.
1.4.4

Assembly of the Spindle Orientation Complex

i.

Establishment of Apicobasal Polarity
The tightly controlled regulation of OCDs involves interdependent 1) membrane-

associated (basal, lateral, and apical), 2) microtubule (importantly: astral, but also spindleassociated), and 3) centrosomal complexes that regulate bipolar mitotic spindle assembly,
cleavage furrow localization, chromosome positioning, daughter cell size, and anaphase
force generation that are all required to couple cell fate and division orientation (Dudka and
Meraldi, 2017; Mukherjee et al., 2014). In cells undergoing an ACD, many of these
complexes are asymmetrically distributed within the cell, or have asymmetric activity. For
example, in Drosophila neuroblasts and epidermal basal cells, key complex members and
effectors, including Pins/LGN and Insc, localize to the apical cell cortex (Williams et al.,
2011; Williams et al., 2014).
While some proteins, including Pins/LGN and Insc, are recruited to the apical cell cortex
as cells enter mitosis, other proteins are already polarized at interphase. These interphase
polarity cues include: 1) the PAR polarity complex, (aPKCλ/ι (Prkci), Par6 (Pard6), and Par3
(Pard3)), and 2) heterotrimeric G proteins including, specifically Gαi (Gnai1-3) and Gαo
(Gnao1) (Goulas et al., 2012; Helfrich et al., 2007; Niessen et al., 2012; Niessen et al.,
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2013; Vorhagen and Niessen, 2014; Williams et al., 2014). Before mitosis, the PAR polarity
complex is subject to complex post-translational modifications that can affect which protein
enter and exit the apical protein complex. Par6 has been shown to directly regulate aPKC
whereas Par3 is thought to directly regulate aPKC but also participate in cell-cell adhesion
activity (Goldstein and Macara, 2007).
In Madin-Darby Canine Kidney (MDCK) cells, a complex containing aPKCλ (a conserved
serine/threonine kinase), bound to Par6 (scaffold protein) and Lethal(2) giant larvae (Lgl) are
apically localized, but Aurora A Kinase phosphorylation of Lgl displaces Par6 and allows
Par3 to enter (Knoblich, 2008). Based on work in other systems, this event is permissive for
a critical Notch regulator, Numb, to be phosphorylated and thus, moved to the basolateral
domain. This results in local Notch activation apically, and this asymmetry in Notch signaling
plays important roles in fate choices in both Drosophila sensory-organ precursor cells and
the murine epidermis (Goulas et al., 2012; Knoblich, 2010). Heterotrimeric G proteins of the
Ga and Go families are also frequently asymmetrically localized, and though the mechanisms
by which this occur remain poorly understood, they have been shown to be regulated by
non-canonical guanine nucleotide exchange factors such as Ric8A (Drosophila: Ric8) and
GTPase-activating protein RGS14 (Drosophila: Loco) (Byrd et al., 2016; Chishiki et al.,
2017; David et al., 2005; Hampoelz et al., 2005; Kask et al., 2015; Williams et al., 2014; Yu
et al., 2005).
ii.

Spindle Orientation Complex Assembly During Mitosis
Downstream of the PAR complex and heterotrimeric G proteins in mice are the

mitotically assembled, apical spindle orientation complex (SOC) proteins 1) Inscuteable
(Insc) and 2) Pins/LGN (Gpsm2 in mice), which functionally link the stable apical cortex to
the dynamic, mitotically-assembled astral microtubules (Du and Macara, 2004a; Du et al.,
2001; Parmentier et al., 2000b; Schaefer et al., 2000). Insc is recruited to the apical cortex
through N-terminal interactions with the PAR complex, specifically binding the C-terminus of
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Par3 (Mapelli and Gonzalez, 2012; Williams et al., 2014). The binding partner of Insc,
Pins/LGN is a hinge scaffolding protein that is arguably the most critical SOC protein
because it serves as the adapter molecule that links the cell cortex to the astral microtubules
of the mitotic spindle. LGN/Pins can exist in both an active “open” confirmation where it can
bind to apical polarity cues and spindle-associated proteins, and a closed “inactive”
confirmation where its N-terminal and C-terminal domains bind each other (Du and Macara,
2004b).
During mitosis, LGN is recruited to the apical cortex through its C-terminal GoLoco
motif interaction with G-proteins of the Gαi/Gαo family (Takayanagi et al., 2015; Yuzawa et
al., 2011b). Subsequently, the N-terminal TPR repeats of LGN and C-terminus of mInsc
directly interact (Culurgioni et al., 2011; Yuzawa et al., 2011a; Zhu et al., 2011). This
transient Par3-mInsc-LGN-Gαi3 quaternary complex is connected to the mitotic spindle at
metaphase through the binding of the N-terminal TPR repeats of LGN to NuMA, the latter of
which functionally interacts with astral microtubules bound to the motor proteins
dynein/dynactin (Fig. 1.6). Once formed, this Gαi3-LGN-NuMA-dynein/dynactin complex is
essential for generating the necessary force on the astral microtubules during
anaphase/telophase of mitosis, which orients the mitotic spindle perpendicularly along the
apicobasal axis (Mapelli and Gonzalez, 2012; Williams et al., 2011; Zhu et al., 2011). I have
observed that Par3 is expressed in E16.5 OESCs (unpublished) and I demonstrated
significant mitotic colocalization of LGN-Gαi3 in stratified OE; this colocalization is not as
consistent in dorsal tongue epithelia (see. Fig. 2.14) (Byrd et al., 2016)
Though Pins/LGN’s role in mitotic spindle orientation is evolutionarily conserved
across many systems, some recent studies have also begun to reveal potential interphase
functions for LGN/Insc. These include 1) neutrophil chemotaxis (Kamakura et al., 2013a), 2)
sprouting angiogenesis in endothelial cells (Conway et al., 2017), and 3) cochlear ear hair
polarization (Tarchini et al., 2013a). The latter is of particular interest because mutations in
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the human LGN gene GPSM2 cause Chudley-McCullough Syndrome (OMIM: 604213),
which includes deafness (Bhonker et al., 2016; Kamakura et al., 2013b; Mauriac et al.,
2017)
A number of other proteins have been identified that interact with LGN and could
affect either its localization or interaction with other binding partners, which will be discussed
in greater detail in Section 1.4.4.ii. These include the AJ and actin-binding protein afadin
(Canoe/Cno in Drosophila), the PDZ-domain containing adapter protein Discs large (Dlg),
Suppressor of APC domain containing protein (Sapcd2), the guanine nucleotide exchange
factor Ric8A, and the FERM and PDZ-domain containing proteins Frpmd1/4. The latter
interaction was first identified between Frmpd1 and the LGN homolog AGS3 by yeast twohybrid studies, and has been confirmed by both biochemical data and crystal structures (An
et al., 2008; Takayanagi et al., 2015; Yuzawa et al., 2011b). Given that FERM-domain
proteins are known to bind membrane-associated phosphoinositides as well as mediate
protein-protein interaction, I speculate that they may regulate the subcellular localization of
Pins/LGN/AGS3; however, the functional importance of these interactions is currently
unknown.
Structural studies have revealed the “Frmpd-LGN”, “mInsc-LGN” and the “LGNNuMA” interactions are not simultaneously possible (Carminati et al., 2016a; Culurgioni et
al., 2011; Takayanagi et al., 2015; Zhu et al., 2011). “Frmpd-LGN” has weaker affinity
compared to the “mInsc-LGN” interaction—logically, setting up a potentially passive transfer
of LGN to the cortex. Surprisingly, however, the “mInsc-LGN” affinity has been reported
have much higher affinity than “LGN-NuMA”, which suggests the need for a late
regulatory/enzymatic mechanism in order to dissociate LGN from Insc and to engage NuMA
(Culurgioni et al., 2011; Mauser and Prehoda, 2012; Yuzawa et al., 2011b).
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iii.

The Role of the Spindle Orientation Complex in IFE Development
A pair of elegant studies in IFE by Williams (my thesis advisor) showed how the SOC

acts in concert to directly promote perpendicular divisions (ACDs) during development
(Beronja et al., 2010a; Williams et al., 2011; Williams et al., 2014). This work also showed
that while delamination is important for early IFE development (higher prevalence in E13.5E15.5), perpendicular OCDs become the predominant method of differentiation in late-stage
embryogenesis (E15.5-E17.5) (Gord et al., 2014; Lechler and Fuchs, 2005; Williams et al.,
2011; Williams and Fuchs, 2013; Williams et al., 2014). Interestingly, there is currently some
evidence that once stratified epithelia are developed, most adult cells in the epidermis
undergo primarily planar divisions, suggesting that perpendicular asymmetric divisions may
be a peculiarity of IFE development, required only when the need to stratify rapidly is
greatest (Ichijo et al., 2017). However, just because a division is planar does not necessarily
mean it is symmetric, as Marques-Pereira and Leblond previously alluded (Marques‐
Pereira and Leblond, 1965; Williams and Fuchs, 2013). Such as division could still be
asymmetric so long as daughter cells differentially inherit fate determinants and adopt
distinct fates, and there is evidence that unequal Numb inheritance may underlie this
asymmetry (Clayton et al., 2007). Alternatively, the division itself could be symmetric, but
one or both basal daughters may later delaminate (Knoblich, 2008; Rompolas et al., 2016).
Alternatively, asymmetric cell divisions (ACDs), which are potentially an uncommon
event in adult IFE maintenance, result from a coupling of apical polarity cues with the
spindle orientation machinery (Niessen et al., 2013; Vorhagen and Niessen, 2014). It is also
assumed that lateral cues would recruit machinery for planar divisions, though it is also
theorized that planar divisions may exist in a “default state” in few/no apical polarity cues are
present. The role for intrinsic and extrinsic cues in relationship to delamination and/or OCDs
in adult epithelia is unclear but currently under investigation in a variety of tissues. For the
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rest of this introduction, I will mainly focus on mechanisms of OCDs in vertebrate epithelial
systems.
It has been shown that basal IFE apicobasal polarity—demonstrated by the unequal
distribution of subcellular molecules that act as intrinsic cues for signaling, migration, and
now OCDs—is tissue-wide and assembled in a mitosis-independent manner. Early data
suggest that the establishment of apicobasal polarity in IFE is preceded by the shift from
Krt8/Krt18 to Krt5/Krt14 as well as nascent cell-cell and cell-matrix adhesions (Baum and
Georgiou, 2011; Harris and Tepass, 2008). Interestingly, recent work is also associating
direct function for apicobasal polarity with cell-cell adhesions (including tight junctions), and
cytoskeletal elements, setting the stage for further elucidation of its potential roles in
inflammatory diseases or cancer (Huang and Muthuswamy, 2010; Niessen et al., 2013;
Thiery and Huang, 2005; Vorhagen and Niessen, 2014; Xue et al., 2013). By E14.5-15.5,
IFE basal cells undergoing a perpendicular division (typically an ACD), express these
polarity proteins along their apicolateral cortex (Mukherjee et al., 2014; Niessen et al., 2013;
Williams et al., 2011; Williams et al., 2014).
Due to the crucial linking of LGN between various arms of the apical polarity cues, it
is no surprise that loss of LGN has a detrimental effect on stratification and differentiation in
IFE. These defects are the result of abrogated perpendicular divisions in vivo.
Unsurprisingly, this LGN phenotype is recapitulated by knockdown of 1) p150glued (Dctn1),
which is a key component of the dynein/dynactin complex and both by knockdown of NuMA
(Numa1) (Williams et al., 2011) and in NuMA mutants unable to bind microtubules
NuMAΔMTBD (Seldin et al., 2016a). Worms and flies express Gαi protein homologues and are
known to interact with LGN homologues in these model systems in a similar way,
suggesting a well-conserved mechanism from invertebrates to mammals (Du and Macara,
2004b; Zhu et al., 2011). Knockouts of the worm and fly homologues (Gpr-1/2 and Pins,
respectively) display phenotypes similar to loss of LGN expression, suggesting no available
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compensatory mechanisms for this interaction. However, it should be noted that there is a
“telophase” rescue pathway in Drosophila neuroblasts mediated by the Dlg and the kinesin
Khc73, which realigns the division axis to the misplaced polarity cues, thus restoring normal
daughter fates despite an oblique division axis (Lancaster and Knoblich, 2012). It is unclear
whether vertebrates utilize a similar pathway, but in epidermis at least, LGN loss is sufficient
to lead to both errors in division orientation and cell fates.
While LGN and its downstream effectors NuMA and dynactin are absolutely required
for perpendicular divisions in the developing epidermis, analyses of the upstream binding
partners such as the PAR complex (aPKC, Insc, and Par3) reveal more subtle phenotypes.
Prkc1-/- (aPKC knockout) mice demonstrate ~20% increase in perpendicular OCDs in
embryonic (E16.5) and adult IFE, resulting in demonstrably thicker skin and altered HF stem
cell fate through loss of quiescent HF bulge stem cell populations (Niessen et al., 2013).
Regarding Insc, both Poulson & Lechler (2010) and Williams & Fuchs (2011) assessed the
consequence of overexpressing Insc in the developing epidermis (by transgenic and
lentiviral strategies), and found that this led to an increase in perpendicular divisions,
although the Lechler lab determined this was transient (Poulson and Lechler, 2010) while
the Williams lab concluded it was persistent (Williams et al., 2011). A later study from the
Williams lab showed that loss of Insc (either by conditional knockout or RNAi-mediated
knockdown) led to a “randomization” of division angles, marked by an increase in oblique
divisions. Knockout or knockdown of Par3 (Pard3) phenocopied loss of Insc during
development (Williams et al., 2014), but Par3-/- mice demonstrated no OCD phenotype in
adult IFE (Ali et al., 2016).
Analyses of the consequence of Gαi loss is complicated by the fact that mice have
three Gαi homologs. However, Gαi3 (Gnai3) appears to be the only one that is apically
polarized in basal epidermal keratinocytes, and its loss phenocopies deletion of the LGN
GoLoco motifs, which mediate its interaction with Gαi (Williams et al., 2014). RNAi
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knockdown of Gαi2 (Gnai2) demonstrated no obvious OCD phenotypes (Williams et al.,
2014), and while it is unknown whether Gαi1 plays a role in division orientation, the similarity
of the Gnai3 and LGNΔGoLoco phenotypes suggests that Gαi3 plays the major role in LGNmediated division orientation. Likewise, loss of the Par3-related protein Par3b/Par3L
(Pard3b) had no obvious phenotype on its own, and compound Pard3b;Pard3 mutants did
not show a more severe phenotype than loss of Par3 alone. These studies argue that the
fact that Gnai3 and Pard3 phenotypes are weaker than the LGN phenotype is unlikely to be
explained by potential redundancy from related family members. However, when mInsc and
Gαi3 expression were knocked down simultaneously, the division phenotypes resemble LGN
loss, suggesting a synergistic cooperation of the Par3-mInsc and the LGN-Gαi3 arms of this
complex (Williams et al., 2014).
To my knowledge, there have been no studies assessing the role or function of the
SOC in the OE. Bridging this immense knowledge gap is the focus of the research
presented in Chapter 2 of this dissertation (Byrd et al., 2016). While this work showed that
many of the same players are present in OE, and LGN loss in buccogingival and palatal
epithelium phenocopies LGN loss in the epidermis, LGN loss in dorsal tongue resulted in a
very different phenotype. While it is still unclear why LGN localizes differently in dorsal
tongue than other areas, it is possible that there may be unique upstream regulators
expressed in the OE. For example, recent work has found that in E12.5 OE both Gαi1
(Gnai1) and Par3b (Pard3b) are upregulated at the mRNA level in OE (Hooper et al., 2017).
1.4.5

Direct Regulation of the Spindle Orientation Complex

i.

Posttranslational Modifications
In other systems, regulation of the SOC has been shown to occur through post-

translation modifications by kinases. For example, during mitosis in Drosophila S2 cells
(Johnston et al., 2009a) and MDCK cysts (Hao et al., 2010b), aPKCλ/ι has been implicated
in the direct regulation of LGN through its phosphorylation at Ser401. This results in release
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of LGN from the SOC, facilitating its direct binding to 14-3-3 and then to guanylate kinaselike (GUK) domain of Dlg, subsequently promoting SCDs. To prepare for this interaction in
Drosophila epithelia, Lgl must be removed from the membrane by another kinase, Aurora A
(Bell et al., 2015). Also in Drosophila S2 cells, Aurora A was been shown to phosphorylate
LGN at Ser436 to facilitate this LGN-Dlg interaction (Johnston et al., 2009a). Abl1
(Matsumura et al., 2012) and Aurora A (Gallini et al., 2016) phosphorylate NuMA at its Nterminus, promoting its association during metaphase with the cortex, whereas Cdk1
stabilizes NuMA’s C-terminal associations with mitotic spindle poles (Kotak et al., 2013).
Another mitotic kinase, Polo-like kinase 1 (Plk1) has been demonstrated in HeLa cells to
regulate the dissociation of dynein/dynactin from NuMA (Kiyomitsu and Cheeseman, 2012).
Other post-translational regulatory mechanisms are being uncovered as well. For
example, Dishevelled (DVL1-3 in humans), a protein family that is classically involved in
canonical and non-canonical Wnt pathway signaling (Gao and Chen, 2010; Mlodzik, 2016),
also has been shown to interact with the SOC in planar divisions of SOP cells (Bellaïche et
al., 2004; Gho and Schweisguth, 1998; Segalen et al., 2010). A recent paper in HeLa cells
demonstrated how CYLD, a deubiquitinase and microtubule-associated protein that is
abundantly expressed in mitosis, can play a role in regulating astral microtubule extension to
the cortex and in deubiquitinating dishevelled to promote a dishevelled-NuMAdynein/dynactin complex (Yang et al., 2014). As we continue to learn more about the posttranslational regulation of the SOC, it will be relevant to consider whether if/how these
modifications function in the diverse OE and whether their activity could be targeted in
disease (i.e. kinase inhibitors (Kjær et al., 2013; Linch et al., 2013; Pillai et al., 2011); see
Chapter 4.4)
ii.

Competitive Binding for LGN and/or its Interactors
Intrinsic but indirect regulatory mechanisms of the SOC can occur through

competitive binding between LGN and other proteins to other apical polarity cues (Fig. 1.6).

57

Other regulatory mechanisms can occur through competitive binding for LGN directly, and
Sapcd2 has recently been demonstrated to compete with NuMA for LGN binding in the
retina. Sapcd2-/- randomized division orientation in cystogenesis and resulted in triple the
number of ACDs in vivo (Chiu et al., 2016b). Interestingly, Sapcd2 immunoprecipitation also
identified direct interactions with junctional and polarity proteins (Pals1, Patj, Mpdz, Tp53b2,
and Par3), suggesting a role for adhesion-based regulatory mechanisms in OCDs (Chiu et
al., 2016b). Further, emerging roles for the interaction of the lateral cortical domain with LGN
have recently being described. Firstly, dominant negative expression of E-cadherin in MDCK
cells caused changes to OCDs in MDCK cells, and secondly, LGN has been shown to
potentially interact with the cytoplasmic domain of E-cadherin and the membrane polarity
protein Discs large 1 (Dlg1). Dlg1 and another cortical polarity protein Scribbled have been
shown to disrupt OCDs in Drosophila imaginal wing disc (Nakajima et al., 2013). Afadin
(Mllt4; Drosophila: Canoe)—a protein involved with 1) cell-cell adhesion through nectins, 2)
tension modulation through binding to alpha-catenin and actin, 3) an identified role for Par3
regulation in flies—has recently been shown to competitively bind LGN at its TPR domains
(Carminati et al., 2016a; Takai et al., 2008; Yao et al., 2014).
Interestingly, Sapcd2 was shown to interact with another related GoLoco protein,
AGS3, which is a distant, homologous Pins protein that has been implicated in variety of
cellular processes: neutrophil chemotaxis (Kamakura et al., 2013a), addictive behavior
(Kalivas et al., 2005), and organization of the Golgi apparatus, autophagy (Blumer et al.,
2012; Takesono et al., 1999). LGN and AGS3 share a high percentage of sequence
homology in the TPR and GoLoco domains, and have been shown to share common
binding partners including NuMA, Insc, and Frmpd1 (An et al., 2008; Izaki et al., 2006; Pan
et al., 2013). However, TPR repeat 4, their N-termini, central linker region, and the spacer
regions between GoLoco motifs are more variable (Saadaoui et al., 2017a), suggesting that
they may also each possess unique interactors.
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One study from more than a decade ago provided evidence that AGS3 regulates
OCDs in the developing cerebral cortex (Sanada and Tsai, 2005a). However, a recent study
(Saadaoui et al., 2017b) rebutted this finding, suggesting that AGS3 does not possess
spindle orientation activity of its own. This conclusion was supported by the lack of
phenotype of AGS3 loss in the spinal cord, and a number of elegant structure-function
studies enlisting chimeras of LGN and AGS3. Nonetheless, our lab has shown that AGS3
knockdown in the developing IFE leads to an ~20% relative increase in perpendicular
divisions (Williams et al., 2011), similar to the Prkc1-/- (Niessen et al., 2013). Additional
unpublished studies in our lab have confirmed this finding and expanded upon it by showing
that AGS3 overexpression also increases planar divisions. This suggests a potential role for
AGS3 in regulating LGN activity, possibly by competing for binding to other LGN binding
partners (e.g., Fmpds, Gαi3, mInsc, NuMA) through its highly similar N-/C-termini.
1.4.6

Emerging Mechanisms of OCD Regulation

i.

Regulation at the Lateral Cell Membrane
The cell cortex plays roles in both cell shape and signaling. Cortical enrichment of

Caveolin-1 in interphase was shown to be predictive of mitotic recruitment of Gαi3-LGNNuMA and thus OCDs in HeLa cells (Matsumura et al., 2016). Tricellular basal cell junctions
(3D cellular contacts looking apical to basal) have revealed roles for junctions 1) to sense
tension through Rho family member Cdc42 in mice (Oda et al., 2014) and 2) to sense cell
shape and to orient the mitotic spindle within the plane through NuMA in Drosophila
epithelia (Bosveld et al., 2016). Small GTPase binding proteins, like Cdc42, Rac1, and their
serine-threonine kinase target Pak2, have demonstrated altered OCDs in HeLa cells
(Mitsushima et al., 2009). Semaphorin-plexin signaling, which occurs extracellularly but
signals intracellularly through Cdc42, has demonstrated a role for regulating OCDs in kidney
cysts (Xia et al., 2015).
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Another group of cortical proteins—both transmembranous non-canonical Wnt
pathway and non-classical cortical cadherins—have been implicated in organizing polarity
across the many tissues, including IFE and OE. For example, both the hair follicle and
filiform papilla have anteroposterior orientation, established at least in part by planar cell
polarity (PCP) pathway (Cetera et al., 2017; Devenport and Fuchs, 2008; Devenport et al.,
2011; Hua et al., 2014b; Wang et al., 2016b). Knockouts of key PCP genes (Fz6 and
Celsr1) were recently demonstrated to present with planar OCD defects in IFE during
development (Oozeer et al., 2017). Similarly, double mutants of Fz3;Fz6 (Hua et al., 2014a),
Celsr1-/- mice, and compound mutation of another family of core PCP gene Vangl1/Vangl2
led to filiform papillae “whorling” defects, a characteristic PCP phenotype (Wang et al.,
2016b). With the role many of these proteins play in intercellular adhesions, signaling, and
the intersection mechanosensation/transduction of force across the tissue plane, it will be
exciting to see the connection of more cortical/signaling proteins with the SOC/OCDs (Wang
et al., 2017).
ii.

Regulation at the Basal Cell Membrane
Often OCDs are assessed relative to a common extracellular marker, such as the

extracellular matrix, but these extracellular markers (often components of FAs and
hemidesmosomes) can influence OCDs as well. Recent work has shown a role for plastins
(specifically, T-plastin, Pls3) in OCDs during IFE development through basement membrane
assembly (Dor-On et al., 2017). Similarly, Lechler’s 2005 paper found a role for β1-integrin
(expressed in focal adhesions)—but interestingly not β4 (expressed basally in
hemidesmosomes)—in regulating OCDs in developing IFE. Another integrin-centric
publication involved integrin-dependent planar OCDs that were shown to regulated by
EB1/myosin-X in HeLa cells (Toyoshima and Nishida, 2007).
Further, recent work has connected α3-integrin (Itga3) to FAK-YAP-mTOR in
progenitors of the transit amplifying (TA) progenitor cells of the mouse incisor. Integrin-
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regulation of YAP/TAZ signaling, a critical components of the Hippo kinase pathway, has
been recently described to play an important role in tissue growth, progenitor regulation, and
wound healing in IFE (Elbediwy et al., 2016; Hu et al., 2017). Hippo kinase has also been
implicated in directly regulating Pins (LGN)-mediated OCDs in Drosophila (Dewey et al.,
2015). This is regulated by Hippo pathway member Warts, found on spindle poles near Mud
(NuMA) and has been demonstrated to phosphorylate Mud (Drosophila NuMA homolog) to
promote Mud functional interactions with Pins (Dewey et al., 2015). Warts has also been
shown to bind Insc and Par3 (Drosophila: Bazooka), and to phosphorylate Afadin (Canoe), a
necessary event for ACDs in Drosophila neuroblasts (Keder et al., 2015). Integrin-linked
kinase (Ilk) and α-parvin have also been shown to directly regulate dynactin (Dynactin-1/-2)
to control OCDs in intestinal epithelia, which are a simple epithelia that require strictly planar
divisions along the basement membrane (Morris et al., 2015).
Unsurprisingly, OCDs require the proper assembly and regulation of the actin
cytoskeleton; this has been shown to function through the extracellular matrix (Théry et al.,
2005) and LIM kinase (Kaji et al., 2008), among others. Recently, however, an RNAi screen
looking for regulators of spindle orientation via LGN-Gαi, found an interaction between the
actin (actin-capping protein ZB, Capzb) and cortical and microtubule pools of
dynein/dynactin (di Pietro et al., 2017). Another link to actin was shown in epidermal
knockouts of Serum response factor (Srf); Srf is a transcription factor that has well described
upstream roles in actin regulation and in cell-cell adhesions (Luxenburg et al., 2011). Srf
conditional knockout mice (cKOs; K14-cre;Srffl/fl) display altered OCDs and mis-localized
LGN expression in early stage mitotic cells (prometaphase to metaphase), though it is
unclear whether this is a primary defect, or secondary to the altered adhesion and polarity
evident in these mutants (Luxenburg et al., 2011). Recently, actin linkers (ezrin, radixin
moesin—ERMs) have also been shown to control OCDs through LGN-NuMA (Machicoane
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et al., 2014). Over time, many more cytoskeletal elements will likely prove critical for OCDs
in vivo.
iii.

Regulation to and from the Mitotic Spindle
Whether asymmetric or symmetric, the proper orientation of cell division requires

proper assembly of a bipolar spindle as well as organization and assembly of the
centrosomes. When Pericentrin, a protein that localizes to centrosomes to promote proper
spindle and centrosomal formation, is knocked out (Pctn-/-),, misoriented OCDs are observed
(Chen et al., 2014). There has been evidence that signals emanating from the attached
chromosomes themselves, such as the nuclear Ran-GTP gradient, are able to utilize the
nuclear localization sequence of NuMA to restrict the position of bound LGN:NuMA around
the cell cortex (Goshima et al., 2007; Kapoor, 2017; Kiyomitsu and Cheeseman, 2012).
Interestingly, Afadin (Canoe) has been shown to bind Ran-GTP, reportedly to release NuMA
(Mud) from the nucleus (Wee et al., 2011). Kinesin-14 XCTK2 is regulated by Ran-GTP
gradients during spindle assembly, and a tetrameric kinesin, Kif25, has been shown to
interact with the minus end of microtubules to promote proper spatiotemporal centrosome
separation (Weaver et al., 2015). When Kif25 is downregulated, the nucleus becomes
aberrantly localized near the cell cortex, leading to 1) premature chromosome separation; 2)
altered cortical positioning of LGN, NuMA, Plk1; and 3) misaligned Ran-GTP gradients,
which lead to changes in spindle orientation (Decarreau et al., 2017).
Aspm (Drosophila homologue Asp) is a microtubule-binding protein that has been
linked to microcephaly in humans (OMIM: 608716). Recent work 1) in the cerebral cortex
using AspmΔ (Δ=truncating mutation affecting C-terminal amino acids (Capecchi and
Pozner, 2015)) and 2) in cerebellums using Aspm-/- knockout (Williams et al., 2015)
demonstrated increased OCDs/ACDs, impaired progression through mitosis, changes to
differentiation, and an altered cell cycle kinetics. The Capecchi and Pozner study (2015),
however, found these phenotypes could be explained by alterations to G1 of the cell cycle.
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During mitosis, Aspm has been shown to recruit citron kinase (Cit) but also to directly
interact with spindle poles, centrosomes and also with the minus end of microtubules (Gai et
al., 2016). Whether the role of Aspm is dominantly acting to influence cell fates in interphase
or during mitosis remains to be determined, though admittedly, there is more evidence of a
direct role of ASPM directly in mitosis (Connolly et al., 2014; Fish et al., 2006; Jayaraman et
al., 2016).
Directly generating the force on astral microtubules, cytoplasmic populations of
dynein are relevant for the final stages of mitosis, but recently two populations of dynein
have been discovered in C. elegans: one that directly associates with LIN-5 (NuMA), and
the other that directly associated with microtubules plus ends. Other studies have grouped
cytoplasmic dynein into Light Intermediate Chain (LIC) populations, where the LIC2-dynein
interacts with 14-3-3ε-ζ and Par3 at the cortex, where it was show to regulate OCDs
(Mahale et al., 2016; Schmidt et al., 2017). Subpopulations of astral microtubules have also
been identified with assigned unique roles for controlling spindle orientation and SCDs
(Mora-Bermúdez et al., 2014). Other regulators of microtubule generation, kinetochores, and
mitotic progression are vast, including Augmin, Mad1, Mad2, Bub1, BubR1, Mps1, Rzz
complex, and Spindly –just to name a few (Chan et al., 2009; Hayward et al., 2014; Moudgil
et al., 2015). Whether mitotic spindles are an upstream or downstream event in OCD/cell
fate is an open question in the field.
iv.

Emerging Intrinsic and Extrinsic Mechanisms
Finally, over the past few years, there has been some work on characterizing unique

extrinsic spindle orientation mechanisms that deserve mention. At the cellular level, for
example, a study found that, while cells dynamically change their shapes during their
lifespan, previous cell shape (considered “memory”) can bias future division fate choices
(Akanuma et al., 2016). Another work described a spindle-centric pathway (independent of
polarity cues) in Drosophila neuroblasts that was able to localize the chromosomal
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passenger complex and the cleavage furrow independently, suggesting a potential rescue
mechanism exists in the case of SOC deregulation (Roth et al., 2015). Further, another
study found that differential size of spindles during mitosis (spindle size asymmetry), which
is guided by Wnt pathways, resulted in neuron production during vertebral corticogenesis in
the cell that received the larger spindles (Delaunay et al., 2014).
At the tissue level, in the Drosophila imaginal wing disc, cell death can act as an
extrinsic signal to alter division orientation without the requirement or involvement of
classical orientation signaling from planar cell polarity elements such as Fat/Dachsous (Kale
et al., 2016). Interestingly, another study combining 1) tissue morphology, 2) cell shape
analyses and 3) oriented cell divisions in zebrafish, concluded that these phenomenon
directly influenced one another (Xiong et al., 2014). Local environmental crowding
(sometimes referred to as “jamming” (Rübsam et al., 2017)) not only affects delamination,
but also results in changes to cell proliferation based on tissue requirements (Akanuma et
al., 2016; Marinari et al., 2012b).
1.4.7

The Role of the Spindle Orientation Complex: Summary
Finally, it is important to acknowledge that the SOC is not relevant in every system

and in every context. LGN has been demonstrated to be dispensable for normal function,
such as the Drosophila imaginal wing disc (Bergstralh et al., 2016), and I found it to be
dispensable for early hair follicle placode development (see Chapter 2, (Byrd et al., 2016)).
Remarkably, LGN-/- mice are viable (Konno et al., 2008a; Tarchini et al., 2013b), but
knocking down LGN in mice with shRNAs (via lentiviral RNAi (Williams et al., 2011)) results
in perinatal lethality due to water loss resulting from differentiation and stratification defects
(Williams et al., 2011). In mammalian IFE, it is hypothesized that compensatory
delamination occurs to adjust to the OCD defects as seen in flies (Bergstralh et al., 2015;
Marinari et al., 2012a), and this tissue-specific tolerance has been demonstrated in kidney
and neuroepithelial tissues as well (Ciruna et al., 2006; Packard et al., 2013). In the context
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of cerebral cortical development, loss of Insc in radial glial cells or neural stem cells
eliminated oblique/perpendicular divisions, whereas overexpression of Insc (or loss of LGN)
increased the proportion of oblique/perpendicular divisions (Falk et al., 2017; Konno et al.,
2008a). Yet another study reported that loss of LGN has no observable effect on retinal
development while increasing the proportion of SCDs outside the ventricular zone
(Lacomme et al., 2016b). Thus, it is clear that in the context of different tissues, these same
core SOC members can play distinct roles, likely influenced primarily by their subcellular
localization. From this review of the literature, it is clear that there is still much to learn about
how OCDs are regulated in a spatiotemporal (developmental vs. adult maintenance), tissuespecific, and spindle-dependent/-independent manner.

1.5

Summary and Specific Aims
My first aim (Chapter 2) was to establish the developmental timeline of stratification

and differentiation and to describe the role of OCDs, mediated through LGN, in the IFE, hair
follicle, keratinized OE, and specialized OE (filiform papillae) in mice. To do this, I utilized a
technique our lab has pioneered, using ultra high-titer lentivirus (LUGGIGE) to perform an
OE genetic studies in this case, focusing on using loss of function constructs (Beronja et al.,
2010b; Lough et al., 2017; Williams et al., 2011; Williams et al., 2014). Work from our lab in
IFE has demonstrated that division orientation is a conserved developmental mechanism
that, when perturbed by in utero lentiviral delivery of RNAi (LUGGIGE) against LGN, causes
unregulated division orientation, which favors oblique and symmetric divisions and ultimately
leads to defects in stratification and differentiation. It is my broad hypothesis that the
balance of division orientation is a key mechanism in oral epithelia development, a process
that I believe may be become unregulated in head and neck/oral squamous cell carcinoma
(HNSCC/OSCC), leading to an increased pool of cancer stem cells (CSCs) through
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symmetric cell fate expansion in the developing tumor microenvironment, correlating with
worse clinical outcomes.
My second aim (Chapter 3) was to assay adult OE basal cells, particularly searching
for basal layer heterogeneity in keratinization, proliferation, and OCDs. To do this, I focused
specifically on the hard palate in mice. I hypothesized that in OE, there may be at least two
stem/progenitor cell pools: a) those active during development and maintenance and b) a
reserve population, possibly utilizing the SOC upon activation from injury or stresses like
mastication (Barker, 2014b; Clevers, 2013; Gracz and Magness, 2014; Henning and von
Furstenberg, 2016; Tetteh et al., 2015). We know little about the active versus reserve
populations in the OE, though a few studies have found rare dividing cells in all the various
OE (Asaka et al., 2009; Bickenbach, 1981b). Label retaining cells (LRCs, which serve as a
marker for infrequently or rarely dividing cells) have been found in the OE (Bickenbach,
1981a; Bickenbach and Mackenzie, 1984; Huang et al., 2009; Mackenzie and Bickenbach,
1985), junctional epithelia (Willberg et al., 2006)4, tooth (Ishikawa et al., 2010; Juuri et al.,
2012), salivary glands (Kimoto et al., 2008; Kwak and Ghazizadeh, 2014), and soft palate
(Zhang et al., 2014a) in the few studies that have looked at them. However, many of these
studies use a pulse period dependent upon DNA replication (S-phase of cell cycle to
incorporate markers) and did not solely focus on basal cells where progenitors reside
(Asaka et al., 2009; Bickenbach, 1981b). It is important to note this hypothesis has been
controversial in IFE, with some studies suggesting that there are reserve stem cell niches
and others suggesting that all basal cells are active, having equipotent stemness potential.
These studies; however, were based on different promoters for tracing stem/progenitor
lineages (Clayton et al., 2007; Mascre et al., 2012). My approach was to find label-retaining
cells based on an unbiased genetic labeling (GFP) to specifically focus on the OE basal
progenitor population to assay whether these cells function as reserve stem cells. I also
believe that these cells may utilize unique division orientation/division symmetries compared
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to active cycling cells and will display OE OCD patterns much like C.P. Leblond observed in
adult esophageal epithelium (Marques‐Pereira and Leblond, 1965).
My third and final aim (Chapter 4) was to develop two novel mouse models of OSCC
using a chemical carcinogen (4NQO) and p53 gain-of-function (p53GOF) mice. These p53
missense mutations (p53R172H and p53R270H in mice, corresponding to p53R175H and p53R273H
in humans) were determined to serve neomorphic or “gain of function” roles as far back as
1993 (Dittmer et al., 1993). In this study, Dittmer et al. compared p53 “loss of function”
(p53LOF) to human p53GOF cancer cell lines (p53R175H, p53R248W, and p53R273H), discovering
growth advantage in these cells compared WT or p53LOF alleles (Dittmer et al., 1993). These
p53GOF missense mutations (p53R175, p53G245, p53R248, p53R273, and p53R282) have since been
discovered to be conserved across many cancers (Miller et al., 2015; Weinstein et al., 2013)
and have been validated in vivo as having additional properties, such as decreased tumor
latency in cancer models (Hanel et al., 2013; Lang et al., 2004; Xu et al., 2014). Using
publically-available database (cBioPortal (Cerami et al., 2012; Gao et al., 2013)), I have also
discovered that these 5 hotspot mutations are also conserved in HNSCC/OSCC (Agrawal et
al., 2011; Cancer Genome Atlas, 2015; Pickering et al., 2013; Stransky et al., 2011), and
together, they disproportionately account for ~15% of all HNSCC/OSCC cases in humans.
My approach was to cross constitutively active (K14-cre) mice with commercially
available LSL-p53GOF mice (LSL-p53R172H and LSL-p53R270H) to generate WT (WT or K14cre), p53GOF, and K14-cre;p53GOF (K14-p53GOF) cohorts. These six cohorts were exposed to
50ug/mL 4NQO for 8 weeks and visually inspected for the appearance of oral tumors. I
hypothesized that this model would demonstrate decreased oral tumor latency in both of our
K14-p53GOF compared to WT. If successful, this model will allow me to test my hypothesis
that oriented cell divisions contribute to tumorigenesis in vivo by 1) knocking out Insc
(mInscfl/fl), 2) conducting a p53GOF tumor growth modulation RNAi screen using pooled
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lentiviral constructs harbouring shRNAs against self-renewal and spindle orientation genes,
and 3) testing aPKCλ/ι (Prkci) inhibitors of the spindle orientation complex. These last
projects, especially the pooled RNAi screen, are my future directions that are attempting to
take the basic science discoveries outlined in Chapter 2 and Chapter 3 and to “translate”
them toward new discoveries in cancer biology.
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ENDNOTES
1

Though beyond the scope of this dissertation, I also participated in projects to

characterize the role of cell-cell adhesion proteins in palate closure and also have coauthored a review on this topic relevant to Chapter 1, Section 1.2.3.ii; see: (Lough et al.,
2017)).
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HARD PALATE

VENTRAL TONGUE

FILIFORM PAPILLA FLOOR OF MOUTH

Figure 1.1 | In humans, oral mucosal epithelia are incredibly diverse. Oral mucosal
epithelia (OE) are incredibly proliferative and share features from both skin (ectodermallyderived) and pharynx/esophagus (endodermally-derived). OE are broadly categorized into
three groups based on their keratinization profile: 1) Lining Mucosal Epithelia (lips, buccal,
ventral tongue, floor of the mouth, and vestibule), 2) Masticatory Mucosal Epithelia (gingiva
and hard palate), and 3) Specialized Mucosal Epithelia (the soft palate (taste papillae) and
the dorsal tongue (filiform papillae and taste papillae)). Each region displays unique
histologic features, proliferation rates, and differentiation statuses. OE are associated with
other epithelial-derived appendages/organs, such as the salivary glands and the teeth;
which are limitedly renewing in adults. In humans, lining OE do not present with a cornified
layer; however, in mice, each OE category presents with keratinization. Histologic images
are adapted from (Jones and Klein, 2013).
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Figure 1.2 | Filiform papillae develop from placodes in the dorsal tongue. (A,B) The
posterior 1/3 of the tongue (pars postsulcalis) originates from the endoderm; the anterior
tongue 2/3, from the ectoderm (pars presulcalis). The dorsal surface of the tongue is
covered by specialized epithelia that contain four types of papillae. Three of these are
considered taste papillae and include the 1) circumvallate papilla (CVP), a single papilla the
anterior/posterior tongue border, 2) foliate papillae (FLP), bilaterally and posteriorly
positioned, and 3) the more numerous fungiform papillae (FGP) of the anterior tongue. In
the anterior tongue, there also exist numerous tactile papilla called filiform papillae (FFP).
(C) In mice, FFP develop from specialized epithelial-mesenchymal units termed placodes ~2
days later than taste papillae development (6wks/E12.5). Examples of FFP indicated with
asterisks. FFP first remodel the placode between E14.5-16.5 to first develop the primitive
interpapillary layer (IPL). From E18.5 onward, the dorsal tongue develops the posteriorly
oriented, highly keratinized spines from the papillary layer (PL). (D,E) Scanning electron
microscope images of murine FFP at embryonic and adult stages. Note much larger FGP in
(E). Image (D) from my unpublished work and (E) adapted from (Iwasaki, 2002). (F) H&E
image (adapted from (Jones and Klein, 2013) of mature FFP, which leans posteriorly to
serve a protective function. Basally restricted progenitors reside in the IPL; terminally
differentiating cells reside in the PL. Scale: (C): 40µm.
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Figure 1.3 | Oral epithelial keratinization in lining and masticatory mucosal
development. (A) Oral epithelial stratification takes place over 18 weeks in humans and
over 6 days in mice. (B) Lining and masticatory OE arise from surface ectoderm that
resembles simple epithelia (KRT8, KRT18, KRT19). KRT14 and KRT5 heterodimers replace
simple epithelial keratins, of which KRT8 and KRT18 become restricted to periderm (P) as
OE begin to stratify. In both OE types, KRT8/KRT19 expression weakens suprabasally by
week 16; KRT18 expression is no longer evident outside the periderm by week 16.
Developmentally, the only observed difference in masticatory and lining mucosa is that, in
masticatory OE, KRT1 and KRT10 expression is observed weakly at the 11th week and
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strongly by the 13th week. Lining OE express KRT4/KRT13 pairs not observed in
masticatory OE. KRT1/KRT10 pairs are rarely expressed in lining mucosa; however, KRT1
and KRT10 mRNAs are often expressed in much of the lining OE in healthy adults,
suggesting either post-transcriptional or post-translational regulation of OE subtypes, even
during development. (C) These timelines follow in the masticatory-like OE of mice, where
differentiation occurs in a stepwise fashion between E14.5-E16.5, often stratifying (adding
cell layers) a day or two before differentiating (new cell layers expressing proteins uniquely
to those layers). “+” = protein expression detected; “+/-“ = weak protein expression; “-“ = no
protein expression detected. “P” = detected solely in periderm. White arrows in (C)
demonstrates differentiation gradient; the arrowhead marks the most differentiated part of
the OE (palate, Pal; VT, ventral tongue; buccogingival, BG). Dotted line with brackets in (C)
represent stratification, which dramatically changes in each tissue between E14.5 and
E16.5. Data and layout: (B) (Pelissier et al., 1992) and Data: (C) (Byrd et al., 2016). Scale in
(C): 50µm.

73

Figure 1.4 | Differential keratinization defines the unique function of and diseases of
human epithelia. (A-C) Keratins are differentially expressed in basal and suprabasal layers
in interfollicular epithelia (IFE/skin), masticatory oral epithelia, and lining oral epithelia.
Keratins are generally grouped into two major families: type I (acidic—keratins 9-20) and
type II (neutral/basic—keratins 1-8), which heterodimerize. A classic example is the K5/K14
pair expressed in basal cells of the IFE and OE. Both OE groups, however, have been
reported to expresses alternative keratins in basal layer epithelial cells, including
K6/K15/K19. The classic heterodimer pair for suprabasal cells is the K1/K10 heterodimer,
which is only seen in the masticatory grouping of OE. In humans, masticatory and lining oral
epithelia express K4/K13 and K6/K16, respectively. Proteins that aid in cornification such as
loricrin, involucrin, and filaggrin are found in the granular layer; however, the lining oral
epithelia are not fully cornified and have been reported to only express involucrin. (D) Clues
about keratin biology in unique organs and tissue niches can be found in the broad grouping
of diseases called “keratinopathies.” In (C) EBS = Epidermolysis bullosa simplex. Oral
keratinopathies are highlighted in red. Layout inspired in (A-C) by (Hsu et al., 2014) and
data from (D) (Rao et al., 2014; Toivola et al., 2015).
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Figure 1.5 | Differential expression of cell-cell and cell-matrix adhesions in IFE and
OE. (A) Interfollicular epidermis (IFE) expresses classical cadherin members E-cadherin in
both basal and suprabasal layers with specific expression of P-cadherin and T-cadherin in
basal layer cells. Desmosomal cadherins include Desmogleins (DSGs) and Desmocollins
(DSCs). In human IFE, DSG1 and DSC1/2/3 are expressed in basal and suprabasal cells.
Reports have found that a variety of integrins are expressed in IFE, including α3β1, α6β5,
α2β1, α9β1, and α6β4. (B,C) There have been few comparative studies of masticatory and
lining OE differences in adhesion proteins, but E-cadherin, P-cadherin, and T-cadherin
appear to be expressed in similar patterns as IFE. Differences between IFE and OE can be
seen in the desmosomal proteins. OE highly express DSG3 in basal and suprabasal cells
but also express DSG2 in basal cells and DSG1 in suprabasal cells. Currently, there is
evidence for DSC2/3 in basal/suprabasal compartments with no evidence for DSC1.
Reports have also found that a variety of integrins are expressed in OE, including α2β1,
α3β1, αvβ5, α9β1, and α6β4.
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Figure 1.6 | Regulation of oriented cell divisions. The regulation of perpendicular
oriented cell divisions (OCDs) mediated by the spindle orientation complex (SOC) as
described in developing epidermis. The SOC consists of 1) PAR polarity complex (not
shown: aPKC, Par3, and Par6, and 2) heterotrimeric G proteins (Gαi3), thought to be
regulated by Ric8. Notably, these proteins are present during interphase and mitosis,
serving as polarity cues for the apical cortex. Downstream of the PAR complex and
heterotrimeric G proteins are the mitotically assembled proteins Inscuteable (Insc) and LGN
(Gpsm2), which functionally link the stable apical cortex to the dynamic mitotic spindle.
Inscuteable (mInsc) is recruited to the apical cortex through N-terminal interactions with the
PAR complex, specifically binding Par3 in IFE (Mapelli and Gonzalez, 2012; Williams et al.,
2014). The binding partner of Insc, LGN is a hinge scaffolding protein that may be trafficked
to the apical cortex by Frmpd proteins (our hypothesis), but is known to bind cortical pools of
Gαi3 and Insc. LGN can also bind NuMA, which functionally interacts with astral
microtubules bound to the motor proteins dynein/dynactin (Dyn/Dctn). This newly formed
Gαi3-LGN-NuMA-dynein/dynactin complex generates the force to separate the daughter
cells perpendicularly to the basement membrane. How planar OCDs occur is currently
unclear, but there is emerging evidence for 1) posttranslational modifications on key
members of the SOC, 2) spindle-mediated regulation, 3) cell-cell and cell-matrix adhesion,
and 4) a role for competitive binding for LGN and/or its interactors, such as LGN homologue,
AGS3. Both cells are in metaphase; image design inspired from (Seldin and Macara, 2017)
and (di Pietro et al., 2016).
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CHAPTER 2: LGN PLAYS DISTINCT ROLES IN ORAL EPITHELIAL STRATIFICATION,
FILIFORM PAPILLA MORPHOGENESIS AND HAIR FOLLICLE DEVELOPMENT1, 2
2.1

Introduction
The epithelia that line the oral cavity are a diverse collection of stratified mucosal

epithelia that include the buccogingiva (BG), palate and tongue. The mechanisms that
regulate the development of these oral epithelia (OE) remain understudied compared to
related tissues such as the epidermis (Arwert et al., 2012; Beck and Blanpain, 2012; Fuchs,
2007; Sumigray and Lechler, 2015), intestine (Gregorieff and Clevers, 2005; Wells and
Spence, 2014), lung(Herriges and Morrisey, 2014; Rock and Hogan, 2011b), and
esophagus (DeWard et al., 2014; Jones and Klein, 2013; Rosekrans et al., 2015). Critical
epidermal differentiation genes such as TP63, NOTCH1-3, NFE2L2 and CASP8 (Blanpain
et al., 2006; Dotto, 2009; Kumar et al., 2015; Lee et al., 2009; Mills et al., 1999; Nicolas et
al., 2003; Schafer et al., 2012; Yang et al., 1999) are frequently altered in oral squamous
cell carcinomas (Agrawal et al., 2011; Stransky et al., 2011), suggesting that the core
differentiation programs targeted in human cancers are shared among stratified epithelia.
Yet, it remains unknown whether OE development shares similar developmental programs
as skin.
Recent work in the epidermis has shown that proper orientation of the mitotic spindle
in basal epidermal progenitors is essential for skin development (Lechler and Fuchs, 2005;
Niessen et al., 2013; Poulson and Lechler, 2010; Williams et al., 2011; Williams et al.,
2014). In stem cells, spindle orientation can influence cell fate choices, often by directing
polarized inheritance of fate determinants that promote asymmetric cell divisions (Lu and
Johnston, 2013; Morin and Bellaiche, 2011; Siller and Doe, 2009; Williams and Fuchs,
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2013). In developing epidermis, division orientation undergoes dynamic changes during
stratification and has been linked to cell fate choices, such that planar divisions are thought
to be symmetric, while perpendicular divisions are asymmetric (Panousopoulou and Green,
2014; Poulson and Lechler, 2010; Williams et al., 2011; Williams et al., 2014). Initially, most
basal cells divide with the mitotic spindle parallel to the basement membrane (BM), but as
the epidermis begins to stratify, oblique and perpendicular divisions become more
numerous, and by E16, about 60% of divisions are perpendicular (Byrne et al., 1994;
Lechler and Fuchs, 2005; Smart, 1970a, b; Williams et al., 2014).
Spindle positioning is controlled by a highly-conserved complex of proteins that
includes the Par polarity complex (aPKC-Par3-Par6), Gai/Gao family of heterotrimeric Gproteins, and mitotically-recruited spindle orientation proteins including LGN (Leu–Gly–Asnenriched protein), Inscuteable, and NuMA (Du and Macara, 2004a; Gonczy and Hyman,
1996; Knoblich, 2008). LGN is an adaptor protein that contains N-terminal TPR repeats that
mediate competitive binding between Insc and NuMA (Culurgioni et al., 2011; Yuzawa et al.,
2011a; Zhu et al., 2011), a flexible central linker which can be phosphorylated by aPKC and
Aurora A(Hao et al., 2010a; Johnston et al., 2009b), and C-terminal GPR (G-protein
regulatory)/GoLoco motifs that mediate interactions with Gai/Gao (Schaefer et al., 2001;
Willard et al., 2004). LGN reorients the mitotic spindle to align with cortical polarity cues by
facilitating capture of astral microtubules through its interactions with the microtubulebinding protein NuMA and the dynein/dynactin motor complex (Culurgioni and Mapelli, 2013;
Knoblich, 2008; Seldin et al., 2016b; Siller and Doe, 2009).
Here, I address how LGN functions in OE stratification and the morphogenesis of
oral and epidermal appendages. As in skin, LGN localizes to the apical cell cortex in palatal,
BG (cheek), and ventral tongue (VT) epithelium, and LGN knockdown leads to a bias toward
planar and oblique divisions at the expense of perpendicular divisions, causing epithelial
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thinning and impaired differentiation. However, LGN shows a distinct localization pattern in
developing filiform papillae of the dorsal tongue (DT) where it is frequently found in lateral,
bipolar domains or basal crescents. Using 2D and 3D analyses, I show that filiform papillae
are built through a spatially and temporally coordinated program of oriented cell divisions
(OCDs) mediated by LGN. Surprisingly, rather than promoting perpendicular divisions as in
epidermis and other OE regions, in DT, LGN drives two distinct classes of parallel divisions:
“circumferential” and “vertical,” which occur within or orthogonal to the epithelial plane,
respectively. Upon loss of LGN, division orientation is randomized, causing profound
morphological defects in filiform papilla patterning. In contrast, hair follicles of the epidermis
do not require LGN to develop normally, at least through embryonic stages. This
demonstrates that epithelial appendages utilize discrete mechanisms for morphogenesis,
with LGN being required for the proper development of filiform papillae but dispensable for
hair follicle growth.

2.2

Materials and Methods

2.2.1

Animals, Constructs and RNAi, In Utero Delivery of Lentivirus
Wild-type outbred CD1 mice (Charles River) were maintained in an AAALAC certified

animal facility under IACUC approved protocols. Embryonic ages were determined using
timed pregnancies, ultrasound, and Theiler stages (Theiler, 1989). In utero lentiviral injection
and LGN 1617 and scramble hairpins have been previously described (Beronja et al.,
2010b; Williams et al., 2011; Williams et al., 2014).
2.2.2

Immunohistochemistry, Antibodies, and Imaging
Fresh frozen sections (8-10µm or 20µm for z-series) were prepared with a Leica

CM1950 cryostat, air dried 20 minutes, fixed 10 minutes with 4% paraformaldehyde, washed
with PBS, and blocked 1 hour with gelatin block (5% Normal donkey serum, 3% BSA, 8%
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gelatin, 0.05% Triton-X 100 in PBS). Primary antibodies were diluted in gelatin block
overnight at 4°C, washed 3x with PBS, incubated 2 hours with secondary antibodies at RT,
counterstained with DAPI 5 minutes at RT, and mounted in ProLong Gold (Invitrogen).
Wholemount tongues were fixed for 1 hour except for analyses of LGN localization (5
minutes) before immunostaining using a modified procedure with longer incubation times (2
days for primary and secondary antibodies). Images were acquired using LASAF software
on a Leica TCS SPE-II 4 laser confocal system on a DM5500 microscope with ACS
Apochromat 20x/0.60 multi-immersion, ACS Apochromat 40x/1.15 oil, and ACS Apochromat
63x/1.30 oil objectives. Tile-scanned images were acquired at 20x, and stitching was
completed automatically by LASAF. For whole mount imaging, z-volume was determined
using an epithelial marker, such as integrin-β4 or E-cadherin, and optical slices were system
optimized feature the LASX software or manually manipulated for thicker slices to preserve
fluorescent signal.
For sectioning, both control and knockdown heads (E13.5-E18.5) were mounted
whole together in single standard OCT cryomolds (Tissue Tek). When whole embryos or
whole tongues were used, control and knockdown samples were collected and stained
together to avoid differences between immunostaining procedures. Whole heads were
embedded unfixed and sectioned in the coronal anatomical plane at 8-10 or 20um (see Fig.
2.3E, 2.11C) on a Leica CM1950 cryostat and mounted on SuperFrost Plus slides (Fisher
Scientific). Sections were dried for 20 min at 37°C, fixed for 5 minutes at RT in 4% EM grade
paraformaldehyde (Electron Microscopy Sciences), rinsed 4x with PBS, and blocked 1 hr in
PBS + 5% Normal donkey serum (NDS) + 1-3% BSA + 0.05% Triton-X 100 + 8% gelatin.
Primary antibodies were diluted in block and incubated overnight at 4°C. Sections were
rinsed 4x with PBS, and secondary antibodies were incubated for 2 hr at RT. Sections were
rinsed 2x with PBS, stained 5 mins with DAPI (1:2000), rinsed 2x with PBS, and then
mounted in ProLong Gold antifade mounting medium (Invitrogen).
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For whole mounts, E14.5-E18.5 tongues were microdissected, fixed for 5 min (3D
LGN localization: See Figs. 2.4C, 2.10C,D, and 2.11D) or 30 min at RT in 4% PFA, washed
4x, and stored in PBS with 0.2% sodium azide at 4°C until whole mount immunostaining
procedures were performed. Whole tongues were rinsed several times with PBS + 0.3%
Triton-X 100 and blocked for 8 hr in PBS + 5% Normal donkey serum (NDS) + 1-3% BSA +
0.3% Triton-X 100 + 8% gelatin. Primary and secondary antibodies were diluted in same
block and incubated at 4°C overnight or for two nights (3D LGN localization). Whole tongues
were rinsed several times for 8 hr with PBS 0.3%+Triton-X 100 after primary incubation and
rinsed several times for 8 hr with PBS 0.3%+Triton-X 100 after secondary incubation before
staining 5 min with DAPI (1:2000) and rinsing 3x with PBS.
i.

Primary Antibodies
Monoclonal Rabbit anti-survivin clone 71G4B7 (Cell Signalling 2808S, 1:1000);

monoclonal Rat mCherry clone 16D7 (Life Technologies M11217, 1:3000); guinea pig antiLGN (Williams et al., 2011) (1:500); rabbit anti-LGN (Millipore ABT174, 1:1000); rabbit anticytokeratin 5 (Fuchs Lab, 1:500); guinea pig anti-cytokeratin 5 (Acris BP5006, 1:500), rabbit
anti-cytokeratin 14 (Fuchs Lab, 1:500), guinea pig anti-cytokeratin 14 (Acris, BP5009,
1:500), rabbit anti-cytokeratin 6 (Abcam ab24646, 1:500); rabbit anti-cytokeratin 4
(Proteintech 16572-1-AP, 1:1000); monoclonal rat anti-cytokeratin 8 (TROMA-1,
Developmental Studies Hybridoma Bank, AB_531826, 1:1000); rabbit anti-cytokeratin 10
(Covance 905401, 1:500); rabbit anti-phosphohistone H3 (Upstate/Millipore 06-570, 1:1000);
rat anti-integrin β4 clone 346-11A (BD Biosciences, 553745, 1:1000); monoclonal Rat antiE-cadherin clone ECCD-2 (Life Technologies 13-1900, 1:500); monoclonal Rat anti-Pcadherin clone PCD-1 (Life Technologies, 13-2000Z, 1:1000), rabbit anti-Sox9 (Millipore
AB5535, 1:500). EdU (50 ug/g-1 body weight, Life Technologies) was injected
intraperiotoneally 3 hours before embryo harvest. Sections were stained according to the
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above protocol. EdU Click-iT® chemical reactions were performed on slides for 30 min
according to manufacturer’s protocol before performing the described secondary antibody
protocol.
ii.

Secondary Antibodies
Donkey anti-rabbit AlexaFluor 488 (Invitrogen, 1:1000), donkey anti-rabbit

Rhodamine Red-X (Invitrogen, 1:500), donkey anti-rabbit Cy5 (Invitrogen, 1:400), donkey
anti-rat AlexaFluor 488 (Invitrogen, 1:1000), donkey anti-rat Rhodamine Red-X (Invitrogen,
1:500), donkey anti-rat Cy5 (Invitrogen, 1:400), donkey anti-guinea pig AlexaFluor 488
(Invitrogen, 1:1000), donkey anti-guinea pig Rhodamine Red-X (Invitrogen, 1:500), donkey
anti-guinea pig Cy5 (Invitrogen, 1:400), Click-iT Plus EdU Alexa Fluor 488 (C10637), ClickiT Plus EdU Alexa Fluor 594 (C10637).
2.2.3

Scanning Electron Microscopy
E18.5 tongues were rinsed briefly with PBS to remove surface debris, immersion

fixed in 2% paraformaldehyde/2.5% glutaraldehyde/0.15M sodium phosphate buffer pH 7.4
(PB), washed 3x with PB, post-fixed 1 hour in 1% osmium tetroxide in PB, washed in
deionized water, and treated 10 minutes with 2% tannic acid followed by 1% osmium
tetroxide for 10 minutes (Katsumoto et al., 1981). Samples were dehydrated in ethanol
(30%, 50%, 75%, 100%, 100%), transferred to a Samdri-795 critical point dryer and dried
using CO2 as the transitional solvent (Tousimis Research Corporation, Rockville, MD).
Slices were mounted on aluminum planchets using silver paste and coated with 10nm of
60:40 gold-palladium alloy (Hummer X Sputter Coater, Anatech USA, Union City, CA).
Images were taken using a Zeiss Supra 25 FESEM operating at 5kV, working distance of
5mm, and 20µm aperture.
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2.2.4

2D/3D Image Generation, Measurements, and Analysis
Transduction efficiency of each lentivirus (Fig. 2.5) was calculated by counting RFP+

and RFP- basal cells at each age and in multiple slides (n≥2), and multiple embryos (n≥3).
Epithelial thickness (Figs. 2.1B and 2.8C,D) was determined by averaging full thickness
measurements taken every 10µm using ImageJ/Fiji. G2 and early stage mitotic cells (up to
metaphase) were identified using rabbit anti-pHH3 while late-stage mitoses
(anaphase/telophase) were identified using the cleavage furrow marker survivin. Markers
K14, K10, and loricrin were used to measure average basal, spinous, and granular layer
thickness, respectively, using Fiji as previously described (Williams et al., 2011). Phosphohistone H3 (pHH3) and EdU (see Chapter 2.2.2, Section i) density (number of positive
cells/mm) were measured by manually counting G2/M cells in 20x images (n=10-30
sections/region/age). Suprabasal cells were defined as being >5µm from the BM (labelled
with integrin-β4) in head skin and >10µm from BM in OE. Data in Fig. 2.1F represent
aggregate values for all sections of any given region at each age (e.g., total number of
mitotic events divided by total length measured), while data in Fig. 2.1E are averages of
pHH3/EdU density in individual sections (n=43-56 sections/tissue type).
For LGN crescent quantification, early stage mitotic cells were identified in a blinded
fashion using DAPI and pHH3 for identification before measuring and scoring LGN
localization. LGN crescent orientation (Figs. 2.4A and 2.14E-H) was measured as described
previously(Williams et al., 2011; Williams et al., 2014). LGN apical:basal ratio (Fig. 2.2H)
was measured in Fiji/ImageJ using the freeform selection tool for single channel
fluorescence. Measurements were set for area, integrated density, and mean gray value.
Fluorescence was calculated for each apical/basal half of the cell using the following
equation: Corrected total cell fluorescence (CTCF) = Integrated Density – (Area of selected
cell x Mean fluorescence of background)(Gavet and Pines, 2010). Comparisons were made
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from the same sections between head skin and oral epithelia controlling for cell stage. LGN
crescents were used to look for Gai3 signal (Fig. 2.14E-H).
Radial heat maps of LGN and Gai3 fluorescent intensity (Figs. 2.3B and 2.14A-D)
were generated using a Python script that was coded to place spots, a function within the
Imaris software, circumferentially around any shape
(http://open.bitplane.com/tabid/235/Default.aspx?id=70). A surface was generated to pHH3
in three dimensions, and the Imaris software was used to measure the center of this
generated surface. A measurement from this surface to the cortex and another
measurement from the center of the pHH3 to integrin-β4 allowed the script to generate
intensity voxels (‘spots’) around mitotic cells that encompass all cortical LGN+ staining.
Spots are spaced at 5° radial increments (72 total radians per plot, with 270° set as the BM)
in eight concentric circles, so that each radian has eight spots. In Fig. 2.14A-D, a concentric
circle was placed centrally in xyz dimensions to the generated pHH3 surface, and then four
concentric circles at +1/-1µm and +2/-2µm from the original z dimension were placed,
totalling 5 concentric circles at each 5° radial increment. The fluorescent intensity of each
spot is statistically coded within the Imaris software and represented as a heat map (0-100
a.u.).
To generate line graphs from these radial heat maps (Figs. 2.3C and 2.14C), the
mean value for each 5° radian was plotted, and in Fig. 2.14C, the five concentric circles
were averaged and plotted individually. Their apical:basal mean ratios from each z depth
(Z1-Z5) were averaged in Fig. 2.14D. Defining the point of contact with the BM as 270°, the
apical half of the cell (red arrows in Fig. 2.3B) represents 0-180°, the basal half (blue
arrows) 180-360°, and lateral domains (grey) 135-225° and 315-45°. Apical: basal ratio
values >1.5 were defined as “apically enriched” while ratios <0.75 were defined as “basally
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enriched.” “Weak/absent” cells showed no peaks in LGN intensity above threshold (50 a.u.),
while uniform/bipolar did (Fig. 2.3C).
Three-dimensional reconstructions and XZ/YZ slices (Figs. 2.4C, 2.10A-E, 2.11A,E,
2.12C,D, and 2.13C,D) of OE wholemount z-stacks were assembled using Imaris 7.6.5.
Topographic surface plots were generated using an epithelial marker (E-cadherin in 9H,
10A-E; β4-integrin in Fig. 2.11A). Measurement of division orientation has been described
previously and relies on using the late stage mitotic marker survivin to delineate the position
of the two daughter cells (Siegle et al., 2014; Wang et al., 2014b; Williams et al., 2011;
Williams et al., 2014). I rely on anaphase telophase to analyse division orientation since
spindles at earlier stages of mitosis are in flux and have not yet adopted their final
orientation. The angle of division in 2D space is defined by the vector that bisects the two
daughter nuclei and the vector of the epithelium plane defined by integrin-β4 or K5/K14 (see
annotations in Fig. 2.8A). Division angles were binned into 10° increments using Prism 6
and plotted as radial histograms (Figs. 2.8B, 2.12B, 2.13B, and 2.17E,H) using Origin 2015.
3D division orientation in the DT was determined in whole mount z-stacks using E-cadherin
to determine epithelial position relative to LP. Division types were classified as shown in Fig.
2.12C, and defined as follows.
For divisions within the plane of the epithelium (visualized clearly in the XY plane),
circumferential was defined as division angles of 0-45° relative to the BM separating
epithelium from LP; while perpendicular was defined as division angles of 45-90° relative to
BM. Vertical divisions could be visualized in the XZ or XY plane and were defined as
occurring along the slope of the papilla, parallel to the BM. Measurements were conducted
blind to genotype (without visualizing the RFP channel), and all unambiguous survivin+ cells
were counted. Natural mosaicism of lentiviral transduction in the tissue allows for
simultaneous characterization of mutant (RFP+) and wild-type (RFP-) cells. Each experiment
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was repeated with multiple sections from the same embryos, littermates, and independent
litters; data from at least 3 embryos were collected for analysis. All embryos were included
for analysis unless transduction efficiency was low (< 30% transduced basal cells).
2.2.5

Assays to Characterize Hair Follicle Morphogenesis
Hair follicle polarity was determined by using an epithelial marker (K14) to define the

angle between the appendage and the plane of the epithelium (shown by green lines in Fig.
2.16A). In Fig. 2.16A, the K14 fluorescent signal was inverted to grayscale for illustrative
purposes. Raw angle measurements were binned into 5° groups with Prism 6 (GraphPad
Software, San Diego, CA) and graphed as radial histograms from 40-140° (Fig. 2.16B) using
Origin 2015 (OriginLab, Northampton, MA).
Characterization of hair follicle morphogenesis was performed in E15.5 and E17.5
wild-type and LGN 1617 backskins. Stages were assigned using published criteria(Paus et
al., 1999; Schmidt-Ullrich and Paus, 2005), where stage 1 corresponds to the placode
stage, stage 2 corresponds to hair germ stage, and stages 3-4 corresponds to hair peg.
Stages 5-8, not scored here, correspond to the bulbous hair peg characterized by the
envelopment of the DP by the hair bulb and the appearance of differentiated inner root
sheath. Quantifications were performed using P-cadherin to mark HFs at all stages, which
were manually counted for 2 full backskin sections for 3-5 embryos/genotype (n=144-316
HFs per embryo). Sox9+ and Sox9- cells were counted similarly for 10-100 HFs per
stage/genotype combination using the cell counter macro in Fiji/ImageJ.
2.2.6

Quantification of LGN1617 Knockdown Efficiency
LGN knockdown quantification and measurement of hair placode, interfollicular

epidermis, palatal, and dorsal tongue cells was performed using Fiji on single channel
fluorescence. LGN integrated fluorescent intensity measurements were done manually on
whole cell area selections, on cortical basal and apical areas, as well as on circumferential
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cortical areas of cells. Whole cell areas were selected with the freehand selection tool.
Cortical areas were selected with the freehand line tool, so that the line width only
encompassed the selected cortex. This was done using the nucleus as a guide and blind to
the position of LGN. Cellular basal-apical polarity was estimated by the basally located
basement membrane. The mean signal for whole cell and cortical selections was used as a
measurement of the presence or absence of LGN. All sections were derived from
littermates, stained together on the same slide, imaged with identical confocal acquisition
settings on the same day. Interphase and dermal cells were selected from within the same
image where mitotic cells were present. Background measurements were taken for each
image from both the epidermis and dermis but were nominal so background correction of
fluorescent intensity was not performed.
2.2.7

Graphs and Statistics
All statistical analyses, graphs, and radial histograms were generated using

GraphPad Prism 5/6 (La Jolla, CA) and Origin 2015 (OriginLab, Northampton, MA). Error
bars represent standard error of the mean (SEM) unless otherwise indicated; p values:
*p<0.05, **p<0.01, ***p<0.0001. Statistical analyses of numerical data were analysed by
Mann–Whitney U Test (non-parametric) or student’s t-tests (parametric), depending on
whether the distributed data passed D’Agostino-Pearson and Shapiro-Wilk normality tests.
Statistical analyses of enrichment (Figs. 2.11H, 2.12F,G, and 2.16G) utilized a binomial test
to compare to expected (control) distributions. Categorical values were analysed by chisquare tests (for example, Figs. 2.3D, 2.11C,G, 2.12E, 2.17C). For Tukey box-and-whisker
plots (Figs. 2.3G, 2.4A, and 2.10F,H), the box represents the interquartile range (IQR,
defined by 25th–75th percentiles), and the horizontal line represents the median. Whiskers
represent 1.5x IQR unless this is greater than the minimum or maximum value. Images were
edited using Adobe Photoshop, and assembled with Adobe Illustrator CS6.
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2.3

Results

2.3.1

Oral Epithelial Development is Diverse and Dynamic
To investigate how OE development compares to epidermis, I analysed coronal

sections where both headskin and all major OE tissues can be visualized (schematized in
Fig. 2.1A; see Fig. 2.5A for a composite image). As a first step, I measured epithelial layer
thickness in the palate region, BG mucosa, VT, DT and headskin from E13.5 through E17.5
(Fig. 2.1B). At the earliest stages examined, headskin and VT consisted largely of a single
layer of basal cells while DT and BG epithelia were already 2-3 cell layers thick, in
agreement with previous reports (Baratz and Farbman, 1975; Casey et al., 2006). Growth
kinetics varied across tissue types, with DT and BG epithelia stratifying most rapidly and VT
more slowly. Palatal epithelium initially appears thin and poorly organized between E13.5E15.0, but begins to rapidly stratify once the lateral palatal shelves fuse. Since peak OE
stratification occurred between E15.5 and E17.5, I focused on ages just prior to (E14.5) and
during (E16.5) this period to examine differentiation.
Like epidermis, K5 and K14 are co-expressed in OE (Figs. 2.1C,D and 2.2A,B).
However, there are several notable differences between these tissues. First, by E14.5,
K5/K14 become restricted to the basal layer in the epidermis, while remaining more broadly
expressed in OE, particularly in BG mucosa and palate. Second, prior to K5/K14, all OE
broadly express cytokeratin-6 (K6), which becomes restricted suprabasally by E16.5, and
palate remains weakly K5/K14+ even at E14.5 (Fig. 2.2C,D). In epidermis, K6 expression is
normally confined to the periderm—a transient embryonic barrier layer that also expresses
cytokeratin-8 (K8)—but is also observed in pathological hyperproliferative stages
(Mazzalupo and Coulombe, 2001). The periderm is well-defined on palatal and tongue
epithelium from early stages (Figs. 2.1C and 2.2C), consistent with a known function of oral
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periderm in preventing palatal shelves from inappropriately fusing with other OE during
palatogenesis (Casey et al., 2006; Li et al., 2017b; Richardson et al., 2009).
Differentiation, manifested by the expression of cytokeratins-1/-10 (K1/K10), is
observed as early as E13.5 in dorsal backskin epidermal basal cells (Williams et al., 2014),
while later, K1/K10 become restricted to suprabasal layers(Byrne et al., 1994; Kopan and
Fuchs, 1989). At E14.5, K10 labels suprabasal differentiating layers of headskin; however,
differentiation is delayed in OE by at least one day (Fig. 2.1C,D). At E16.5, K10 remained
absent from VT, while sparse K10+ cells were observed in BG and palatal epithelium, with
coexpression of K10 and K14 evident in palate. Keratinization of DT filiform papillae was first
observed at ~E16, in agreement with observations in rat (Baratz and Farbman, 1975). Thus,
in OE, stratification precedes differentiation to an even greater degree than in epidermis
(Byrne et al., 1994).
To assess proliferation, I performed 3-hour pulses with 5-ethynyl-2'-deoxyuridine
(EdU) to label cells in S-phase, and quantified G2/M cells using phosho-histone H3 (pHH3)
(Fig. 2.1E,F). During peak stratification (E15.5-E17.5), proliferative activity—whether
measured by EdU or pHH3—showed similar trends between tissues, with highest rates in
DT and lowest in VT (Fig. 2.1E). Tissues with the highest (DT) and lowest (VT) mitotic rates
also showed the most rapid and slowest epithelial growth, respectively (Fig. 2.1B),
demonstrating that proliferation is a driving force for stratification. Proliferation rates were
highest between E15.5 and E17.5 for all tissues examined, although tongue and palate
rates peaked later (E17.5) than BG and epidermis (E15.5), and all OE are more mitotically
active postnatally than epidermis (Fig. 2.1F). Finally, suprabasal mitoses, which are thought
to be an important transient driver of early stratification in skin (Byrne et al., 1994; Lechler
and Fuchs, 2005), persist longer and are more frequent in BG (Fig. 2.1G). Together, these
data demonstrate the diversity of the developing OE and implicate E15.5-E-17.5 as a
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dynamic period for stratified and specialized OE development when proliferation rates are
highest.
2.3.2

LGN Localizes Apically During Peak Stratification
LGN rarely polarizes during mitosis in early epidermal development but is efficiently

recruited to the apical cortex by E15.5-E16.5, promoting perpendicular differentiative
divisions (Williams et al., 2011; Williams et al., 2014). In developing OE and headskin, LGN
is localized in four different patterns: weak/absent, uniform/bipolar, basally enriched, and
apically enriched (Fig. 2.3A). LGN localization patterns were assessed quantitatively using a
custom, open-source Python XTension that translates fluorescence intensity into ‘radial heat
maps’ in Bitplane Imaris (Fig. 2.3B). Mean LGN fluorescence intensity at each radian around
the perimeter of the cell cortex can be visualized relative to apical (red), basal (blue) and
lateral (grey) domains, with integrated fluorescent intensity used to calculate apical:basal
ratios (Fig. 2.3C). “Bipolar” cells could be further discriminated from “uniform” cells by
measuring “lateral enrichment” (Fig. 2.3C), though for subsequent analyses these groups
were combined. Though applied to LGN here, this new computational tool allows for the
unbiased radial quantification of any cortical protein (see Fig. 2.14).
Like headskin, by E16.5 LGN was apically enriched in most mitotic cells in each OE
tissue, while tending to be weak/absent at earlier ages (Fig. 2.3D). When LGN did polarize,
there was a significant shift from randomized orientation toward apical localization between
early and late ages for all tissues (Fig. 2.4A). Interestingly, LGN failed to polarize in >75% of
suprabasal mitoses regardless of tissue or age, suggesting that suprabasal divisions do not
generally utilize LGN (Fig. 2.3D, red bars). Postnatally, LGN continued to be expressed in
most OE and epidermal mitoses, in remarkably similar patterns for all tissues examined (Fig.
2.4B). However, at P4, uniform/bipolar LGN was the predominant localization pattern in OE
and headskin. This suggests there may be a bias toward parallel divisions postnatally, as

90

previously reported in backskin(Niessen et al., 2013) and tail epidermis(Clayton et al.,
2007), although it has been reported that 85% of divisions in adult ear epidermis are
perpendicular(Lechler and Fuchs, 2005).
Similar patterns of LGN were observed at early (prometaphase) and late mitosis
(telophase), in thin (8µm) or thick (20µm) sections (Fig. 2.3E). Three-dimensional
wholemount z-stack reconstructions of BG also revealed predominant patterns of apical
enrichment (Fig. 2.4C). Interestingly, however, although LGN as frequently polarized
apically in OE, this occurred less efficiently than in headskin (Fig. 2.3E) where apical
crescents were less intense and more weakly polarized compared to headskin (Fig. 2.3F-H).
2.3.3

LGN is Necessary for Perpendicular Division Orientation in Oral Epithelia
Recently, our lab was involved in the development of a technique to manipulate gene

function in developing mouse embryos using ultrasound-guided in utero delivery of high titre
lentivirus into the amniotic fluid surrounding E9.5 embryos (now termed LUGGIGE for
Lentiviral Ultrasound Guided Gene Inactivation and Gene Expression (Beronja et al.,
2010b). This leads to high-level transduction of surface epithelia including the epidermis and
OE, where labelled cells express a stable nuclear histone-H2B-mRFP1 (H2B-RFP) reporter
(Fig. 2.5A). Using either a non-targeting scramble control or validated LGN shRNA (LGN
1617) (Williams et al., 2011; Williams et al., 2014), all oral epithelia were transduced at 6090% efficiency (Fig. 2.5B-E). LGN knockdown efficiency was confirmed at the protein level
in OE using quantitative analysis of fluorescent intensity in mitotic cells (Fig. 2.6; see also
Fig. 2.7). In DT, LGN knockdown was highly efficient, reducing LGN accumulation in RFP+
mitotic cells to interphase levels, when LGN is normally not detectable by
immunofluorescence. Moreover, interphase levels of LGN expression are essentially
equivalent to background since no difference in LGN expression was observed between
RFP+ and RFP- interphase cells in DT (Fig. 2.6E).
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Since LGN can polarize apically during mitosis in both OE and epidermis, I asked
whether LGN is required for proper division orientation in OE. Because spindle rotation can
occur throughout metaphase, I used the cleavage furrow marker survivin to identify latestage mitotic cells, and measured division orientation of these committed cells relative to the
BM (2. 8A). Division orientation behaviour of each population is depicted using radial
histograms (Fig. 2.8B). The LGN shRNA experimental group (LGN 1617 RFP+) was
compared to three controls: uninjected littermates (wild-type), non-transduced cells from
LGN 1617 injected embryos (LGN 1617 RFP-), and transduced cells from scramble injected
embryos (scramble RFP+). In E16.5 wild-type littermate headskin (Fig. 2.8B), as previously
reported in backskin(Williams et al., 2011), division angles follow a “bimodal” distribution,
with roughly equal numbers of perpendicular and parallel divisions, and very few oblique
ones. However, parallel divisions occur at a higher frequency in headskin (~50%) compared
to backskin (~40%), perhaps explaining why headskin stratification lags behind backskin.
Bimodal patterns were also observed in wild-type palatal, BG and VT epithelia (Fig. 2.8B),
with roughly equal proportions of parallel and perpendicular divisions. In headskin and OE,
LGN loss recapitulated the phenotype of backskin(Williams et al., 2011), where
perpendicular divisions are lost at the expense of oblique and parallel divisions (Fig. 2.8B).
This phenotype was cell autonomous and could not be attributed to non-specific effects of
viral transduction or shRNA expression, since a wild-type distribution of division angles was
observed in LGN 1617 RFP- and scramble groups, respectively.
I also observed stratification defects, manifested as thinning across all OE regions at
E16.5 in LGN 1617 embryos compared to wild-type littermates (Fig. 2.8C,D).
Differentiation—measured by the spinous/granular layer marker K10 and granular layer
marker loricrin—was also specifically impaired in LGN 1617 RFP+ regions of palatal
epithelium (Fig. 2.8E,F). At E16.5, the K10 layer was significantly thinner in headskin, palate
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and BG, with no observable alterations in the K14+ basal layer (Fig. 2.8F). At E18.5, loricrin
expression was also significantly diminished (Fig. 2.8G,H). Importantly, the mitotic rates are
unaffected in LGN 1617 OE, demonstrating that delayed stratification and differentiation
cannot be attributed to general proliferation defects (Figs. 2.4D and 2.8K). Collectively,
these data present the first evidence that division orientation, mediated by apically localized
LGN, is essential for OE differentiation.
2.3.4

LGN Loss Disrupts Filiform Papillae Development
DT is populated by lingual papillae, which include both taste buds (fungiform,

circumvallate, and foliate papillae) and the more numerous hair-like, keratinized filiform
papillae. These specialized appendages are continually renewed at one of the most rapid
turnover rates in the body, displaying both capabilities for overgrowth (hairy tongue) and
depapillation (atrophic glossitis) (Gurvits and Tan, 2014; Reamy et al., 2010). Analogous to
the crypt-villus organization of the small intestine, progenitors are thought to lie in the “interpapillary epithelium” (IPE) where they contribute to the renewal of 3-4 neighbouring papillae
(Okubo et al., 2009b; Tanaka et al., 2013b). While much is known about the mechanisms
that regulate taste bud development (Barlow, 2015; Barlow and Klein, 2015; Thesleff and
Mikkola, 2014), comparatively little is known about how filiform papillae form.
LGN loss caused striking defects in DT morphogenesis, causing the IFE region to
become abnormally wide, with a concomitant decrease in the number of morphologically
defined papillae (Fig. 2.9A-C, see also 2.9F-H). As with other OE, differentiation was
impaired (Fig. 2.9D). Scanning electron microscopy (SEM) of E18.5 DT revealed delayed
papillary eruption through the keratinized epithelial layer that covers the surface of the
tongue upon LGN loss (Fig. 2.9E). SEM and confocal images of DT wholemounts show a
highly ordered hexagonal pattern of papilla visible at E16.5 in scramble controls, which is
lost in LGN knockdowns (Fig. 2.9E-G). E-cadherin surface plots rendered from confocal z-
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stacks show stunted papillary growth in RFP+ regions of LGN 1617-transduced DT (Fig.
2.9H). Additional quantification of morphogenesis in LGN knockdowns reveal that a) papillae
are fewer in number, b) the distance and number of cells between papillae is increased, and
c) the number of cells around the papilla circumference is decreased (Fig. 2.9I-K). Finally,
while control papillae are arranged in an ordered hexagonal pattern where placodes are
separated by ~60°, the distribution of angles observed in LGN 1617 DT is significantly more
variable (Fig. 2.9L).
Since there are few studies of filiform papilla development (Baratz and Farbman,
1975; Hume and Potten, 1976), I next investigated wild-type papilla morphogenesis from
E14.5-E16.5 using confocal microscopy of DT wholemounts. At E14.5, larger fungiform
papillae were already well defined (arrowheads in Fig. 2.10A), while the remainder of the
tongue epithelium was beginning to organize into hexagonally arranged “rosettes” of 6-7
cells with intense central stellate E-cadherin expression. By E15.5, mesenchymal cells of
the lamina propria (LP) intercalated into the central region of these rosettes, surrounded by
7-9 epithelial cells. E-cadherin surface plots and z-slices clearly illustrate nascent papillary
outgrowths from the DT surface, typically containing ~4 cells per slope (Fig. 2.10B). By
E16.5, papilla growth continued both centripetally and vertically, with LP now surrounded by
~12 cells, ~5-6 cells present along papilla slopes, and the distance between rosettes also
increasing. A 3D reconstruction of the IPE region surrounded by 4 nascent papillae, with
representative z-slices, is shown in Fig. 2.10D-E. Quantitative analyses show that the
number of cells per rosette and the distance between rosettes increase over time, while
placode density decreases in proportion with tongue growth (Fig. 2.10F-H). Importantly,
placode positioning remains consistent between E14.5-E16.5, demonstrating that filiform
papillae are pre-patterned prior to the vertical and circumferential growth phases that occur
between E15.5-E16.5.
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To investigate how LGN loss disrupts papilla development, I examined proliferation
and LGN localization. Mitoses are generally confined to the base of the IPE between
papillae, and LGN loss did not affect the position or frequency of mitotic cells throughout DT
development (Fig. 2.11A,B), arguing that proliferation per se is not grossly affected.
However, unlike other OE regions, where LGN shows a clear apical bias, LGN was rarely
apically polarized in DT, instead showing bipolar/uniform or unilateral/basal polarization
beginning around E15 and persisting into adulthood (Fig. 2.11C). As with other OE, our 2D
analyses of LGN localization were consistent across sections of different thickness and at
different stages of mitosis (Fig. 2.11C, E17 group). To further investigate LGN localization
patterns in DT, I utilized wholemounts analysed by z-stack confocal microscopy, which
enabled improved 3D resolution (Fig. 2.11D). Examples of localization patterns are shown in
Fig. 2.11E, with proportions similar to what was observed in sections (Fig. 2.11C), and
unpolarized (uniform or bipolar) distributions occurring most frequently. Interestingly, I noted
regional differences within developing papillae, with mitotic cells showing different patterns
of LGN localization in the IPE (“inferior” regions) compared to papilla slopes (“superior”, Fig.
2.11F). A significant enrichment of uniform/bipolar patterns in superior cells (p=0.0013) and
basal pattern in inferior cells (p=0.0445) was observed (Fig. 2.11G,H). These data suggest
that spatially distinct DT populations may utilize LGN in different ways during papilla
morphogenesis.
2.3.5 Papillary Placodes Develop Through Coordinated Oriented Cell Division
Patterns
To understand how LGN loss alters papilla morphogenesis, I first examined division
orientation in 2D coronal sections of E16.5 control and LGN 1617 DT (Fig. 2.12A). The vast
majority of divisions occurred parallel to the BM in wild-type, scramble, and LGN 1617 RFPcells, whereas a significant increase in perpendicular divisions was observed in LGN 1617
RFP+ cells (Fig. 2.12B). This strongly suggests that basal, bipolar, and/or uniform LGN
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localization normally promote divisions parallel to the BM. Next, I conducted analyses of
division orientation in 3D DT whole mounts, where three discrete categories of divisions
were identified (Fig. 2.12C). Circumferential and perpendicular divisions occur in the plane
of the epithelium, parallel and orthogonal to the BM, respectively. Vertical divisions occur in
the z-axis, parallel to the BM. Effectively, circumferential divisions increase papilla girth,
perpendicular divisions increase IPE width, and vertical divisions increase papilla height. In
wild-type DT between E14.5 and E16.5, vertical divisions increased while circumferential
divisions decreased, consistent with the developmental timing of initial radial papilla growth
followed by later vertical growth (Fig. 2.10). Consistent with 2D analyses, an increase in
perpendicular divisions was observed in LGN 1617 knockdowns (Fig. 2.12D,E), likely
explaining the increased inter-papillary distance in these mutants.
In agreement with our finding that LGN localization differed between IPE and papilla
slopes (Fig. 2.11F-H), I observed distinct patterns of division orientation in inferior and
superior regions (Fig. 2.12E,F). Specifically, I noted an overrepresentation of vertical
divisions inferiorly, where polarized LGN is more common, and circumferential divisions
superiorly, where bipolar/uniform LGN is more common (Fig. 2.12F). Notably, this positional
bias was lost in LGN knockdowns, and division orientation appeared randomized (Figs.
2.12E and 2.13A,B). Next, I sought to make a direct correlation between LGN localization
and division orientation in late-stage mitotic cells in DT wholemounts. This approach allowed
us to visualize LGN inheritance in daughter cells in three dimensions (Fig. 2.13C,D). The
majority of perpendicular divisions showed weak/absent LGN, while uniform/bipolar patterns
were most frequent in circumferential divisions, and unilateral (apically- or basally-oriented)
LGN localization patterns were enriched in vertical divisions (Fig. 2.12G).
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2.3.6

Potential Upstream Regulators of Differential LGN Localization
I next sought to investigate how LGN could be differentially localized in distinct OE

tissues. In the epidermis, both Inscuteable (Insc) and the heterotrimeric G-protein Gai3 have
been shown to be required for the proper apical localization of LGN (Williams et al., 2014).
Due to a lack of suitable antibodies for Insc and the observation that overexpression of
tagged Insc can induce spindle orientation phenotypes (Poulson and Lechler, 2010;
Williams et al., 2011; Williams et al., 2014), I focused on Gai3. 3D cortical localization
patterns and colocalization of LGN and Gai3 were analysed using our Imaris Python script
(Fig. 2.14). In both epidermis and palate, LGN and Gai3 were expressed in overlapping
domains, with close alignment of their cortical crescents, even across multiple z-planes (Fig.
2.14A-G). However, in DT, the degree of colocalization between LGN and Gai3 was more
variable, with numerous instances where Gai3 was polarized while LGN was missing, or
where LGN was polarized but Gai3 was not (Fig. 2.14E,H). Thus, it seems likely that some
as yet unidentified protein may direct LGN’s subcellular localization in DT.
2.3.7

Hair Follicle Polarity and Morphogenesis is Unaffected by LGN Loss
Given the critical role for LGN in patterning filiform papillae, I wondered whether LGN

directs formation of another well-characterised epithelial appendage, the hair follicle (HF).
Pelage HFs first appear as thickenings in the epidermis at ~E14.5. These hair placodes
(HPs) rapidly proliferate and grow downward into the dermis at the hair peg stage,
eventually enveloping the specialized population of mesenchymal cells called the dermal
papilla (DP) at the hair germ stage (Paus et al., 1999). Placodes are enriched for P-cadherin
(P-cad or Cdh3), which becomes restricted anteriorly at the germ stage, as HFs develop AP
polarity(Devenport and Fuchs, 2008; Tinkle et al., 2004). Interestingly, LGN knockdown HFs
appeared grossly normal, maintaining normal reciprocal expression of Pcad and E-cadherin
(Fig. 2.15A) and proper angling along the anteroposterior axis (Fig. 2.16A,B). Because of
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the staggered development of different HF types, E17.5 is an ideal stage to examine HFs at
each stage of morphogenesis. In wild-type backskin at this age, 29.1±2.0% of HFs are at the
placode stage, 25.8±1.7% are at the germ stage, and 45.2±1.9% have reached the peg
stage (Fig. 2.16C,D). Though LGN 1617 knockdowns show a slight delay in HF
differentiation (Fig. 2.16D), all three stages are observed with similar frequency, and HFs
were present at normal density and appeared morphologically normal (Fig. 2.15B-F).
Sox9 is an early marker of hair follicle stem cells (HFSCs), first observed in sparse
suprabasal cells in early HF placodes. This Sox9+ population increases in number as HFs
develop, and is found in a pattern complementary to Pcad, which labels a quiescent
population of Wnthi/Shh+/Lhx2+ progenitors(Nowak et al., 2008; Ouspenskaia et al., 2016b;
Rhee et al., 2006). It was recently suggested that perpendicular asymmetric cell divisions in
HPs help establish an asymmetry in Wnt and Shh-responsiveness that specifies Sox9
progenitors (Ouspenskaia et al., 2016b). To address whether LGN is required for
specification of Sox9 progenitors, I examined the position and number of Sox9+ cells in
different stages of HF morphogenesis. In both early HPs and more mature hair follicle
stages, I could find no evidence of altered distribution of Sox9 cells upon LGN loss (Fig.
2.16E-H). Similar numbers of HPs in LGN knockdowns and littermate controls (78% and
73%, respectively) contained a characteristic suprabasal Sox9+ cell (Fig. 2.16G). Moreover,
the relative proportion of Sox9+ cells within developing HFs was similar at all stages, except
for a slight increase in LGN knockdowns at the placode stage (Fig. 2.16H).
To understand how LGN loss might be tolerated in developing HFs, I examined LGN
expression and division orientation. As a first step, I examined whether LGN knockdown
was equally efficient in P-cadhi HPs compared to surrounding P-cadlo interfollicular epidermis
(IFE). I confirmed significant and similar loss of LGN protein in both mitotic and interphase
cells for both populations (Fig. 2.17A-C). Quantitative analyses of fluorescent intensity in
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wild-type mitotic cells revealed that while whole-cell LGN levels were similar in IFE and HPs,
the apical and cortical LGN pools were significantly reduced in HPs (Fig. 2.17B,D,E). This
suggested that LGN may not be polarized as efficiently in HPs, which was confirmed by
examining LGN localization in both early and late-stage mitotic cells of IFE and HPs (Fig.
2.17A,B). While LGN was nearly always apically enriched in perpendicular divisions in the
IFE, fewer than half of perpendicular divisions in early placodes and more mature hair pegs
displayed polarized apical LGN, and the degree of apical:basal enrichment was reduced
(Fig. 2.17C,D). In agreement with the Ouspenskaia study, I observed that all HP divisions
were oriented perpendicular to the BM, while a typical bimodal distribution was seen in the
IFE (Fig. 2.17E). Surprisingly, however, while LGN loss eliminated perpendicular divisions in
the IFE, all HP divisions remained perpendicular in the absence of LGN (Fig. 2.17E).
I next examined division orientation in more mature peg stage HFs. While most
mitotic HF cells lacked detectable LGN (Fig. 2.17C, right), those that did were generally
located in the lower HF. I observed a striking difference in division orientation between the
upper (Sox9+/Pcad-) and lower (Sox9-/Pcad+) HF, with perpendicular divisions occurring
almost exclusively in the lower HF (Fig. 2.7F,G). No significant differences in orientation
preference were observed between the anterior and posterior faces (Fig. 2.17F). LGN loss
did not alter division orientation in the upper HF, where most divisions remained parallel to
the BM, but caused a mild reduction in perpendicular divisions in the lower HF (Fig.
2.17G,H). Collectively, these data reveal that even among similar epithelial appendages, the
role of LGN in OCDs is context dependent. While LGN plays an essential role in directing
oriented cell divisions in the developing tongue, it appears to be dispensable for embryonic
HF morphogenesis (Fig. 2.18).
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2.4

Discussion
Recent studies have shown that in different contexts, LGN plays diverse roles in

spindle orientation and cell fate choices. In both the spinal cord and cerebral cortex, as in
the majority of DT divisions, LGN localizes to lateral domains, while LGN loss increases
oblique/perpendicular divisions, suggesting LGN normally promotes planar divisions (Konno
et al., 2008b; Morin et al., 2007; Peyre et al., 2011b; Shitamukai et al., 2011). However, in
epidermis, our lab and others have shown that LGN forms an apical complex with Insc,
Gai3, NuMA, dynactin, and Par3, and that LGN loss leads to loss of perpendicular divisions,
impaired Notch signalling, and lethal defects in epidermal barrier formation and
differentiation (Lechler and Fuchs, 2005; Poulson and Lechler, 2010; Williams et al., 2011;
Williams et al., 2014). Similar roles for LGN in promoting perpendicular/asymmetric divisions
have been reported in retina and mammary gland (Ballard et al., 2015; Chiu et al., 2016a;
Lacomme et al., 2016b). The molecular mechanisms regulating differential subcellular
localization of LGN in progenitors undergoing both symmetric and asymmetric cell divisions
remains largely unknown. Here, I examined one candidate and show a weaker concordance
between LGN and Gai3 in DT than in other regions. Other potential regulators of LGN
cortical localization include Insc, the LGN homolog AGS3, SAPCD2, Afadin, 4.1G/R, 14-3-3,
Par3 and aPKC (Carminati et al., 2016b; Chiu et al., 2016a; Hao et al., 2010a; Kiyomitsu
and Cheeseman, 2013; Niessen et al., 2013; Postiglione et al., 2011a; Sanada and Tsai,
2005b; Seldin et al., 2013; Williams et al., 2014). Due to the diverse patterns of LGN
localization found in filiform papillae, I believe the DT represents an ideal system to address
this important question in future studies.
During embryogenesis, Lhx2 and Sox9 are among the earliest known transcription
factors expressed in HF placodes, and are found in complementary patterns, with Lhx2
colocalizing with basal P-cad, and Sox9 positioned suprabasally (Nowak et al., 2008; Rhee
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et al., 2006). More recent studies have shown that the Pcad+/Lhx2+ population expresses
Shh and high levels of Wnts, while the Sox9+ population is Wntlo (Ouspenskaia et al.,
2016b). Genetic and lineage-tracing studies have shown that Sox9+ HFSCs specified during
embryogenesis later take up residence in the bulge niche where they contribute to all
postnatal HF lineages(Nowak et al., 2008). Label-retaining and lineage-tracing studies of
HFSCs at the telogenàanagen transition have suggested that bulge SCs most frequently
divide symmetrically, while matrix transit amplifying cells divide asymmetrically (Zhang et al.,
2009). Live-imaging of postnatal HFs has shown that activated SCs that have left the bulge
and populate the outer root sheath divide centripetally (perpendicular to the axis of the HF),
while in the matrix, division orientation is randomized (Rompolas et al., 2013). These studies
demonstrate that different regions of the postnatal HF exhibit distinct patterns of OCDs.
The functional importance of OCDs in postnatal HF morphogenesis has recently
been shown through analysis of mice lacking atypical protein kinase ɩ/λ (Prkci) and NuMA
(Niessen et al., 2013; Seldin et al., 2016b). In epidermis and HFs lacking Prkci, a ~20%
increase in perpendicular divisions is observed, leading to prolonged anagen, progressive
loss of quiescent bulge HFSCs, and ultimately hair loss (Niessen et al., 2013). It is presently
unknown whether LGN directs these OCDs, though other proteins that colocalize with LGN,
including Par3 and NuMA, appear to be expressed normally. On the other hand, deletion of
the microtubule-binding domain of NuMA (NuMAΔMTBD) in matrix TA cells leads to a
decrease in perpendicular divisions, defects in hair shaft differentiation, and hair loss (Seldin
et al., 2016b). Since NuMAΔMTBD retains its interaction domain with LGN and thus its
ability to be recruited to the cell cortex, it is unclear whether LGN loss in the matrix would
cause a similar phenotype. Since epidermal LGN knockdown in our hands leads to neonatal
lethality (Williams et al., 2011), this will be difficult to address experimentally. However, our
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analyses show that LGN loss leads to randomization of division orientation specifically in the
lower HF at late embryonic stages, suggesting that later defects could occur.
Interestingly, in early HF placodes, it was reported that nearly all divisions were
perpendicular to the BM and asymmetric, leading to production of one P-cad+ basal
daughter and one Sox9+ suprabasal daughter (Ouspenskaia et al., 2016b). This study also
reported that LGN is expressed in placode perpendicular divisions (Ouspenskaia et al.,
2016b), though our quantitative analyses (Fig. 2.9C) show that this appears to be a minority
population. I also demonstrate that LGN is not required in the HP for perpendicular divisions
to occur, or to maintain the proper balance of Sox9+ and Sox9- progenitors. Nonetheless,
our results do agree with respect to the observed wild-type division orientations in both HPs
and HFs. We both report that 100% of HP divisions are perpendicular, and that lower HF
divisions (where the Wnthi/P-cad+/Sox9- cells described by Ouspenskaia reside) are biased
toward perpendicular/asymmetric divisions while upper HF divisions (where Sox9+ cells
reside) are mostly planar/symmetric. Though our interpretation of these results seems to be
contradictory, I propose that they can be unified by assuming that perpendicular divisions in
the HP yield asymmetric fates, but do not utilize LGN. This can be explained by the
existence of either an active LGN-independent spindle orientation mechanism in HFs, or
passive mechanism where perpendicular divisions are a “default state.” I favour the latter
model and propose that this may be attributed to “Hertwig’s rule,” which stipulates that cells
preferentially divide along their long axis (Hertwig, 1884). Recent studies have confirmed
Hertwig’s observation by utilizing micropatterned substrates to manipulate cell shape and
tension to observe how they influence division orientation(Thery et al., 2007). I postulate that
since early placode cells are unusually columnar compared to neighbouring IFE, they may
not require an active mechanism to orient their mitotic spindle. In addition, acquisition of
asymmetric cell fates in the developing HF may not require ACDs, as they could be acquired
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by other means, so long as Wnthi and Wntlo cells remain juxtaposed(Ouspenskaia et al.,
2016b). Directed cell migration is one mechanism by which this asymmetry could be
maintained irrespective of proliferation (Ahtiainen et al., 2014). Live-imaging may be
necessary to reveal the relative contributions of oriented cell divisions, migration, PCP, and
actomyosin dynamics to HF morphogenesis.
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Figure 2.1 | Oral epithelial stratification and proliferation are dynamic. (A) Visualizing
OE in coronal section. (B) E13.5-E17.5 OE/skin thickness. (C,D) Cytokeratin expression in
head and OE at E14.5 (C) and E16.5 (D), using basal (K14, red), suprabasal (K10, green),
and periderm (K8, white) markers. (E) Proliferation rates during peak stratification, assessed
by EdU incorporation (left) and expression of the G2/M marker pHH3 (right). (F) Proliferation
rates during skin and OE development, representing aggregate pHH3+ cells/mm. All OE
demonstrate higher proliferative activity postnatally compared to skin. (G) Suprabasal
mitoses are transient during skin and VT/palate development but persist in buccogingival
(BG) epithelia postnatally. Data in (B,E,F) derived from n=10-30 sections per tissue per age
from n≥3 independent embryos; in (G), from 30-60 mitoses (from 3-6 embryos) per group.
Scale bars: 50µm.
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Figure 2.2 | Differentiation in oral epithelia. (A,B) Coronal sections of head skin and oral
epithelia at E14.5 (A) and E16.5 (B) labelled for basal keratins (K5 and K14) and the BM
marker integrin-β4. K5 and K14 are generally are co-expressed in OE as in epidermis but
are weakly expressed in E14.5 palatal epithelium (prior to palate fusion). K5/K14 are also
expressed suprabasally in buccal and palatal epithelia. (C,D) Expression of cytokeratin 6
(K6), E-cadherin (Ecad) and cytokeratin 8 (K8) in head skin and OE. (C) At E14.5, K6 is
expressed in all OE (VT, buccal, palate, and DT) but is undetectable in head skin. Ecadherin (Ecad) labels cell membranes in the full thickness of all studied epithelia at this
age. K8, a marker of periderm, is expressed prominently in tongue and palate but less
obviously in BG epithelium. (D) By E16.5, K6 is expressed suprabasally in all OE but is not
restricted to periderm in head skin. Ecad is more prominent basally in tongue and head skin
but is expressed at high levels suprabasally in buccal and palatal epithelium. K8
demonstrates pronounced expression in periderm in all studied epithelia at this stage.
Dashed white lines in (C,D) represent the BM; solid white lines in (B) help visualize the
position of the epithelial surface. Scale bars: 50µm
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Figure 2.3 | LGN is apically recruited during peak stratification. (A) Patterns of LGN
localization, shown in mitotic (pHH3+) OE basal cells. (B,C) Radial heat maps (B) and mean
intensity plots (C) of LGN fluorescent intensity used to quantitatively categorize LGN
localization patterns (shown in A), illustrating apical (red), basal (blue), and lateral domains
(grey). (D,E) LGN localization patterns by category in different tissues during development
(D). Increasing proportions of mitotic basal cells polarize LGN apically by E16-E17, while
suprabasal mitoses (red bars) rarely do. (E) LGN localization patterns in headskin (left) and
palate (right) by different methods. Cells were analysed at early (pro/metaphase) or late
stages (telophase) of mitosis, from single confocal planes in thin sections (8µm), or from zseries confocal stacks in thick sections (20µm). (F) Representative images from the same
section of apical LGN in E16.5 headskin (left) and palate (right). (G,H) Quantification of LGN
crescent orientation (G) and apical:basal fluorescent intensity ratio (H) for headskin and
palate (n=10/group). Scale bars: 5µm. n values indicated within bars for (D,E); p-values
determined by Χ2 (D,E) or student’s t-test (G,H). Dashed lines in (A,F) represent the BM.
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Figure 2.4 | LGN polarization and proliferation in OE compared to epidermis. (A) Dot
and Tukey box-and-whisker plots of LGN crescent position for head skin and OE between
E14.5 and E17.5. A significant shift from randomized toward apical bias in LGN orientation
develops between E14.5 and E16.5 for head skin, buccal and VT, delayed by ~1 day in
palate. (B) LGN localization patterns by category in different tissues postnatally. Postnatally,
LGN localization patterns are similar across tissue types but distinct from embryonic
patterns. (C) Orientation of LGN crescents in buccogingival 3D whole mount is consistent
with recruitment of LGN protein to the apical cortex at prometaphase in 2D coronal sections.
(D) Scramble hairpin does not significantly impact proliferation rates, derived from n=10-30
sections per tissue per age from n≥3 independent embryos. p-values: * p < 0.05, ** p <
0.01, *** p < 0.0001, determined by Mann-Whitney non-parametric test in (A), Student’s Ttest in (D). In Tukey box-and-whisker plots, the box represents the interquartile range (IQR,
defined by 25th–75th percentiles) and the horizontal line represents the median. White
arrowheads in (C) highlight LGN localization. White dotted lines in (C) indicate the basement
membrane. Yellow lines in xy (left), yz (right, 1 and 2), and xy (right, 3/4) indicate visualized
plane for LGN localization. Scale bars: 50µm (C).
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Figure 2.5 | In utero delivery of lentiviral shRNAs efficiently transduces oral epithelia.
(A) Tile-scanned image of complete E16.5 oral cavity transduced with LGN 1617 H2BmRFP1 lentivirus showing efficient transduction of indicated epithelial tissues with no
transduction of underlying mesenchyme. (B-E) Transduction efficiency in head skin
epidermis and oral epithelia with control Scramble shRNA (B) or LGN 1617 shRNA (D),
quantified in (C,E). All tissues demonstrate at least 60% transduction with either construct.
Note thinning of all epithelia in LGN 1617 transduced tissues. Scale bars: 500 µm (A), 50
µm (B,D). Dashed white lines represent the basement membrane; solid white lines in
approximate the full epithelial thickness of each epithelium. Scale bars: 500µm (A), 50µm
(B,D).
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Figure 2.6 | Efficient LGN knockdown by in utero delivery of LGN 1617 lentivirus.
Representative examples of LGN 1617 RFP+ and RFP- cells in E17.5 head skin, palatal,
and dorsal tongue epithelia. (A,B) Head skin (interfollicular epidermis) displays efficient
apical polarization of LGN in RFP- basal cells (A, top) and significant decrease of LGN
expression in RFP+ cells (A, bottom) and though not as robustly polarized in palatal
epithelia (compare A and B, also quantification in Fig. 2G,H). (C,D) Efficient knockdown of
both apical (C) and non-polarized (D, top) localization patterns, quantified in (E),
demonstrating significant enrichment of LGN cortically in mitotic RFP- cells and interphase
level LGN enrichment in mitotic RFP+ cells. Dorsal tongue frequently displays higher
background levels of LGN in non-mitotic tissue, which is also substantially reduced in RFP+
areas (C,D). p-values: * p < 0.05, ** p < 0.01, *** p < 0.0001, determined by Mann-Whitney
non-parametric test in (E). White dotted lines in (C) divide mosaic RFP- and RFP+ areas.
Scale bars: 10µm (A,B,C,D).
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Figure 2.7 | Differences in mitotic LGN expression, but not in mitotic knockdown
efficiency, between interfollicular epidermis and developing hair placodes. (A)
Representative images of mitotic wt and LGN 1617 RFP+ interfollicular epidermis (IFE) and
also hair placode cells in back skin, specifically identified by simultaneous expression of
pHH3 and placode marker, P-cadherin. (A,B) Interfollicular epidermis displays efficient
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apical polarization of LGN in wt basal cells (A, top) and significant decrease of LGN
expression in RFP+ cells. Though not as robustly polarized in hair placodes (compare wt in
A, top and wt in A, bottom), efficient knockdown LGN is observed in both IFE and hair
placodes. (B-E) Significant cortical enrichment of LGN is observed in mitotic wt IFE cells and
hair placode cells compared to LGN 1617 RFP- cells (B), and this observation applies to
interphase cells. Mitotic and interphase dermal cells, respectively, were used to control for
background levels of LGN in wt and LGN 1617 since delivery of lentivirus doesn’t transduce
mesenchymal tissue and LGN is not readily expressed outside of epithelia. (D,E) Significant
differences were observed when the apical (D) and cortical (E) integrated fluorescence
intensities were measured between mitotic wt IFE versus mitotic wt placodes, between
mitotic wt and mitotic LGN 1617 cells in both IFE and placodes, and c) interphase IFE and
placode cells. p-values: * p < 0.05, ** p < 0.01, *** p < 0.0001, determined by Mann-Whitney
non-parametric test in (B-E). White arrowheads in (A) highlight apically localized LGN. White
dotted lines in (A) indicate the basement membrane. Yellow dotted lines magnified area to
display LGN channel in A, right panels. Scale bars: 10µm (A,B,C,D).
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Figure 2.8 | Altered spindle orientation and differentiation upon LGN loss. (A)
Representative wild-type littermate, scramble, LGN 1617 RFP- and RFP+ telophase palatal
cells indicating division orientation (yellow angle) relative to the BM (white dashed line). (B)
Radial histograms of division orientation for headskin, palatal epithelium, BG epithelium and
VT at E16.5. Perpendicular and planar divisions are roughly equal in wild-type, LGN 1617
RFP-, and scramble cells, while oblique and planar divisions are increased in LGN 1617
RFP+ mitoses. (C) Average wild-type (black) and LGN 1617 (red/shaded) OE thickness at
E16.5, measured every 10µm and averaged from 3 embryos/group. (D) Epithelial thickness
for indicated tissues in control groups (wild-type littermates in black and scramble in grey)
and LGN knockdowns (red). (E,F) Reduced immunolabeling for spinous/granular marker
K10 (green in E) in E16.5 LGN knockdowns, quantified in (F). Basal (K14) marker
expression is unaffected. (G) Differentiation defects at E18.5 showing reduced loricrin
immunolabeling specifically in RFP+ regions of LGN knockdown palatal epithelium. (H)
Similar reductions in loricrin staining observed across all OE. (I) LGN loss does not
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significantly impact proliferation rates. Data in (D,F,H,I) derived from n=10-30 sections per
tissue per age from n≥4 independent embryos. Scale bars: 10µm (A), 50µm (G,H). p-values
determined by χ2 test (B) or student’s t-test (D,F,H,I).
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Figure 2.9 | LGN loss in DT causes defects in filiform papilla morphogenesis. (A)
Coronal section of wild-type (top) DT epithelium showing ordered arrangement of papillary
placodes. Future papillae (P, dashed yellow line) develop over evaginations of lamina
propria (LP) and are separated by interpapillary epithelium (IPE). In LGN 1617 DT (bottom),
fewer placodes develop, IPE width (yellow double arrowhead) increases, and depth (white
double arrowhead) decreases, quantified in (B,C). (D) K14, K10 and loricrin layer thickness
(derived from n=10-30 sections from n≥4 independent embryos per tissue per age) showing
impaired differentiation in LGN knockdown DT. (E) SEM images of E18.5 wild-type (left) and
LGN 1617 (right) central DT. Filiform papillae (yellow asterisks) are arranged in regular
hexagonal arrays in controls, while LGN knockdown papillae are disorganized and display
delayed eruption through the keratinized outer epithelial layer. (F-H) Wholemount confocal
images of E16.5 scramble (F) and LGN 1617 (G) DT labelled with E-cadherin (gray). H) Ecadherin 3D surface plot reconstructed from the region shown in (G). Positions of LP and
IPE are shown in (F,G), with number of cells in each papilla ‘rosette’ indicated, quantified in
(I). (J) Inter-papilla distance, analogous to IPE width in (C), is increased in RFP+ regions in
LGN knockdowns, with compensatory decrease in RFP- regions. K) Reduction in papilla
density in LGN 1617 RFP+ regions of DT. L) Measurement of angles between papilla
rosettes (blue bars=means) is tightly clustered around 60° in controls, and more variable in
LGN knockdowns (p < 0.0001). Scale bars: 40µm (A,F,G,H), 20µm (E). p-values determined
by two-tailed student’s t-tests, except Mann-Whitney test in (K) and F-test (L).
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Figure 2.10 | Patterning and growth of papillary placodes. (A-C) Wholemount, yz slice,
and surface plot views of E14.5 (A), E15.5 (B) and E16.5 (C) central DT. Arrowheads
indicate fungiform papillae. At E14.5, stellate regions of concentrated E-cadherin (asterisks)
form a highly ordered heptagonal/hexagonal pattern representing early filiform papilla
placodes. By E15.5, LP (dashed white lines) intercalates at the center of these rosettes,
which increase in cell number. At E16.5, LP area, rosette circumference and IPE width
(yellow double arrows) increase. Surface plots reveal vertical growth of ordered papillary
placodes beginning at E15.5. (D) High magnification z-stack reconstruction of IPE region
between placodes, with representative z-slices illustrated in (E). (F-I) Morphometric analyses
of papilla development, showing increased circumferential growth around LP (F), increasing
distance/cell number between rosettes (G), and decreasing placode density (H). Angles of
rosettes relative to each other (blue bars=means) remain relatively consistent, indicating
filiform papilla position is pre-patterned by E14.5 (I). Scale bars: 50µm (A-C), 10µm (D,E). pvalues were determined by Mann-Whitney test (F) or two-tailed student’s t-test (H).
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Figure 2.11 | Dorsal tongue shows unique patterns of LGN localization. (A) 3D
construction of E16.5 DT wholemount showing position of mitotic cells (pHH3+, green)
relative to BM (integrin-β4, white). (B) Position (depth) of mitotic cells in DT from E15.5E18.5 in wild-type (black) and LGN 1617 (red) DT. Mitoses localize progressively deeper
over time as papillae grow, unchanged upon LGN loss. (C) LGN localization patterns from
E14.5 to adulthood. LGN is initially undetectable, becoming primarily “basally enriched” or
“uniform/bipolar” from E15.5 onward. E17 data analysed as in Fig. 2E. (D,E) Wholemount
single confocal sections (D) and high-magnification xy/yz reconstructions from confocal
stacks (E) of mitotic DT cells showing distinct patterns of LGN localization. Arrowheads
indicate patterns of cortical LGN; observed percentages and n values are shown in (E). (F)
Two mitotic cells positioned along papilla slope (a) or in deeper IPE (b). Insets show LGN,
expressed weakly in superior cell and laterally in inferior cell. (G) Quantification of LGN
localization patterns for inferior (papilla base/IPE) versus superior (papilla slope) mitoses in
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E14.5-E17.5 DT epithelium. (H) Data from (G) plotted by frequency of division location for
each LGN localization pattern. Expected frequencies are indicated by dotted lines. Binomial
tests indicate enrichment of basal polarization for inferior mitoses and uniform/bipolar
localization for superior mitoses. Scale bars: 50µm (A,D); 10µm (E,F). p-values determined
by χ2 test (C,G), Mann-Whitney test (B), binomial test (H).
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Figure 2.12 | Spindle orientation is altered upon LGN loss in developing filiform
papillae. DT division orientation in 2D coronal sections (A,B) and 3D wholemounts (C-G).
(A) Wild-type (left) and LGN 1617 knockdown (right) telophase cells with division orientation
indicated by yellow arrows. (B) Radial histograms of division orientation. Most control
divisions occur parallel to the BM, while LGN 1617 divisions are frequently perpendicular.
(C) xy (top) and xz/yz (bottom) views of telophase cells illustrating three division types
occurring in papilla placodes. Circumferential (parallel to BM) and perpendicular (orthogonal
to BM) divisions occupy the epithelial plane; vertical divisions occupy the z-plane parallel to
the BM. (D) Example of abnormal LGN 1617 perpendicular division. (E) Quantification of
division type in wild-type and LGN 1617 DT, shown for all cells, and subdivided by inferior
IPE (Inf) and superior papilla slope (Sup) positions. Vertical divisions increase and
circumferential divisions decrease between E14.5 and E16.5, reflecting a switch from radial
to vertical papilla growth. Upon LGN loss, division orientation is randomized and positional
biases are eliminated. (F) Distribution of division types for inferior and superior mitoses in
wild-type papillae. Expected frequencies are shown by dotted lines. (G) Circumferential
divisions are enriched in the superior population while vertical divisions are enriched in the
inferior population; “+” ”-“ and “=” represent LGN localization patterns that are enriched,
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decreased, or equivalent, respectively to the general population. Scale bars: 10µm (A),
20µm (C,D). p-values determined by χ2 test in (B,E,G) and binomial test in (F).
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Figure 2.13 | Divisions in dorsal tongue epithelia are coordinated in three dimensions.
(A) Divisions angles plotted against normalized z depths display enrichment in the lower
(interpapillary epithelia, IPE) compartment of developing dorsal tongue epithelia. Divisions in
the upper compartment are generally planar (0-30°) in wt, but randomized in LGN 1617
RFP+ cells. Though more oblique (30-60°) and perpendicular (60-90°) divisions are
observed in the wt and LGN 1617 lower (IPE), (B) reveals divisions are significantly altered
toward a randomized phenotype, regardless of RFP+ cell position. (C) Whole mount image
of E16.0 wt telophase cells, visualized by survivin, show LGN expressed in a majority of
divisions. (D) displays the most common LGN expression patterns seen in the three types of
categorized divisions: circumferential, perpendicular, and vertical. Divisions are visualized in
xy (top) and also in xz/yz (bottom). Non-polarized LGN is frequently observed in
circumferential divisions, weak or absent in perpendicular divisions, and expressed in
unilateral (more often in the lower dorsal tongue IPE or non-polarized patterns more often in
mid to upper dorsal tongue slopes. White arrowheads in (C,D) highlight LGN localization.
White dotted lines in (D, xz and yz planes) indicate the basement membrane. Yellow straight
lines (C,D) indicate visualized plane for LGN localization. Green lines (D) with arrowheads
indicate direction of division. Scale bars: 30 (C), 10µm (D). White asterisks (C,D) highlight
cells that have not undergone cytokinesis (survivin negative) but are clearly mitotic and
expressing LGN in a non-polarized pattern.
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Figure 2.14 | Differential Localization of Gαi3 in oral epithelia and dorsal tongue
epithelia. (A) Z-stack image of E16.5 wt palatal epithelia displaying apically polarized LGN
and Gαi3 in xy and yz planes. (B, left) Imaris-generated surfaces of pHH3, LGN, and Gαi3
by mean fluorescent intensity, (B, right) radial heat maps of central z plane (Z3), and mean
intensity plots (C) of all five z depths (Z1-Z5) of LGN and Gαi3 were used to visualize mean
radial fluorescent intensity of both proteins at 5° increments. (D) Mean apical:basal ratio for
each concentric ring at each Z-depth. (E) Center of LGN and Gαi3 signals for head skin
(HS), oral epithelia (OE), and dorsal tongue (DT). (F-H) Three representative examples of
apical LGN/Gαi3 in HS and OE and also representative apical, basal, and non-polarized
LGN/Gαi3 localization patterns in DT. Error bars in (C) represent s.e.m. Straight yellow lines
in (A) represent selected z-range for signal projection displayed in xy (left) or yz (right).
Straight white lines in (A,F,G,H) represent spread of LGN and/or Gαi3 fluorescent signal and
red/green lines represent the center of LGN or Gαi3 signal, respectively. Straight white
arrows in (A,F,G,H) indicate basement membrane for reference. Dotted white circles in
(A,F,G,H) represent the border of mitotic nucleus, determined by pHH3. White triangles in
(B,C) represent apical center (90°). Scale bars: 5 µm (A,B,F,G,H).
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Figure 2.15 | Absence of HF defects upon LGN loss. (A) Asymmetric localization of Ecadherin and P-cadherin—expressed in complementary patterns—is preserved in LGN
mutant HFs. (B) Normalized z position of HF divisions reveals that a greater proportion of
divisions occur deeper in the HF, and this distribution is unaffected in LGN mutants. (C-F)
Metrics to assess HF development, including HF density (C), distance between follicles (D),
HF width (E), and HF depth (F) were all unaffected in LGN mutants. Statistical tests: MannWhitney non-parametric test (B), student’s t-test (C-F). White dotted lines in (A) indicate the
basement membrane. Scale bars: 20 µm (A).
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Figure 2.16 | LGN loss does not affect hair follicle development. (A) Inverted K14
images of wild-type and LGN knockdown E17.5 backskin, where green lines indicate HF
angling. (B) Radial histograms show HF orientation in wild-type and LGN knockdowns
(mean indicated with green lines; p=0.5307 by Mann-Whitney test). (C,D) Images (C) and
quantification (D) of HFs at each stage in LGN knockdowns and wild-type littermates. (E,F)
Characteristic suprabasal Sox9+ cells (arrowheads) in hair placodes (E) and in Pcadregions of hair pegs (F), quantified in (G,H). Scale bars: 100µm (A), 50µm (C), 10µm (E),
and 25µm (F). p-values determined by two-tailed student’s t-test (D), binomial test (G), or
Mann-Whitney test (H).
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Figure 2.17 | LGN is not required for oriented cell divisions in hair follicles. (A,B)
Merged (top) and single channel (middle for DAPI, bottom for LGN) images of early-stage
(pHH3+, A) and late-stage (survivin+, B) mitotic cells in interfollicular epidermis (IFE, left)
and hair placodes (right). Yellow dashed outlines indicate mitotic cells; double arrows in (B)
indicate division orientation for telophase cells; solid arrowheads depict apical LGN; open
arrowheads depict basal LGN. (C) Quantification of LGN localization patterns in
perpendicular divisions in epidermis, hair placodes and pegs at both early and late stages of
mitosis. LGN does not polarize apically as frequently in HFs at either stage compared to
IFE. (D) LGN apical:basal ratio for epidermis (IFE), hair placodes (HP) and dermis (Der) in
prometaphase mitotic (gray) vs. interphase (blue) cells. No polarization is observed in
dermis or interphase cells, while stronger apical enrichment is observed in IFE compared to
HPs. (E) Division orientation in IFE (left) and HP (right), showing LGN-dependent loss of
perpendicular divisions in IFE but not HP. (F) Division orientation by position at hair peg
stage. Most divisions in upper HF are parallel, while most in lower HF are perpendicular to
BM. No obvious bias in division orientation was observed between anterior and posterior
regions. (G) Division orientation in E17.5 wild-type and LGN 1617 HFs plotted by position
(depth). Divisions in the lower 25% are mostly perpendicular, distinct from the upper HF
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(mostly parallel). (H) Radial histograms for upper and lower HF populations. LGN loss has
no effect in upper HF but causes a slight reduction in perpendicular divisions in lower HF.
Scale bars: 10µm; p-values determined by χ2 test (C,E,H) or Mann-Whitney test (D).
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Figure 10
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Figure 2.18 | Model of LGN function in epithelia and placodes. Wild-type (top) and LGN
1617 (bottom) epithelial tissues at ~E17.5. Representative oriented cell divisions (OCDs) are
shown, with LGN localization patterns in red. Perpendicular OCDs with apical LGN occur in
~60-65% of epidermal divisions and ~50% of OE divisions. LGN loss biases toward
parallel/oblique divisions—more severe in epidermis than OE—accompanied by impaired
stratification (epithelial thinning) and differentiation (reduced/lost K10 expression). Three
types of OCD are observed in DT: circumferential, vertical, and more rarely, perpendicular. I
propose that different patterns of LGN localization distinguish among them (e.g.,
uniform=circumferential, absent=perpendicular, basal/bipolar=vertical). LGN loss causes
randomization of division orientation, reducing papilla height and favouring IPE over papilla
fate. In hair placodes, LGN is weakly and infrequently polarized apically, while in the upper
(Sox9+) HF, mitotic cells do not express LGN and divide parallel to the BM. In the lower
(Pcad+/Sox9-) HF, divisions are mostly perpendicular to the BM. LGN loss randomizes
divisions in the lower region, but has no effect on the upper region, or in HPs.
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CHAPTER 3: IDENTIFICATION OF AN INFREQUENTLY DIVIDING POPULATION
IN HARD PALATE EPITHELIUM WITH PROPERTIES OF STEM CELLS1
3.1

Introduction
In stratified epithelia, stem cells must balance differentiation with self-renewal (Arwert

et al., 2012; DeWard et al., 2014; Donati and Watt, 2015; Doupe et al., 2012; Elbediwy et
al., 2016; Rosekrans et al., 2015; Sada et al., 2016; Watt, 2014). This equilibrium underlies
their role in 1) building new tissues during development, 2) maintaining tissue homeostasis,
and 3) rebuilding tissue after challenges such as injury. However, this balance is sensitive,
and extended periods of disequilibrium may result in epithelial cancers (Blanpain and Fuchs,
2009; Ezhkova et al., 2009; Fuchs and Nowak, 2008; Hsu et al., 2014; Williams et al., 2011;
Williams and Fuchs, 2013; Williams et al., 2014). Notably, the oral cavity is lined by various
highly proliferative, stratified squamous epithelia, but how these oral epithelia (OE) utilize
their stem/progenitor populations to heal with virtually no scarring throughout life—despite
constant challenges from diet, mastication, infection, and surgery—is unknown (Jones and
Klein, 2013; Squier and Kremer, 2001).
Oral epithelial stem/progenitor cells (OESCs) are thought to be located within the
proliferative basal compartment, where the vast majority of cell divisions occur (Jones and
Klein, 2013; Papagerakis et al., 2014; Squier and Kremer, 2001; Winning and Townsend,
2000). This definition broadly includes most every proliferating OESC without accounting for
basal layer heterogeneity or the existence of locoregional stem cell niches. In other epithelial
organs, two of the best-studied stem cell niches include 1) the hair follicle bulge region
(Fuchs and Nowak, 2008; Hsu et al., 2014; Nowak et al., 2008; Ouspenskaia et al., 2016a),
and 2) gastrointestinal (GI) crypt epithelia (Beumer and Clevers, 2016; Powell et al., 2012;
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Roche et al., 2015). Evidence for stem cell heterogeneity exists in these organs, and it is
believed, for example, in the GI tract that there are two stem cell pools: 1) those that are
active during maintenance and 2) a reserve population (Powell et al., 2012; Van Landeghem
et al., 2012). Reserve stem cells are believed to be slow and/or infrequently cycling, as they
are generally not involved in homeostatic regulation of the epithelia (Barker, 2014a; Henning
and von Furstenberg, 2016; Tian et al., 2011). Importantly, however, activation of reserve
stem cell populations is proposed to be the driving force in rebuilding epithelia following
stress (Henning and von Furstenberg, 2016; Krieger and Simons, 2015; Li and Clevers,
2010a; Sancho et al., 2015; Tetteh et al., 2015).
The identification and characterization of OESCs is key to understanding
development and regeneration of this tissue; however, we do not currently have reliable
markers for active or reserve OESCs. Assumingly, there are shared regulatory mechanisms
between the lower and upper GI tracts, as many of the known signaling pathways in GI stem
cells—including Wnt, Notch, and EGF/R—have been shown to have important roles in
development, maintenance, and cancer in OE (Agrawal et al., 2011; Cancer Genome Atlas,
2015; Lawrence et al., 2013; Stransky et al., 2011; Yin et al., 2015). The well-known
intestinal stem cell markers Lgr5 (active stem cell marker) and Bmi1 (reserve stem cell
marker) are expressed in some specialized OE organs (Athanassiou-Papaefthymiou et al.,
2015; Hisha et al., 2016; Ren et al., 2014; Tanaka et al., 2013a); however, their expression
in OESCs outside of these niches has not been reported. Transcription factors, such as
those of the Sox family—in particular Sox9—mark hair follicle bulge stem cells and have
been reported to be expressed in both GI progenitor and reserve stem cells (Formeister et
al., 2009; Nowak et al., 2008; Roche et al., 2015). Sox9 has been implicated in controlling
stem cell machinery and appears to be an interesting target for regulating stem cell fate
decision-making in OE.
Open questions about OESCs include where they reside, how they are regulated,
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and whether there exists OESC heterogeneity. To begin to ask these questions in OE, I
have identified the hard palate as a particularly advantageous location to begin our search
for OESCs in mice. This is due to 1) its high regenerative potential, 2) its landmark-rich and
anatomically diverse epithelium, including both rugae and rete ridges and 3) its
independence from any ectodermal appendages, which have been shown to contribute to
IFE regeneration (Ito et al., 2005; Levy et al., 2007), 4) its clinical relevance as an important
harvest site for autologous grafts to treat severe gingival recession (Cairo, 2017).
Additionally, it is also unknown if the palate organizes into epidermal proliferation units
(EPUs), like those classically described in skin or whether its unique anatomical landscape
may function as a stem cell niche.
Here, I adopt both lineage tracing and genetic label retention strategies to identify
spatial niches of infrequently dividing cells (IDCs) in the hard palate. With these techniques,
I found characteristics indicative of stemness, including diminished/delayed proliferation,
evidence of symmetric cell fate expansion through planar oriented cell divisions (OCDs),
and coexpression of stem cell markers such as Sox9. With these initial experiments, I
demonstrate evidence for OESC heterogeneity (infrequently dividing and frequently dividing
cells; IDC/FDCs), OESC compartmentalization (IDC localization to rugae/interrugae
transitional zones in the posterior oral cavity), and OESC sensitivity to masticatory stresses
that affect their proliferation rates. These studies provide some of the first preliminary
evidence of a potential OE stem hierarchy including slower-cycling reserve stem cells and
more rapidly dividing active stem cells (or transit-amplifying cells). I also begin to provide
clues to the uncharacterized diverse regulatory mechanisms of this distinct OE.

3.2

Materials and Methods

3.2.1

Animals
All mice were maintained, manipulated, and harvested in an AAALAC certified
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animal facility under IACUC approved protocols (16-114 and 16-162 to S.E.W). Label
retention assay: K14-cre (Tg(KRT14-cre)1Amc/J; Jax: 004782) mice were the Andy
McMahon line (Dassule et al., 2000). Keratin5-tTA (FVB/N-Tg(KRT5-tTA; NCI: 01XM8) mice
were acquired from NCI (Diamond et al., 2000). LSL-tTA (Gt(ROSA)26Sortm1(tTA)Roos/J;
Jax: 011008) and tetO-H2B-GFP (Cd1/Tg(tetO-HIST1H2BJ/GFP; Jax: 005104) mice were
acquired from the Jackson Laboratory (Tumbar et al., 2004). The label-retention study
conducted has been previously validated using the K5-tTA and tetO-H2B-GFP (Sada et al.,
2016; Tumbar et al., 2004; Zhang et al., 2014a). K5-GFP (K5-tTA;tetO-H2B-GFP) and K14GFP (K14-cre;LSL-tTA;tetO-H2B-GFP levels were detectable using a fluorescent flashlight
(NIGHTSEA DFP-1). Mice were chased at 4-6 weeks old, using <6-month-old doxycycline
chow (Harlan TD.08541 Rodent Diet: 2018, Teklad Global 18% Protein Rodent Diet 999.175
g/kg, 0.625g/kg Doxycycline Hyclate, Red Food Color 0.2g/kg). In Soft/Hard Chow assays
(Fig. 3.13), hard chow was mechanically pulverized, added to a sterilized metal dish, and
5mL water was added to food every two days to achieve a paste-like consistency. Lineage
Tracing Assay: K14-creER (Tg(KRT14-cre/ERT)20Efu; Jax: 005107) mice (Vasioukhin et al.,
1999) were a gift from the Amelio Lab (UNC). R26R-Confetti mice were acquired from the
Jackson Laboratory (Gt(ROSA)26Sortm1(CAG-Brainbow2.1)Cle; Jax: 013731) (Snippert et
al., 2010c). Mice were given a single dose of tamoxifen (100µg/g body weight, Sigma‐
Aldrich, CAS # 10540‐ 29‐ 1) at P28 and harvested 14 and 28 days later. All mice from the
label retention assay and the lineage tracing assays were IP injected with EdU (50 ug/g-1
body weight, Life Technologies) 2 hours before harvest. Sections were stained according to
the above protocol. EdU Click-iT® chemical reactions were performed on slides for 30 min
according to manufacturer’s protocol before performing the described secondary antibody
protocol.
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3.2.2

Immunohistochemistry, Antibodies, and Imaging
Tissues were microdissected into ice cold 1x PBS and fixed for 30 min at room

temperature (RT) in 4% paraformaldehyde (PFA). After washing with PBS 3x/10min at RT,
samples were equilibrated O/N at 4°C in 15% sucrose solution and then mounted in TissueTek optimal cutting temperature (OCT) compound (Electron Microscopy Services). 12µm
sagittal and coronal sections were cut on a Leica CM1950 cryostat onto Fisher SuperFrost
Plus slides and stored at -80°C. Samples were dried at 37°C for 30 min before a 1h
incubation with gelatin block (5% normal donkey serum, 3% BSA, 8% gelatin, and 0.1%
Triton X-100 in 1x PBS). Slides were incubated with primary antibodies diluted in gelatin
block O/N at 4°C and washed 3x/5min in 1x PBS at RT. Secondary antibodies were also
diluted in gelatin block and added to the slide for 2h at RT. DAPI (1:2000) was added to the
slide for 5 min at RT; samples were mounted in 100µL ProLong Gold (Invitrogen) and
covered by glass coverslips (Fisher Scientific). Images were acquired using LAS X software
on a Leica TCS SPE-II 4 laser confocal system on a DM5500 upright microscope with ACS
Apochromat 10x/0.30 air, ACS Apochromat 20x/0.60 multi-immersion, ACS Apochromat
40x/1.15 oil, and ACS Apochromat 63x/1.30 oil objectives. For whole mount imaging (tile
scans + z-stacks), z-volume was determined using RFP (Fig. 3.4A) or GFP (Fig. 3.6A-C),
and optical section thickness was manually manipulated for thicker slices (10µm) to
preserve fluorescent signal. 2D and 3D tile-scanned images were acquired at 20x and 40x,
and LAS X software was used to stitch together tile scans using the statistical mosaic merge
feature. Stereoscope imaging (Fig. 3.1B) was accomplished with a Leica M165 FC using
Leica V4.7 software.
i.

Primary Antibodies
Monoclonal rabbit anti-survivin clone 71G4B7 (Cell Signalling 2808S, 1:1000);

polyclonal chicken anti-GFP (Abcam ab13970, 1:2000), monoclonal rat mCherry clone 16D7
(Life Technologies M11217, 1:3000); polyclonal guinea pig anti-cytokeratin 5 (Acris BP5006,
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1:500), rabbit anti-cytokeratin 14 (Fuchs Lab, 1:500), polyclonal rabbit anti-cytokeratin 6a
(Abcam ab24646, 1:500); polyclonal rabbit anti-cytokeratin 10 (Covance 905401, 1:1000);
polyclonal rabbit anti-phosphohistone H3 (Millipore 06-570, 1:1000); monoclonal rat antiintegrin β4 clone 346-11A (BD Biosciences, 553745, 1:1000); polyclonal goat anti-Ecadherin (R&D Systems AF748, 1:1000); monoclonal rat anti-P-cadherin clone PCD-1 (Life
Technologies, 13-2000Z, 1:1000), polyclonal rabbit anti-Sox9 (Millipore AB5535, 1:500),
polyclonal rabbit anti-Ki67 (Millipore-Sigma AB9260, 1:1000), monoclonal rat anti-Ki67 clone
SolA15 (ThermoFisher Scientific 14-5698-82, 1:500), monoclonal rabbit anti-p75 NGF
Receptor clone EP1039Y (Abcam ab52987, 1:500), and monoclonal rabbit anti-Neuronal
Class III β-Tubulin (BioLegend MRB-435P, 1:1000) were used.
ii.

Secondary Antibodies
Donkey anti-rabbit Alexa Fluor® 488 (Invitrogen, 1:1000), Donkey anti-rabbit

Rhodamine Red-X (Invitrogen, 1:500), Donkey anti-rabbit Cy5 (Invitrogen, 1:400), Donkey
anti-rat Alexa Fluor® 488 (Invitrogen, 1:1000), Donkey anti-rat Rhodamine Red-X
(Invitrogen, 1:500), Donkey anti-rat Cy5 (Invitrogen, 1:400), Donkey anti-guinea pig Alexa
Fluor® 488 (Invitrogen, 1:1000), Donkey anti-guinea pig Rhodamine Red-X (Invitrogen,
1:500), Donkey anti-guinea pig Cy5 (Invitrogen, 1:400), Donkey anti-goat Alexa Fluor® 488
(Invitrogen, 1:1000), Donkey anti-goat Rhodamine Red-X (Invitrogen, 1:500), Donkey antigoat Cy5 (Invitrogen, 1:400), Donkey anti-chicken Alexa Fluor® 488 (Invitrogen, 1:1000),
Donkey anti-chicken Rhodamine Red-X (Invitrogen, 1:500), Donkey anti-chicken Cy5
(Invitrogen, 1:400), Click-iT Plus EdU Alexa Fluor® 647 (C10640) were used, corresponding
to primary antibodies.
3.2.3 Palatal Epithelial Cell Isolation and Fluorescence Activated Cell Sorting
(FACS)
Hard palates (rugae 1-8) were microdissected and immediately transferred to 12-well
plates with 1 mL of PBS and kept on ice. 500µL 1x dispase (Invitrogen) was added to each
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palate and incubated for 1 hour at 37°C. Dissecting forceps (Roboz) were used to peel the
epithelia from the underlying lamina propria. Isolation of basal palatal cells was adapted
from the epidermal method of (Nowak and Fuchs, 2009). Palate epithelia were transferred to
a new 12-well plate with 0.25% Trypsin-EDTA. After 60 min incubation at 37°C with vigorous
shaking, samples were triturated with a P1000 pipette/tips that were precoated with FACS
buffer (PBS + 1% chelated FBS) several times to suspend basal epithelial cells. Single cells
were isolated using a 70-µm Falcon cell strainer (Fisher Scientific), rinsed with 2 mL of E low
calcium medium, and then centrifuged for 5 minutes at RT/300g. The cell pellet was
resuspended in FACS buffer and stored on ice. To isolate basal cells by FACS, Rat antiCD49f-Alexa Fluor® 647 (α6-Integrin, Clone PS/2, 1:50, BioRad) was added to cells and
incubated for 60 min on ice. Sytox® Dead Cell Stain (ThermoFisher Scientific cat. No.
S34857, 1:1000) was added 5 minutes before FACS to evaluate cell viability. Before sorting
on a Sony SH800S Cell Sorter, FACS was calibrated using compensation controls:
unchased GFP palatal epithelial cells, anti-CD49f:Alexa Fluor® 647 negative, and Sytox®
Dead Cell Stain negative cell suspensions. Cells were sorted directly into tubes including
cell lysis buffer from ThermoFisher RNAqueous®-Micro Total RNA Isolation Kit (AM1931).
Sorted cells included all α6-integrinhi populations and were then gated by GFP high (GFPhi),
low (GFPlo), and negative (GFPneg) cells. FACS analyses were performed using FlowJo 10
software (Figs. 3.9C, 3.12D).
3.2.4

qPCR
According to manufacturer’s protocols for RNA isolation and qPCR, RNA was

isolation from FACS cells using ThermoFisher RNAqueous®-Micro Total RNA Isolation Kit
(AM1931). Invitrogen Superscript VILO cDNA Synthesis kit was used to generate a cDNA
library from isolated cells for quantitative PCR (qPCR). Control primers (5’à3’) 1) Ppib
Forward: GTGGGCTCCGTCGTCTTCC, and Ppib Reverse:
GATCAGTCAACGGGGGACATAAA, and 2) Hprt1 Forward
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GATCAGTCAACGGGGGACATAAA and Hprt1 Reverse:
CTTGCGCTCATCTTAGGCTTTGT(Williams et al., 2011). Experimental primers (5’à3’): 1)
GFP Forward: AAGTTCATCTGCACCACCG and GFP Reverse:
TGCTCAGGTAGTGGTTGTCG, 2) Sox9 Forward: CGGCGGAGGAAGTCGGTGAAGAAC
and Sox9 Reverse: GGTGGGTGCGGTGCTGCTGATG, 3) K14 Forward:
CGCCGCCCCTGGTGTGG and K14 Reverse: ATCTGGCGGTTGGTGGAGGTCA, 4) Mki67
Forward: CCCAGCTCGTCTCCACCACTAGAG and Mki67 Reverse:
TCTGTGTGTTTCTGGTTTGCCTTAC, 5) Cyclin D1 Forward:
TGTGCGCCCTCCGTATCTTAC and Cyclin D1 Reverse: TTCTCGGCAGTCAAGGGAATG,
6) Tap63 Forward: GTACTGCCCCGACCCTTACATC and Tap63 Reverse:
CGAGGAGCCGTTCTGAATCTG, 7) ΔNp63 Forward: TGGAAAACAATGCCCAGACTCA
and ΔNp63 Reverse: GTGGGGGTGGGGTCATCAC, 8) Notch2 Forward:
GCAGCCGGAGCTCCCCAGACG and Notch2 Reverse: GTCCCCGCTGACCGCCTCCAC,
and 9) Itgb1 Forward: CCAAGTGCCATGAGGGAAATG and Itgb1 Reverse:
ACTGCCAGTGTAATTGGGATAGCA. Untested primers were validated on wild-type OE
cells before experiments. qPCR was performed on a BioRad CFX385 Touch or Applied
Biosystems 9500 Fast system using the SYBR green system (BioRad SsoAdvanced
Universal SYBR green mastermix, cat. no. 175271).
3.2.5

Label Retention and Lineage Tracing Analyses in 2D/3D
ImageJ/Fiji was used to analyse lineage tracing and label retention assays except for

whole mount analyses (Figs. 3.4A/B, 3.6A/B), which were performed with Imaris 8.4
(Schindelin et al., 2012). Imaris was used to generate statistically coded 3D surfaces to RFP
signal (Fig. 3.4B) or spots to GFP nuclei (Fig. 3.6B). Each label retention assay (Figs. 3.7,
3.8, 3.10-12) was calculated by manually measuring fluorescence intensity (a.u.) using the
FIJI *Multi-point* tool (type: dot, color: yellow, size: large) in every basal DAPI+ cell from
anterior to posterior in every experimental condition, in multiple slides (n≥2), and in multiple
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embryos (n≥3). Using DAPI+ cells only allowed for measurements to be blinded during
measurement (i.e. EdU/pHH3/GFP: Fig. 3.7 and Ki67/Sox9/GFP: Figs. 3.10, 3.11). In soft
chow experiments, where analyses were assessing anteriorization of fluorescence intensity
in the soft chow versus hard chow experiment (Fig. 3.12.E,F), GFP was normalized to
highest intensity signal within each sample (6 total littermates: 3 hard chow, 3 soft chow)
and then normalized values were averaged. GFP cells were considered high if GFP signal
was >60 a.u. if split; otherwise, GFP positivity was considered for cells >10 a.u. Early stage
mitotic cells (up to metaphase) were identified using a pHH3 while late-stage mitoses
(anaphase/telophase) were identified using the cleavage furrow marker survivin (see 3.2.2.i:
Primary Antibodies). Measurement of division orientation relative to the basement
membrane has been described previously (Fig. 3.8) (Williams et al., 2011). Division angles
were measured by at least 2 observers to assess agreement, binned into 10° increments
using Prism 6 and plotted as radial histograms using Origin 2016 (Figs. 3.8C).
Lineage tracing was performed in coronal and sagittal sections. For continuity, only
coronal sections (>2 animals, >3 slides, and >5 sections/slide) stained for K10, RFP and
XFP (ck-GFP) from anterior palate were used for 14d and 28d pilot analyses. 20x/1.0x
optical zoom tile scans were taken of the entire section and every labelled clone was
analyzed for 1) position, 2) number of basal, K10+ suprabasal, and K10- suprabasal
cells/clone, clone fluorophore, 3) clonal width/height ratio, and 4) microenvironment
classification (rugae vs. interrugae). The clonal analysis figure (Fig. 3.3C) was inspired by
(Alcolea et al., 2014) and made with Origin 2016.
3.2.6

Statistical Analyses
All statistical analyses, graphs, and radial histograms were generated using

GraphPad Prism 5/6 (La Jolla, CA) and Origin 2016 (OriginLab, Northampton, MA). Error
bars on bar graphs represent standard error of the mean (SEM) unless otherwise indicated;
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p values: *p<0.05, **p<0.01, ***p<0.001. Categorical values were analysed by chi-square
tests (Fig. 3.8C). Expanded pie charts (Fig. 3.10) were generated in Microsoft Excel for Mac
2011 (Version 14.7.6) and reassembled in Adobe Illustrator CS6. For Tukey box-andwhisker plots (Fig. 3.13C,D), the boxes represent the interquartile range (IQR, defined by
25th–75th percentiles), the horizontal line represents the median, and the ‘plus’ represents
the mean. Whiskers represent 1.5x IQR unless this is greater than the minimum or
maximum value. Outliers were included to show general trends of fluorescence intensity in
soft/hard chow experiments (Fig. 3.13C,D). Images were edited using Adobe Photoshop
CS6 and assembled with Adobe Illustrator CS6.

3.3

Results

3.3.1

The Hard Palate Rugae and Interrugae Epithelia Display Basal Layer

Heterogeneity
The oral cavity contains diverse and specialized regions of epithelia, mostly derived
from ectoderm, that serve to protect the head and neck from constant challenge (Fig. 3.1A)
(Jones and Klein, 2013; Squier and Kremer, 2001). Though all OE are highly proliferative
during late-stage embryogenesis and sustain this activity during early postnatal
development (Byrd et al., 2016), classical kinetics studies of GI, IFE, and OE have revealed
that the OE, especially the palate and the dorsal tongue, are among the most proliferative
epithelia in adult humans, turning over every ~4-8 days, as opposed to ~4 weeks for
epidermis (Bertalanffy, 1960; Bjarnason et al., 1999; Fuchs, 2007). Many of these OE are
associated in some part with specialized appendages: gingival epithelia with teeth; dorsal
tongue with taste and tactile papillae; and both oropharyngeal/soft palatal epithelia with
minor salivary glands (Rothova et al., 2012; Zhang et al., 2014a). Of all the OE in mice, the
1) ventral tongue, 2) buccal and vestibule epithelia, and 3) the hard palate became
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interesting to investigate further because they are not associated with any ecto/endodermal
appendages, which will allow me to ask questions about OESCs unencumbered by
experimental heterogeneity (Fig. 3.1A). However, unlike these other OE, the hard palate
also displays a highly distinct anatomy due it its arrangement of rugae and interrugae
regions that I hypothesized may function as classical stem cell niches (Fig. 3.1B,C).
In mice, the adult hard palate consists of 9 mediolaterally-oriented ridges of
epithelium and mesenchyme, termed rugae (rugae palatinae). Rugae (R), all of which are
fully apparent by E14.5 during secondary palatogenesis, are relatively quiescent during
development (Fig. 3.1B) (Economou et al., 2013). Morphologically, palatal rugae are either
continuous (R1-3, R9) or medially discontinuous (rugae 4-8, divided into left and right
halves). Of note, R7 occasionally presents significant anatomical variability in mice (split into
R7a/7b, depending on the strain) (Economou et al., 2012; Pantalacci et al., 2008). At E12.5,
R8 is the first to form during development, and R2 and R9 are soon added anteriorly and
posteriorly to R8, respectively (Economou et al., 2013). Interestingly, R9 is the only ruga that
appears to be endodermally derived/associated (Fig. 3.1B) (Pantalacci et al., 2008). Rugae
then continue to form sequentially (R1, R3àR7), and their sustained morphogenesis
requires intimate interactions between epithelia and mesenchyme, utilizing common
developmental signaling pathways such as Wnt, Shh, Fgf/r, and Bmp, among others
(Economou et al., 2013; Economou et al., 2012; Lin et al., 2011; Sohn et al., 2011b; Welsh
and O'Brien, 2009b).
In epithelia unassociated with ectodermal appendages, including the palmoplantar
skin and hard palate—numerous specialized microniches called rete ridges (also referred to
as “rete pegs”) consist of intercalated epithelium and underlying laminia propria (Fig. 3.1C)
(Wu et al., 2013). Rete ridges serve a mechanical function and likely a signaling function
between the associated derma/lamina propria and basal epithelial cells (Sa et al., 2017;
Seery and Watt, 2000; Solanas and Benitah, 2013; Swensson et al., 1998; Xiong et al.,
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2013). Rete ridge morphology is highly variable in OE but reported to be deeper in areas of
highest stress (Sa et al., 2017). It has been shown that when mice chew their normal hard
chow, it causes ongoing “physiologic mechanical damage” to the gingiva near the teeth that
triggers a microbiota-independent immune response (Dutzan et al., 2017). Relevantly, rugae
have been reported to have also masticatory function (Halata et al., 1999; Peterkova et al.,
1986); however, mice only present with incisors (anterior to R1) and posterior molars (near
R5-R8) (Prochazka et al., 2010; Sagai et al., 2017), Thus, the areas of highest masticatory
stress are likely the posterior rugae near the molars where they may also play a feeding
function. This also is the area in which I observe the deepest rete ridges (Fig. 3.1C, but also
Figs 3.4C, 3.6A,C 3.7A,B). In palmoplantar skin and interfollicular epidermis (IFE), stem
cells are thought to localize uniquely within their rete ridges (Jones et al., 1995; Jones and
Watt, 1993a; Solanas and Benitah, 2013).
Palatal epithelia, like the rest of the OE in humans and in mice, express paired basal
layer Keratins 5 and 14 (Krt5/Krt14) in basal OESCs during development into adulthood
(Fig. 3.2A) (Byrd et al., 2016; Pelissier et al., 1992). In humans, it is known that compared to
IFE, which uniformly express Krt5/Krt14 pairs in basal cells in health, OESCs also
heterogeneously express other keratins, including: Krt6, Krt8, Krt15, Krt16, Krt18, and Krt19
(Berglund et al., 2008; Ponten et al., 2008; Squier and Kremer, 2001; Winning and
Townsend, 2000; Wong and Coulombe, 2003; Wong et al., 2005). In palatal OESCs, we
also observed nearly uniform coexpression of Krt5/Krt14; however, occasional differences in
enrichment were noted (Fig. 3.2A).
Considering whether keratin heterogeneity exists in murine hard palate, I decided to
look at other reported basal keratins. In mouse IFE, for example, Krt6a is known as a
hyperproliferative keratin, which is only observed in hyperplastic skin and is reported to be
necessary for proper wound healing (Mazzalupo et al., 2003; McGowan and Coulombe,
1998; Nuutila et al., 2012). Though expressed in OESCs, Krt6a-/- mice display no OE
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phenotype due to compensation by the similar Krt6b isoform; however, Krt6a-/-; Krt6b-/- mice
display significant oral blistering (Wojcik et al., 2000; Wojcik et al., 2001; Wong et al., 2000).
Interestingly, in the palatal rugae and interrugae regions, I observed distinct Krt6a+ cells
were expressed in the hard palate rugae and interrugae (IR) regions (Fig. 3.2B). These
Krt6a+ “zones” appeared to be equally distributed between R and IR regions. If Krt6a also
demarcates hyperproliferative OE, then these OE Krt6a+ zones may possibly correlate to socalled epidermal proliferative units (EPUs) (Potten, 1974a), or the more recently described
epidermal differentiation units (Rompolas et al., 2016). Among OE sites, EPUs have
currently only been described in dorsal tongue filiform papillae (Fig. 3.2B) (Hume and
Potten, 1979; Potten, 1974b). Alternatively, these patches may also signify intraoral
equivalents to scale/interscale IFE regions reported in tail (Gomez et al., 2013) and back
skin (Sada et al., 2016)
Regarding basal layer cell-cell adhesions, OE and IFE differ in the major
desmosomal proteins components (Desmogleins 3 and 1, respectively); however, both OE
and IFE express classical cadherins such as E-cadherin (E-cad/Cdh1) in basal and
suprabasal layers, even during development (Fig. 3.2C) (Arduino, 2017; Byrd et al., 2016;
Shirakata et al., 1998). I also observed robust patches of basal P-cadherin+ (P-cad/Cdh3)
staining near rugae slopes. Notably, P-cadherin is partitioned from E-cadherin expression in
the anterior proliferative compartment of hair follicles during development and maintenance
(Devenport and Fuchs, 2008; Ouspenskaia et al., 2016a). Recently, this P-cad+ hair
compartment was linked to Shh+/Wnthi progenitors, which are distinct from the Ecad+
posterior/superior compartment containing Wntlo cells with unique cell fates (Ouspenskaia et
al., 2016a). Interestingly, I also observed heterogeneous E-cad/P-cad localization in the
rugae. While basal cells often expressed both cadherins, cells uniquely expressing E-cad
and P-cad were also identified (Fig. 3.2C). E-cad and P-cad share a relatively high
sequence homology and P-cad in IFE demonstrates functional redundancy through after E-
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cad knockout and subsequent P-cad compensation (Tinkle et al., 2004). Considering the
vital role of Wnt and Shh signaling in rugae development in addition to their association with
distinct P-cad+/Ecad+ regions in other tissues (Ouspenskaia et al., 2016a), it is relevant to
consider how basal layer structural heterogeneity might provide clues of sustained
developmental signals or possibly even OESCs that could establish their residence during
development. The evidence from these OE keratin and cell-cell adhesion analyses provides
some early clues that the basal layer may contain unique OESC populations.
3.3.2

Lineage Tracing Reveals Clonal Heterogeneity Originating From K14+ OESCs
Since I observed regional heterogeneity of OE structural protein expression, I

decided to use lineage tracing to induce clones from OESC to assess for basal layer
heterogeneity. Linage tracing has been used for over a century to track the progeny of
proliferating cells, especially rapidly proliferating cells of various epithelia (Alcolea and
Jones, 2014; Blanpain and Simons, 2013; Kretzschmar and Watt, 2012). It has been noted
that only a few studies (Economou et al., 2013; Okubo et al., 2009a; Tanaka et al., 2013a)
have used modern genetic techniques to monitor clonal dynamics in mouse OE in vivo
(Jones and Klein, 2013), though these techniques have been used recently in carcinogeninduced oral cancer models to identify the contribution of Bmi1—a reported reserve stem
cell marker in GI and filiform papilla—to tumorigenesis (Chen et al., 2017a; Kretzschmar and
Watt, 2012).
In homeostatic IFE, one of the outstanding questions is whether a hierarchical
organization of reserve and active populations of stem cells exists (Ichijo et al., 2017;
Mascre et al., 2012; Sada et al., 2016) or whether the epithelium is maintained by equivalent
equipotent stem cells through “neutral drift” (Clayton et al., 2007). This has been assayed in
numerous studies in unique epidermal regions as well (I.e, tail scale/interscale regions)
(Clayton et al., 2007; Gomez et al., 2013; Ichijo et al., 2017; Mascre et al., 2012; Sada et al.,
2016). K14-CreER mice have been used in adult IFE to assess stem/progenitor cell clonal
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behavior as long as one year post-induction (Mascre et al., 2012). Of relevance, this study
also utilized another inducible cre (Involucrin-creER) for clonal comparison to the K14-creER
clones and, in contrast to a previous report using the allegedly “ubiquitously-expressed” AhcreER (Clayton et al., 2007), concluded that there exist at least two progenitor populations in
IFE—slow-cycling and committed progenitor pools (Mascre et al., 2012). Expanding from
these important studies, there is increasing evidence that the IFE displays dynamic basal
layer heterogeneity (Gomez et al., 2013; Ichijo et al., 2017; Lim et al., 2013; Sada et al.,
2016).
To perform clonal lineage tracing in the OE K14-creER;Confetti mice, I administered
a single dose of tamoxifen intraperiotoneally in 4 weeks old mice to achieve low clonal
induction in the OE. The goal of this experiment was to assess the OESC proliferative
potential, i.e. whether clones would appear roughly the same size—indicative of progenitor
equipotency—or whether there was a definable heterogeneity of clones (Clayton et al.,
2007). To ask this question quantitatively, I next established a grading system for both basal
and suprabasal cells, ranging from 1 cell to 9 cells for basal cells and from 0 cells to 9 cells
for suprabasal cells (inspired by (Alcolea et al., 2014)). For example, clones with 1 basal cell
and 0 suprabasal cells might represent a quiescent, label retaining, or reserve OESC. On
one extreme, clones with 9 basal cells and 0 suprabasal cells would indicate a clone
expanding through exclusively planar (potentially symmetric) divisions. On the other
extreme, a clone with 1 basal cell and 9 suprabasal cells would signify a basal progenitor
expanding through exclusively perpendicular (likely asymmetrically) divisions (Alcolea et al.,
2014; Alcolea and Jones, 2014; Williams et al., 2014). A continuum of mixed
basal/suprabasal clones would represent clones dividing by both planar and perpendicular
divisions. Occasionally, I also observed cells in the suprabasal space with no accompanying
basal clone (Fig. 3.3A), which is evidence of delamination, a phenomenon that has not been
directly reported on in OE but has been recently described through lineage tracing in IFE
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development (Fig. 3.3A,C) (Williams et al., 2014). Overall, at 14 days post-tamoxifen, the
majority of clones provided evidence of highly proliferative and perpendicularly oriented
clones; rare clones that expanded within the basal layer or remained as single labeled
progenitor cells were also occasionally observed (Fig. 3.3B). These clonal dynamics
suggest a large number of adult OE progenitors divide perpendicularly, a phenomenon I
observed and recently characterized during OE development (Byrd et al., 2016). This is in
contrast to reports that most divisions in adult IFE are planar (Ichijo et al., 2017; Ipponjima et
al., 2016; Niessen et al., 2013; Rompolas et al., 2016).
Because lineage tracing can be used as a quantitative tool, I also wanted to assess
clonal dynamics between two time points to assess whether we noticed wider basal layer
clones in later labeling periods. If at longer chase periods there is measureable basal layer
expansion, this is representative of “population asymmetry” in our OESCs. If, however, we
observe continual asymmetric/perpendicular divisions with minimal basal layer expansion,
this would provide evidence of OESC “invariant asymmetry” (Blanpain and Simons, 2013).
To answer whether palate OESCs align with population asymmetry models, invariant
asymmetry models, or some combination of the two, I again assessed K14-creER; Confetti
clones at 1-month (28 days) post-tamoxifen induction. These clones displayed only slightly
more basal and suprabasal layer variability compared to 14-day clones, which suggests a
potential alignment with invariant asymmetry models (Fig. 3.3C). However, among the
observed clones, some larger clones appeared to also expand in the basal layer, suggestive
of population asymmetry models (Fig. 3.3C). It is important to mention that longer time
points and computational analyses are still required to make further conclusions about
clonal behavior. While it is tempting to speculate on potentially distinct pools of OESCs due
to these clonal changes in large clones, I did again observe rare (<2 basal cells/clone +/- <2
suprabasal cells/clone), quiescent basal cells at 28 days post-induction and at similar to
what were observed at 14 days post-induction (Fig. 3.3D, also Fig. 3.4C). This clonal

143

patterning is suggestive of at least two K14+ major basal OESC populations: 1) frequently
dividing cells (FDCs) with primarily asymmetrically (perpendicularly) oriented cell divisions
and 2) infrequently dividing cells (IDCs) that may functions as a reserve stem cell pool.
To follow up these findings, I also wanted to assess clonal dynamics across the
diverse palatal epithelial landscape. Initial lineage tracing experiments were conducted in 2D
coronal sections, but due to the unique morphology and masticatory stresses in anterior
versus posterior rugae, I was curious about whether there were also regional differences in
clonal behavior. To ask this question, I mounted K14-creER;Confetti palates that were 28
days post-induction (Fig. 3.3C,D) and utilized confocal microscopy to create combined tilescanned, z-stack images of the whole palate, focusing singly on the Confetti RFP clones
only. To 3D reconstruct hard palate clones (Fig. 3.4A), I used Bitplane Imaris to construct 3D
surfaces based on RFP fluorescence. Next, RFP clones were then statistically coded for
clonal volume (um3, Fig. 3.4B). This clonal analysis revealed several sources of regional
heterogeneity: along the mediolateral axis (larger clones medially), along the anteroposterior
axis (large clones posteriorly), and anatomically (larger clones in interrugae regions). I
mounted these same 3D imaged palates in OCT, sectioned sagittaly (AàP), and
immunostained for GFP to observe the other non-photobleached Confetti fluorophores
(GFP, YFP, CFP) in 2D (Fig. 3.4C). These 2D sections further revealed clonal heterogeneity
in both rugae and interrugae regions (R/IR). Similar to what I described in coronal sections, I
again observed inverse conical shapes, with more suprabasal cells than basal cells per
clone (Fig. 3.4C, top). However, at the R/IR transition zones, there were again occasional
cells that appeared to have infrequently divided (Fig. 3.4C, bottom). I was interested in
whether these R/IR transitional zones might serve as a classical stem niche for an OESC
subpopulation of reserve stem cells.
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3.3.3 Label Retaining Cells at the Posterior Interrugae/Rugae Borders and Rete
Ridges
Classically, label-retaining assays have been used to assess stem/progenitor
kinetics by using triturated thymidine (3H-TdR), bromodeoxyuridine (BrdU), and, more
recently, 5-ethynyl-2’deoxyuridine, (EdU); however, each of these assays is dependent on
DNA synthesis for label incorporation (“pulse” period) (Alcolea et al., 2014; Beronja et al.,
2013; Bickenbach, 1981a; Huang et al., 2009; Mackenzie and Bickenbach, 1985; Potten,
1974b). To label all basal cells irrespective of their cell cycle state, I elected to use the
validated “tet-off” approach to pulse/chase all of the OE, including the hard palate (Sada et
al., 2016; Tumbar et al., 2004). This double transgenic approach requires: 1) constitutivelyactive K5 promoter driven transcription of a tetracycline-regulated transactivator (K5-tTA)
and 2) a tTA responsive promoter (tet operon, tetO) to drive GFP fused to histone H2B
(tetO-H2B-GFP, Fig. 3.5A). When the K5 promoter is activated in basal progenitors during
OE development (at least by E14.5), tTA protein is generated and subsequently binds to the
tet responsive element (TRE) to constitutively express H2B-GFP (K5-GFP; pulse). Because
of its extremely high stability and low turnover, H2B-GFP is only diluted upon cell division,
such that residual levels of GFP expression inversely correlate with a cell’s proliferative
activity (e.g., high GFP=few mitoses and vice versa).
Studies in the IFE have successfully identified LRCs by chasing GFP signal using
similar genetic label-retention strategies (Doupe et al., 2012; Sada et al., 2016; Tumbar et
al., 2004). However, due to reported differences between K5+ and K14+ cells in lung
epithelia and our own observed heterogeneity of K5 expression in the palatal basal epithelia
(Fig. 3.2B), I adopted a triple transgenic strategy to drive GFP by K14 to control for potential
differences in basal layer labeling efficiencies between the K5 and K14 promoters (Alam et
al., 2011; Berglund et al., 2008; Byrd et al., 2016; Ponten et al., 2008; Rock and Hogan,
2011a). To generate a K14-tTA line we interbred two transgenics: the first, with
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constitutively-active K14 promoter driven transcription of Cre recombinase (K14-Cre), and
the second, with Cre-inducible tTA (Lox-STOP-Lox-tTA, or LSL-tTA, in which cre will flox out
the STOP cassette). Like K5-tTA mice, K14-tTA mice were crossed to tetO-H2B-GFP (K14GFP, Fig. 3.5B). The K14 promoter is active in OE by ~E14.5 (Dassule et al., 2000). To shut
off any new GFP expression, I administered doxycycline (dox) via chow, which even at low
doses, binds to tTA and prevents its binding to the TRE elements of tetO-H2B-GFP (“chase”
period). By adding dox, K5-/K14-GFP cells dilute by ~1/2 after each mitosis (Fig. 3.5C,D).
To identify LRCs populations in the hard palate, I chased mice for 0, 7, 14, 28, and 56 days
before performing assays to determine label retention patterns.
As expected from the literature, I observed dilution of GFP faster in higher
proliferating tissues—such as the dorsal tongue filiform papillae—even after a 7-day chase
(Figs. 3.5C.D, 3.6) (Bertalanffy, 1960; Bjarnason et al., 1999; Squier and Kremer, 2001).
However, even at short chases in both strategies, cells appeared to stratify between
frequently and infrequently dividing cell populations. Cells that retain GFP expression over
longer chases may be representative of 1) post-mitotic/differentiated OE cells such as
Merkel cells (Haeberle and Lumpkin, 2008; Righi et al., 2006; Woo et al., 2010) or 2) actual
quiescent populations of OESCs (Jones and Klein, 2013). Over the longer chase periods
(14 day chases and longer), labeled post-mitotic cells are removed by normal tissue
turnover (~14-28 days in human OE) (Thomson et al., 1999) leaving only infrequently
dividing cells (IDCs) in the basal layers. I have refrained from calling these cells “LRCs”
because in both K5-/K14-GFP models by immunofluorescence (IF) immunohistochemistry
even GFP+ cells have much lower levels of GFP than pre-chase (Figs. 3.6F, 3.7C, 3.10A,D,
3.11, 3.12).
In both K5-GFP and K14-GFP mice, I found that the majority of OESCs (>90%) were
labeled during the initial pulse period (Fig. 3.6A). While this result was expected given the
widespread expression of K5/K14 intermediate filaments in palatal OESCs, the efficiency of
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our K5/K14-GFP strategies were also evident by the broad range of tissues labeled that also
express K5/K14 (tongue, salivary glands, skin, esophagus, forestomach, bladder, etc.). Both
the hard and soft palatal epithelia were widely labeled with GFP prior to chasing, easily
visible by epifluorescence under a stereoscope (Fig. 3.1B). In whole mount reconstruction
utilizing unpublished passive whole tissue clearing methods (UClear) similar to
iDisco/uDisco (Pan et al., 2016; Renier et al., 2014), I observed regional differences in rete
ridge morphology (most in the posterior region under potentially higher masticatory stress)
but not in initial (“pulse”) GFP labeling efficiency (Fig. 3.6A).
In both strategies, after 7 days I observed more label retention overall in anterior
palate compared to posterior, correlating with our lineage tracing data of smaller anterior
palatal K14-creER clones (Figs. 3.3, 3.4, 3.12). In the posterior palate (R5-R8), I observed
significant loss of GFP intensity overall; however, GFP was retained in two posterior
potential “niches”: 1) posterior interrugae/rugae transition zones (Fig. 3.6B,D,E) and 2) in
distinct streak patterning over the rugae anteroposteriorly in all four posterior rugae (Fig. 3.
6B). UClear also allowed me to further examine the posterior palate—especially in the
deepest rete ridges directly under the rugae due to the effect of reduced light scattering
throughout the sample. After 3D tissue reconstruction, I observed higher GFP label retention
in basal cells of the rugae-associated rete ridges compared to interrugae regions,
suggestive of another posterior niche (Fig. 3.6C, circled regions). Regionally, in both K5GFP and K14-GFP mice, I observed distinct patterns of label retention at R/IR borders as I
did in whole mount, though some GFPhi areas also contained post-mitotic suprabasal cells
(Fig. 3.6D, white triangles). By 14 days post-chase, however, label retention remained at
R/IR borders, but most post-mitotic suprabasal GFPhi cells were lost to tissue turnover (Fig.
3.6E). Even at 2-month chases, there were occasional cells in rugae rete ridges still
expressing GFP (Fig. 3.6F). Given the rarity of IDCs in longer chases of both labeling
strategies, it seems that there may be IDCs populations in regional niches that may serve as
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a stem cell population in the palatal epithelium.
3.3.4

IDCs Display Altered Cell Cycle Kinetics and Planar Oriented Cell Divisions
I hypothesized that the IDCs were not randomly distributed due to their enrichment at

R/IR borders, and thus would not colocalize as often with mitotic markers. Interestingly, a
classic in vivo study using 3H-TdR in the mouse colon, small intestine, esophagus, buccal
OE, and dorsal tongue found that DNA synthesis (S-phase) was virtually constant in these
epithelia (~7h +/-15 min.), despite known differences in proliferation and turnover (Cameron
and Greulich, 1963). To assess whether GFP+ cells were not actively cycling or actively
mitotic, I used EdU (incorporated during S phase) and phosphorylated Histone H3 (pHH3,
which marks cells at G2, up to metaphase of mitosis, M), respectively (Allis and Gorovsky,
1981; Gurley et al., 1973).
I injected animals two hours before harvest with EdU to assess relative mitotic
activity in palatal OESCs and found both anterior and posterior regions to be highly
proliferative (~25% of all cells), as measured by S-phase entry, though posterior rugae
displayed more EdU+ cells/total basal cells (Fig. 3.7A,B). This is consistent with both the
more rapid overall dilution of label in posterior compared to anterior palate, and the larger
clone sizes observed in posterior compared to anterior palate. Thus, the posterior palate
appears more proliferative than the anterior palate by these three criteria. pHH3 is sensitive
mitotic marker due its specifically labeling G2/M, usually displaying only a few positive cells
per rugae (Fig. 3.7C). Notably, in 14 day chased, animals, pHH3+ cells (red arrows)
appeared adjacent to regions of label retention (green arrows) but rarely colocalized (yellow
arrows). GFP cells were binned according to fluorescence intensity (GFPhi: 255>x>60 a.u.;
GFPlo: 60>x>10 a.u., and GFPneg x<10 a.u) and chased for both 7 and 14 days. At 7 days,
the GFPneg population had an ~2 fold higher percentage of EdU+ and pHH3+ cells compared
to the GFPhi population. This trend continued at 14-day chases in both mouse models
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comparing GFPneg to GFPlo cells; however, at this later chase, no GFPhi cells were observed
to also be EdU+ or pHH3+ (Fig. 3.7D,E).
Although S phase is considered to be a generally constant cell cycle phase, I did see
an enrichment of cells that were double labeled for EdU and pHH3 in the GFPneg population
at both time points, suggesting that these frequently dividing cells (FDCs) may have a
potentially shorter G2/M transition (Fig. 3.7F). Previously, lengthened cell cycles, specifically
lengthened G1, has been previously correlated to ES cell (Dalton, 2015) and neuronal
progenitor commitment in mice (Calegari et al., 2005; Calegari and Huttner, 2003;
Takahashi et al., 1995) and in primates (Kornack and Rakic, 1998). For example, using
cumulative BrdU labeling in the mouse brains, asymmetric (neuronal-producing) divisions
have longer total cell cycle; however, in this same study, progenitors of the basal side of the
ventricular zone and also in the subventricular zone were shown to have longer G2
(Calegari et al., 2005). These data raise two important questions: 1) Do FDCs have shorter
G2/M? or, alternatively, 2) Are IDCs a unique progenitor pool that have a longer cell cycle
overall, including G2/M transition?
During development in mice, OESCs undergo two major classes of oriented cell
divisions: perpendicular and planar, a phenomenon that I recently described in OE
stratification/differentiation as occurring by E16.5 (Byrd et al., 2016). Perpendicular
divisions, i.e. vectors between 60-90° relative to basement membrane, give rise to one basal
daughter cell and one suprabasal daughter cell. In terms of cell fate decisions, these
divisions are considered to be functionally “asymmetric” (Fig. 3.8A) (Lechler and Fuchs,
2005; Williams et al., 2011). Planar divisions, i.e. divisions vectors between 0-30°, result in
two daughter cells which retain a basal identity and are thus considered “symmetric”
(Williams et al., 2011; Williams and Fuchs, 2013; Williams et al., 2014). In adult IFE
homeostasis, planar divisions are hypothesized to dominate, followed by delamination of
one or both daughter cells (Ichijo et al., 2017; Rompolas et al., 2016). How this is regulated
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is unknown, especially since this type of division would decouple daughter cell fate from
division orientation. However, there is evidence in tail epidermis that planar divisions can be
asymmetric by unequal inheritance of the Notch inhibitor Numb (Clayton & Jones, 2007).
Whether perpendicular divisions occur in adult OE has not been reported; however, based
on my lineage tracing data (Figs. 3.3, 3.4), it appears that perpendicular divisions
predominate.
I was interested in whether oriented cell divisions might be different between IDCs
and FDCs. In order to analyze division orientation of IDCs, I utilized a 14-day chase, which
gives reasonable stratification between FDCs and IDCs pools without IDCs being too rare.
To locate two recently divided daughter cells, I utilized survivin, a protein that
characteristically localizes to the cleavage furrow during cytokinesis (telophase). This
protein allows for the measurement of division angles relative to the basement membrane
as previously described (Fig. 3.8A) (Byrd et al., 2016; Williams et al., 2011; Williams et al.,
2014). In contrast to what has been reported in the adult IFE, where the vast majority of
divisions are planar, I found that palatal OESCs undergo both planar and perpendicular
divisions with a ratio similar to what I observed during embryonic palate development (Fig.
3.8B and also Fig. 2.8B) (Byrd et al., 2016). When separating divisions between IDCs and
FDCs, I also found that there was a distinct bias in division orientation where IDCs (GFPhi)
undergo much a higher proportion of planar divisions in both K5-/K14-GFP mice compared
to FDCs (GFPlo and GFPneg combined), which is suggestive that IDCs balance both
renewing divisions and differentiating divisions (Fig. 3.8C,D). In contrast, FDCs divisions
were invariantly biased toward perpendicular divisions, implying that they are differentiative,
asymmetric divisions, similar to the patterns I observed in K14-creER clonal patterns (Fig.
3.3A,B). Together, these mitotic assays suggest that as a population IDCs are less mitotic
and/or slower cycling with a propensity for symmetric divisions, compared to FDCs.
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3.3.5 Label Retaining Cells Express More Reserve Stem Cell and Fewer Mitotic
Markers
Having discovered several lines of evidence for an IDC population, I sought to isolate
these cells to query relative transcript expression levels of proliferation and “stem cell”
genes between IDCs and FDCs. For a preliminary experiment, I chased K5-GFP mice for 7
days, microdissected hard palates, performed enzymatic dissociation (dispase/trypsinEDTA), and physically filtered cells to remove clumps/doublets to isolated individual basal
cells (strategy outlined in Fig. 3.9A). Next, I added a pre-conjugated α6-integrin-647
antibody to stratify isolated based on α6 levels (α6hi = basal cells, Fig. 3.9B). During the
sorting process, I identified 3 major groups of α6 cells (α6hi, α6lo, and α6neg), similar to what
has recently been described in IFE (Sada et al., 2016). Among the α6hi cells, I identified an
additional three categories based on GFP expression (GFPhi, GFPlow, and GFPneg) (Fig.
3.9C).
Using a 7-day chase, I hypothesized that our strict binning of GFPhi cells would
mainly contain IDCs (Fig. 3.9C). Because GFPneg cells could be either cells that completely
diluted label during the chase period, or alternatively were “never labeled” during the pulse
period, we chose to use GFPlo cells as our reference population to compare to GFPhi cells
(Fig. 3.9C). I then performed quantitative PCR (qPCR) on the GFPhi and GFPlo populations
to probe for previously implicated stem cell-associated transcription factors (Sox9, and
Trp63 isoform: TAp63) and adhesion molecules (Itgb1, or β1-integrin) (Jones et al., 1995;
Jones and Watt, 1993b; Roche et al., 2015; Su et al., 2009). In addition, we examined the
cell cycle regulators Mki67 (Ki67), Ccnd1 (cyclin-D1), and the ΔN isoform of Trp63 isoform
(ΔNp63), associated with proliferative basal cells (Fig. 3.9C) (Mills et al., 1999; Scholzen
and Gerdes, 2000; Shtutman et al., 1999; Yang et al., 1999).
As a confirmation of our sorting strategy, I found that there is ~5-fold more
expression of the GFP transcript in GFPhi IDCs compared to GFPlo cells after a 7-day chase.
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While dox treatment shuts down new transcription of H2B-GFP protein, it is interesting that
transcripts seemed to be still detectable after 7 days by qPCR. GFPhi IDCs express lower
levels of Mki67 and Ccnd1, markers of actively dividing cells, relative to GFPlo cells. This
finding implies that they are in fact less proliferative and supporting that IDCs in the palatal
epithelia are slow-cycling. When using the same isolation protocol for 21-day chase in K5GFP and K14-GFP palates, I confirmed that Mki67 was significantly lower in GFPhi cells
(Fig. 3.9D).
Concurrently, I analyzed genes that have previously been implicated in epithelial
stem cell quiescence in some epithelial cell populations (Fig. 3.9C,D) (Formeister et al.,
2009; Roche et al., 2015). β1-integrin is expressed in proposed stem cells of palmoplantar
rete ridges and has been reported to function as a stem cell in human buccal/gingival
cultured cells (Jones et al., 1995; Jones and Watt, 1993b; Sen et al., 2011). I wondered if
rete ridges in palmoplantar skin and palatal epithelium may share some aspects of their
regulation. Itgb1 expression was indeed enriched in sorted palatal IDCs compared to FDCs
(Fig. 3.9C). Sox9 is an established marker of quiescence in both the hair (Li and Clevers,
2010b) and some populations of the intestinal epithelia (Roche et al., 2015). I found that
Sox9 was enriched 2-fold (K5-GFP: 7-day chase) and 25-fold enriched (K5-GFP and K14GFP: 21-day chase) in IDCs, suggesting that it may play a role in regulation of slow-cycling
cells (Fig. 3.9C,D). IDCs also showed differential expression of the two major Tp63 isoforms.
The ΔNp63 isoform, which is required for stratification/differentiation of IFE and OE (Mills et
al., 1999; Yang et al., 1999), was found to be nearly 2-fold enriched in the 7-day chased
FDCs. The other isoform, Tap63 has been linked to adult IFE stem cells and was found to
be expressed ~5 times more in IDCs (Fig. 3.9C) (Su et al., 2009). These data provide
another line of evidence that IDCs may represent a reserve stem cell population among
palate OESCs.
Importantly, I wanted to validate both the Sox9 and the Mki67 gene expression data
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by protein on a K5-GFP palate after 28-day chases. As expected, Sox9 colocalized with
GFPhi cells at the IR/R borders and rete ridges (Fig. 3.10A). Previous studies have shown
that reserve stem cells are less likely to be actively dividing and have shown poor
colocalization with Ki67+ (Jensen et al., 1999). In agreement with this, palatal IDCs
colocalize far less frequently with Ki67+ cells (Fig. 3.10B). This indicates that IDCs are less
likely to undergo cell division and that these cells are slow-cycling/infrequently dividing cells.
Interestingly, while there was occasional overlap between Ki67+ and GFPhi cells, there were
also distinct populations among them as well.
3.3.6

Palatal IDCs are Enriched in Posterior Rugae
Considering that 1) rete ridges were observed to harbour IDCs (Fig. 3.6), and 2) rete

ridges are observed in highest concentration in posterior rugae, near areas of highest
masticatory stress, I considered whether IDCs were enriched in posterior rugae. To do this, I
again utilized Ki67 and Sox9 antibodies on a 14-day chased K5-GFP palate (as in Fig.
3.10), but compared all three populations to each other. I imaged the entire palate (R1-R8),
considering the anterior rugae as R1-R4 and posterior as R5-R8 (Fig. 3.11A). Overall, I
confirmed GFP+ and Sox9+ double positive cells were ~2x more common than GFP+/Soxneg
cells; however, the ratio of double positive cells was more pronounced in the posterior rugae
(Fig. 3.11A). Focusing on GFP+ and Ki67+ colocalization, GFP+/Ki67neg cells were more
common than double positive cells, but I again observed more double positive cells in the
posterior than in the anterior rugae (Fig. 3.11B). Like GFP, I also saw Sox9 expression
tending toward exclusivity from Mki67. When I compared anterior and posterior rugae
separately, this effect was more dramatic in the posterior rugae (Fig. 3.11C). These data
suggest that regional differences in label retention and proliferation may be explained by
Sox9 expression in posterior niches such as rete ridges and interrugae/rugae transition
zones.
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3.3.7 IDCs are mutually exclusive from specialized sensory organs of the hard
palate
It has been known for over 50 years that the palate is well-innervated compared to
other epithelia, leading to the hypothesis that that palate plays a vital role in proprioception
(Gairns, 1955). It has also been known for many years that that in most species, epitheliallylocated Merkel cells—which can be found in complex with neurites to participate in
somatosensation—present at highest concentration in the palatal rete ridges (Halata et al.,
1999; Tachibana et al., 1997). There is some debate as to whether Merkel cells participate
in functions outside of sensation, such as contributing to taste papilla morphogenesis or
contributing to wound healing (Righi et al., 2006; Toyoshima and Nishida, 2007). It has been
reported that there are both Merkel cell-neurite complexes and also Meissner’s corpuscles
in the palate, which together may provide different thresholds for touch sensation (Widera et
al., 2009).
Taking this and the heterogeneity I observed in IDCs into account, I decided to look
at palatal innervation to test whether IDCs were a part of these somatosensory units. I
stained for Class III β tubulin (βIII-Tubulin), which associated with central/peripheral
neurons. I found major innervation at rugae peaks and scattered innervation in both
anterior/posterior interrugae regions, which identifies the rugae as potentially playing a role
as specialized somatosensory organs in the oral cavity (Fig. 3.12A) (Liu et al., 2007; Toma
et al., 2001). Importantly, at 14 days post-chase in K5-GFP palates, these regions of
innervation appeared to be distinct from IDCs in anterior and posterior rugae/interrugae
transition zones (Fig. 3.12A).
In a recent paper, Sada and colleagues used the same K5-GFP mice to chase IFE,
looking for quiescent IFE stem/progenitor populations, and their GFP cells were isolated
using similar dissociation protocols, including α6-integrin-647 (Sada et al., 2016). Among
other cells of interest, α6hi;GFPhi (basal IDCs) and α6hi;GFPlo (basal FDCs) were
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transcriptionally profiled by microarray, and after filtering data though another microarray
dataset from the IFE (Mascre et al., 2012), a list of 202 genes were published as signature
of basal IDCs of the IFE (Sada et al., 2016). Among these genes, I decided to look at p75NTR (Low-affinity Nerve Growth Factor Receptor, NGFR; also CD271), a neurotophin
receptor known to promote neuronal cell survival that is also widely expressed in IFE and
OESCs (Kinkelin et al., 1999; Lee et al., 1992; Pincelli, 2017). Furthermore, Ngfr became a
more attractive candidate to examine in OESCs 1) because there are a published reports in
oral (Nakamura et al., 2007; Sen et al., 2011) and other epithelia (Okumura et al., 2003;
Rock et al., 2009) that this receptor is a stem cell marker and also required for wound
healing (Ishii et al., 2014; Micera et al., 2007), and 2) there already exist primary antibodies
against NGFR that recognize both the mouse (Lumb et al., 2014) and human (Liu et al.,
2012c; Zabierowski et al., 2011) proteins (Abcam clone EP1039Y), and this antibody clone
has two commercially-available, preconjugated variants (Alexa Fluor ® 488 and 647) that
could be used for FACS since NGFR is also a cell surface marker (CD271).
Contrary to expectations, Ngfr was most highly expressed in rugae peaks—also
where I observed significant innervation—and in a few individual cells in interrugae regions
of anterior and posterior rugae. These few observed Ngfr+ cells that were distinct from rugae
peaks may correlate with minor innervation (Fig. 3.12A) (Nakamura et al., 2007; Sen et al.,
2011). At 28 days post-chase in K5-GFP palates, these Ngfr+ cells were also entirely distinct
from IDCs (Fig. 3.12B). These data suggest that Ngfr may mark unique proliferative (FDCs)
and/or delaminating cells that are related to the major and minor innervation observed in the
palate; however, IDCs of the interrugae/rugae transition zones do not appear to be
associated with this somatosensory role. Whether there is a second population of IDCs
associated with the deep rete ridges of the posterior rugae remains to be investigated.

155

3.3.8

A Population of OESCs is Sensitive to Masticatory Stress
Considering the anterior/posterior differences in GFP label retention I observed, I

wondered if the differences in GFP label could be explained physiologic masticatory stress
(“normal” chewing”) from our standard chow in the form of pellets (Dutzan et al., 2017). To
test this hypothesis, I used K5-GFP littermates and simply changed the consistency of their
dox chow for 14 days. One half of the litter received standard dox pellets (‘hard chow’) while
the other group’s chow was pulverized and made into a paste using their drinking water (Fig.
2.13A). These palates were harvested and processed for flow cytometry and for IF analyses
(Fig. 2.13A-D). I observed “anteriorization” of the posterior palate, where R5-R8 IR/R
borders expressed similar GFP intensity as compared to R1-R4 (Fig. 3.13A). This was
confirmed by a calculated 2-fold increase in GFPhi cells by flow cytometry (Fig. 3.13B). To
investigate whether IR or R regions were most affected, I counted every cell from palatal
sections and categorized them by IR or R position (R1-8 and IR1-8) between hard and soft
diets (Fig. 3.13B-D). Assessing the hard chow littermates after normalization, the
consistently greatest GFP signals were located in the anterior rugae and anterior interrugae
regions (Fig. 3.13B-D). On soft diets, however, I found “anteriorization” of posterior rugae in
both IR and R regions on the soft diet (Fig. 3.13B-D). This patterning was more evidence in
the rugae, an area of relatively higher stress during physiologic mastication (Fig. 3.13C,D).
This may be the first evidence of masticatory sensitive and insensitive OESC populations.
Whether these cells are related to IDCs/FDCs, or another population all together, remains to
be investigated. These ongoing studies have outlined potential heterogeneity of OESCs, of
which IDCs are defined by 1) consistent regional localization to potential niches, especially
in the posterior palate, 2) altered cell cycle kinetics, 3) a higher proportion of planar
symmetric/renewing cell divisions, and 4) unique mRNA/protein expression of reported stem
cells markers such as Sox9/Sox9 (Fig. 3.14).
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3.4

Discussion
The oral cavity is lined by a protective oral mucosal epithelium (OE) that renews

every 7-14 days and shows minimal signs of aging, including virtually scar-free wound
healing throughout life (Bjarnason et al., 1999; Jones and Klein, 2013; Squier and Kremer,
2001; Thomson et al., 1999). In the clinic, patient-derived autologous oral tissue grafting has
been used for decades to treat OE defects. For example in cases of severe gingival
recession or where keratinized tissue is needed to place dental implant, tissue from hard
palate can be excised and grafted to the deficient site; interestingly the grafted tissue often
retains its original (cornified) morphology well after grafting to its new (mucosal) tissue
microenvironment (Cairo, 2017; Mackenzie and Hill, 1981; Mackenzie and Hill, 1984; Miller
Jr, 1988; Nobuto et al., 2003; Oliver et al., 1968; Zucchelli and Mounssif, 2015). Recently,
OE has also been used in non-oral applications, such as reconstructing damaged corneas
and for genital reconstruction/repair in both sexes (Dessy et al., 2014; Osman et al., 2015;
Soma et al., 2014). Recent advances in other epithelia, namely: skin/hair, gastrointestinal
(GI) tract, and even the specialized dorsal tongue have identified and characterized
important roles for developmental pathways such as Sonic Hedgehog (Castillo et al., 2014;
Ouspenskaia et al., 2016a) and Wnt (Barker et al., 2007; Kretzschmar and Clevers, 2017;
Lim et al., 2013; Ren et al., 2014) in regulating adult stem cells in vivo. Interestingly, palatal
rugae development requires Shh (Economou et al., 2012) and Wnt signaling (He et al.,
2011; Lin et al., 2011), yet, how these and other OE might utilize these and other pathways
to regulate oral epithelial stem/progenitor cells (OESCs) remains unclear (Jones and Klein,
2013).
Based on my initial observations in developing OE in mice (Byrd et al., 2016; Lough
et al., 2017) and my current findings in adult maintenance, the hard palate epithelium is an
ideal place for asking early questions about stem cell regulation of OE renewal for a number
of reasons. First, in mice, unlike the IFE or other described OE, the hard palate is an

157

ectodermally-derived stratified squamous epithelium that is not confounded by ectodermallyassociated appendages. Related to the palate, a more analogous specialized IFE regions
would be palmoplantar skin, which also 1) display prominent rete ridges and innervation for
somatosensation (Evans et al., 2013; Solanas and Benitah, 2013), and 2) express distinct
keratins, sharing “keratinopathies” such as pachyonychia congenita (autosomal dominant
mutations in K6/K16) with OE (McLean et al., 2011). Second, the inherent topography of the
hard palate provide useful landmarks for numerous assays (see Figs. 3.4, 3.6, 3.11, 3.12);
this feature—combined with its visual accessibility—also make assays involving wound
healing, drug treatments, and/or genetic manipulation highly specific and tractable.
Additionally, due to its relative thinness (~200um thick, even as it slopes toward the
oropharynx posteriorly), whole tissue microscopy is possible and greatly enhanced when
passively “cleared” (see Fig. 3.6). Finally, OE can be transduced by ultra-high delivery of
lentivirus (LUGGIGE) for genetic studies with shRNAs or overexpression constructs that
allow for the rapid assessment of discovered genes related to OESCs (Beronja et al.,
2010a; Byrd et al., 2016; Lough et al., 2017).
In humans, the hard palate is functionally important for both feeding and speech;
however, rugae are not as stereotypically patterned as demonstrated in mice (see: Fig. 3.1,
3.6), leading to their use in forensic science (English et al., 1988; Nayak et al., 2007). These
epithelia, in mice and humans, are known to be constantly renewing, but how they
accomplish this task through OESCs, including whether there exists a stochastic population
of equipotent progenitors or whether there exists an OESC hierarchy remains to be
resolved. The label-retention assay implemented here identified infrequently dividing and
frequently dividing cells (IDC/FDCs) in OE. Specifically, these IDCs displayed several
properties of reserve stem cells including 1) regional association with unique anatomical
compartments that are suggestive of “classical” stem cell niches, 2) a bias toward planar
symmetric divisions (distinct from predominantly perpendicular divisions among FDCs), and
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3) enriched expression of reported reserve stem cell markers by mRNA and protein
(Beumer and Clevers, 2016; Donati and Watt, 2015; Hsu et al., 2014; Hu et al., 2017; Li and
Clevers, 2010b; Lugert et al., 2010).
It should be noted that this study is not the first to identify label retaining/slow-cycling
cells in the oral cavity. This distinct honor belongs to J.R. Bickenbach in her 1981 article
“Identification and Behavior of Label-retaining Cells in Oral Mucosa and Skin” (Bickenbach,
1981a). Up until this time, many considered adult stratified squamous epithelial stem cells to
be equipotent, an idea that still persists (Clayton et al., 2007; Doupe et al., 2012; Marques‐
Pereira and Leblond, 1965). The idea of stratified epithelial stem cell heterogeneity, as
assessed by the identification of infrequently dividing cells through 3H-TdR label retention,
was new outside of the hierarchy of blood cell lineages. In this study, Bickenbach found oral
keratinocyte LRCs in palatal rete ridges of mice—which were distinguished histologically
from Langerhans cells and melanocytes—after a 2-month pulse/chase experiment
(Bickenbach, 1981b). Importantly, of the LRCs identified in the epidermis, 95% were
keratinocytes, only 5% were Langerhans cells and none were identified as melanocytes;
however, the numbers of OE LRCs was not reported (Bickenbach, 1981b). This study was
followed up in hamster OE with similar results (Bickenbach and Mackenzie, 1984).
Surprisingly, the tongue and palate were again confirmed to contain LRCs in mice, but this
population that was reported to contain up to 40% Langerhans cells by β-glucuronidase
staining. All of the identified label retaining Langerhans cells in OE, however, were
positioned suprabasally (Mackenzie and Bickenbach, 1985). In this present study, my
analyses only focused on basal OE cells, and due to the myeloid/lymphoid origins of
Langerhan’s cells, we do not expect K5-/K14-GFP mice to contain these cells (Upadhyay et
al., 2013b), though it possible that Merkel cells are labeled by our method due to their
reported epidermal origin (Woo et al., 2010). Later, studies using BrdU provided additional
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evidence of IDCs in mouse and rat OESCs (Asaka et al., 2009; Huang et al., 2009; Willberg
et al., 2006). Only one other study found palatal LRCs using genetic label retention
strategies but focused instead on soft palatal minor salivary glands (Zhang et al., 2014a).
A number of studies have reported the identification of OESC markers (reviewed
previously: (Jones and Klein, 2013)); however, many of these candidate markers appear to
simply be markers of basal layer keratinocytes (Krt5/Krt14/Krt15, α6/β4-integrins) without
enriching for any heterogeneous OESC populations. Our study clearly illustrates that, at
least in the hard palate, there are regionally positioned, potentially “masticatory insensitive”,
IDCs that express higher levels of reserve stem cell markers such as Sox9. These IDCs also
may use planar divisions to self-renew symmetrically, have slower cell cycle progression,
and reside in the quiescent G0 phase of the cell cycle for longer periods of time. Our lineage
tracing data reinforces the idea of progenitor heterogeneity, both regionally (mediolaterally
and anteroposteriorly) and between rugae and interrugae regions (Figs. 3.3, 3.4).
It is important to note that in the aforementioned LRC studies and also in our own,
the existence of LRCs/IDCs/quiescent cells is not necessarily evidence of a subpopulation
of reserve stem cells. However, compared to previous studies, this study has the advantage
of connecting the observations of 3D morphology to understand, for example, if differences
between anterior and posterior palate are affecting our assays by diluting significant
associations between expressed reserve markers (Sox9) and GFPhi cells (Fig. 3.11A).
Whether as a site protected from masticatory stresses, a signaling niche, or both, GFPhi
cells appear to localize to the IR/R borders and rete ridges of posterior palatal rugae (Figs.
3.1, 3.4, 3.6, 3.11, 3.12). These border zones in development are well delineated by various
markers, including in situ hybridization of Shh (rugae-specific) and Sostdc1 (interrugaespecific) (Welsh and O'Brien, 2009b). Developing palatal rugae are generally considered
quiescent as the mammalian face dramatically expands anteroposteriorly between E12.5E14.5 (Economou et al., 2012). What appears to be exclusively a developmental
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phenomenon, this PàA expansion is compensated for by IR proliferation and migration
along this axis (Economou et al., 2013; Economou et al., 2012; Welsh and O'Brien, 2009b).
In other systems, stem cell niches, such as the GI crypt, are also established during
development (Shyer et al., 2015), but whether the resident stem cells established in these
niches during development are the same resident cells in adulthood remains to be
discovered in OE (Dzama et al., 2017).
Our initial lineage tracing data demonstrate the potential that K14+ cells are generally
highly proliferative with asymmetric cell divisions predominating. Given the ease of access
to the oral mucosa, further lineage tracing via photoactivatable reporters or additional
promoter driven lineage tracing (K5-CreER or Sox9-CreER mice) could enable long-term
probing of IDC behavior (Rompolas et al., 2013; Rompolas et al., 2016). I have been
working on developing passive aqueous-based clearing techniques (Fig. 3.6A,C) that will
permit whole tissue immunostaining and visualization for 3D analyses of clonal dynamics
(Fig. 3.4A,B) as well as coexpression analyses IDCs and putative stem cell markers with
higher resolution (Fig. 3.10, 3.11). Adopting wholemount tissue analyses could allow us to
better probe the spatial dynamics of slow-cycling populations to study their potential role as
reserve stem cells after challenges, such as after in vivo wound healing assays or irradiation
models. Additionally, it will be important to isolate more cells to perform RNA-sequencing
experiments to assess IDC transcriptomes and to continue looking for shared intestinal and
IFE/hair follicle stem cell genes such as Lgr4-6 (Barker et al., 2007; Jaks et al., 2008;
Junttila et al., 2015; Mustata et al., 2011; Snippert et al., 2010a; Snippert et al., 2010b),
Bmi1 (Sangiorgi and Capecchi, 2008; Yan et al., 2012), Hopx (Takeda et al., 2011), Lrig1
(Powell et al., 2012), and mTert (Montgomery et al., 2011). Furthermore, by comparing the
gene expression of palatal IDCs with FDCs, I could potentially identify a targeted set of OE
reserve stem cells markers. Finally, after candidate stem cell marker validation (knockout
mice and/or LUGGIGE), comparing our dataset with other publically available data sets may
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provide clues into an OE stem cell “signature”, which likely shares many similar networks to
the IFE and GI tract epithelia, but is likely contain unique pathways as well (Keyes and
Fuchs, 2017). Of particular interest going forward will be those unique pathways that may
contribute to the efficient wound healing in the oral cavity.
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Figure 3.1 | The superior boundary of the oral cavity is bordered by the hard palate,
which is comprised of specialized rugae and rete ridges. (A) Sagittal tile scan of the oral
cavity, including the buccogingival (including vestibule), tongue (dorsal/ventral tongue and
oropharynx), floor of mouth, and palatal (hard and soft palate) epithelia. These diverse
epithelia form the anterior, posterior, inferior and superior boundaries of the oral cavity,
respectively. The hard palate consists of alternating rugae (R, green solid line) and
interrugae (IR, white solid line) regions. However, the soft palate (red solid line) consists of
specialized taste papillae and minor salivary glands (see also: Fig. 3.6A). (B, left)
Stereoscope image of palatal epithelium demonstrates its unique morphology.
Pseudocoloring depicts ectodermal (green: rugae and gray: interrugae) and endodermal
(red) origins of the palatal epithelium. (B, right) Illustration depicting stereotypical
arrangement of rugae/interrugae (R/IR) in mice. (C) Immunofluorescence (IF) images of
posterior hard palate in sagittal (C, top) and coronal (C, below) sections. Notably, the
palatal images in (C) have been inverted from their orientation presented in (A) to present
basal layer inferiorly and differentiated suprabasal layers above. IF utilizing spinous layer
marker Keratin 10 (Krt10) depicts anteroposterior/mediolateral changes in topography
between IR/R. The basal proliferative layer is outlined by K10-negative cells above white
dotted lines representing basement membrane. Green arrowheads highlight specialized
epithelial intercalations into lamina propria (rete ridges), which are observed more often
under posterior rugae in coronal sections and virtually absent in interrugae regions.
Directions: AàP (Anterior to Posterior); MàL (Lateral to Medial). Orange shaded rectangle
in (A, upper right) indicates coronal sections; blue shaded regions, sagittal sections. White
solid lines mark IR (A,C); green solid lines mark R (A,C); white dotted lines in (A,C) depict
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basement membrane and outline palate border in (B). Green and red dotted lines in (B)
depict ectodermal and endodermal origin of palate, respectively. Green brackets in (C)
highlight rete ridges in coronal section. Scale: (A) 500µm, (B, left) 1000µm, and (C) 100µm.
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Figure 3.2 | Palatal epithelia display heterogeneous keratin and cell-cell adhesion
expression patterns in OESCs. (A) Sagittal image of anterior rugae showing three unique
sites in the palate that coexpress Keratin 5 and Keratin 14 (Krt5/Krt14) in the basal layer,
though some heterogeneity is noted at interrugae/rugae transition zones. Magnified images
from interrugae ((R) anterior rugae slope (R), and posterior rugae slope are in (a’ a’’ and
a’’’). (B) Sagittal image of sequential section of anterior rugae showing three unique sites in
the palate that heterogeneously express Keratin 5 and another OE basal layer keratin,
Keratin (Krt6a). Keratin 6 family proteins (Krt6a and Krt6b) are not normally expressed in
interfollicular epithelia (IFE) and are often found as markers of hyperplastic when expressed.
Krt6a demonstrates highest expression on the most superior positioned slopes of the rugae
(green lines in (A,B)) and interrugae regions (white lines). Interestingly, regions of Krt5/Krt6a
colocalization (yellow) are interspersed in the palate, and unique cells appear to express
Krt6a in some basal cells (red arrowheads) but not others. Magnified images from interrugae
((R) anterior rugae slope (R), and posterior rugae slope are in (b’ b’’ and b’’’). (C) Rugae
express classical cadherin E-cadherin (E-cad) in most OE cells in basal and spinous layers.
However, P-cadherin (P-cad) is enriched (green arrows) at the interrugae/rugae transition
zones but absent near the rugae superior slope. Coexpression analysis revealed E-cadhi
cells (red arrowheads), P-cadhi cells (green arrowheads), or colocalized expression (yellow
arrowheads patterns. R: rugae, IR: interrugae, AàP (Anterior to Posterior). White solid lines
mark IR; green solid lines mark R; white dotted lines (A, C) mark basement membrane.
White transparent lines in (b’, b’’, and b’’’) mark units of Krt6a/Krt6 colocalization. Scale: (A,
top panels) 250µm, (A,B, bottom panels) 100µm, (C) 100µm.
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Figure 3.3 | Lineage tracing reveals clonal heterogeneity originating from OESCs. (A)
Coronal section of 14-day lineage tracing experiment utilizing Keratin 14 (K14)-creER and
Lox-STOP-Lox (LSL)-Confetti mice. A single dose of tamoxifen was used to induce low
numbers of clones. Heterogeneity of clone size is evident at 14 days, shown as infrequently
dividing or delaminating clones (a’) to large, primarily perpendicular oriented clones (a’’ and
a’’’). (B) Classification of clones by number of basal and suprabasal cells from experiment in
(A). This clonal graph of basal and suprabasal cells provides each clone type with a grid
coordinate. If a clone appears to be quiescent (also called a label retaining cell), this may be
is indicative of 1) an infrequently dividing OESCs or 2) evidence for a reserve stem cell.
These cells would map to the far back (Basal 1, Suprabasal 0). Primarily planar (likely
symmetric cell fates) expanding clones would only display basal clones along the basement
membrane; this type of clone would be enriched on the far right. Clones with a propensity for
perpendicular (likely asymmetric cell fates) would be enriched on the far left. At 14 days
post-induction, the palate displayed a significant enrichment of perpendicular (asymmetric)
clones of various proliferation rates (Contrast (a’’, a’’’). Few clones expanded along the
plane or were quiescent. (C) Coronal sections from the same experiment as in (A) but at 28
days post induction demonstrate some clones remain infrequently dividing (c’) while others
either occasionally divide perpendicularly (c’’) or have slightly expanded in the basal layer
(c’’’). (D) The largest clones appear to be continually expanding planarly along the
basement membrane, suggestive of population asymmetry models (also called “neutral
drift”) in some OESCs. Directions: MàL (Lateral to Medial), indicative of coronal sections. In
between white solid lines in (A,C) mark spinous layer cells (K10+); white dotted lines mark
basement membrane. Scale: (A,C) 100µm, (A,C, bottom panels) 50µm.
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Figure 3.4 | Rarely dividing clones are present in the palatal epithelia at
interrugae/rugae transition zones. (A) Whole mount image and 3D reconstruction of K14CreER;Confetti clones, 1 month (28d) post tamoxifen induction. Green shaded regions
depict two anterior rugae (R2, R3) and three posterior rugae (R4-R6). Red shaded region
illustrates interrugae regions (IR); Note the heterogeneity of clone sizes between
anterior/posterior, lateral/medial, and rugae/interrugae regions. The largest clones appear to
be centrally located mediolaterally but posteriorly enriched in the interrugae regions of
posterior rugae. (B) Using Imaris, clones were statistically coded by clonal volume (µm3).
Red/yellow surfaces represent the largest clones. Small clones (purple/blue) were rare and
scattered throughout. (C) Even in 2D sections, clonal heterogeneity is related to palate
anatomy. Large, primarily perpendicular clones are found in the interrugae regions and at
rugae peaks (C, top). However, occasionally, rare induced clones infrequently divide at the
interrugae/rugae transition zone in posterior rugae (C, bottom). R: rugae, IR: interrugae.
Directions: AàP (Anterior to Posterior); MàL (Lateral to Medial). In (C), White superior solid
lines mark IR; green solid lines mark R; white dotted lines mark IR regions in (A) and
basement membrane in (C). Green arrowhead depicts rarely dividing clone in (C, bottom).
Scale: (A) 500µm, (C) 100µm.
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Figure 3.5 | Dual strategies to identify infrequently dividing cells in OE. (A,B)
Illustration of Keratin 5 (A) and Keratin 14 (B) transgenic approaches utilizing a
“tetracycline-off” system. Both K5 and K14 strategies were utilized to look for basal layer
heterogeneity of OESCs. This doxycycline (dox, a tetracycline analog)-regulable system
requires constitutive induction of nuclear (H2B) GFP through activation of the tet
Responsive Element (TRE) by a doxycycline-independent, tetracycline controlled
transactivator (“pulse” period). Transgenic mice had already been generated where the K5
promoter is fused to tTA (K5-GFP). However, to generate K14-GFP mice, K14-cre mice
were mated to LSL-tTA mice to generate a “K14-tTA” double transgenic. Both mice were
mated to tetO (TRE)-H2B-GFP, and upon the addition of doxycycline for controlled periods
of time, tTA activity is diminished (chase periods between 0-2 months). (C,D) Both strategies
pulse and chase all OE, including the closely associated palatal and dorsal tongue epithelia.
White dotted lines mark basement membrane in (C,D). Scale: (C,D) 100µm.
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Figure 3.6 | Label retaining cells are found in unique patterns at the interrugae/rugae
transition zones. (A) K5-tTA; tetO-H2B-GFP (K5-GFP) labels at least 90% of cells in each
region with no addition of doxycycline. After whole tissue clearing (UClear), whole mount
confocal microscopy of hard and soft palate demonstrates their highly distinct anatomies
(see magnified rugae (R2 in a’, top), (R6, R7 in a’’, middle), and R9 in a’’’, bottom). This
clearing technique also highlights major differences between the anterior and posterior hard
palate: mediolaterally, anteroposteriorly, and even among anatomical regions (rugae versus
interrugae). Magnified regions (a’-a’’’) further highlight this anatomical diversity, especially
the high concentration of posterior palatal rete ridges (R6/R7, a’’), which are minimally
displayed in anterior rugae (R2, a’). Z projections for whole palate and magnified images are
on right of the corresponding whole and magnified images. (B) Whole mount image of
posterior rugae after 1-week chase displays high label retention at interrugae borders and in
discrete locations on the rugae peaks (top). Using Imaris, palatal GFP intensity was
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statistically coded to show highest consistent labelling was circumferentially localized
around rugae peaks transitioning to interrugae regions. (C) Cleared 3D image of posterior
rugae and interrugae regions show K5-GFP label retention in z-projection is in OESCs of
rete ridges and interrugae/rugae transition zones. These cells (white circles) can found in z
projections due to minimal light scattering after clearing. (D,E) K14-GFP display similar IR/R
label retention at 1-week chase (D) and which is further refined at 14d chases (E). White
arrows depict basal and spinous GFP columns not evident at later chases (>14 days). (F)
Long chases reveal label retention in rete ridges (green arrows); magnified image in (f’). R:
rugae. Directions: AàP (Anterior to Posterior); MàL (Lateral to Medial). X,Y,Z planes
outlined in (A,C). White solid lines in (A) depict suprabasal layer; white dotted lines mark
basement membrane in (A,D,E,F) and magnified ruga 5 in (B). White arrows in (A) show
direction of differentiation (BL, basal layer; SL, spinous layer; GL, granular layer). Green
solid lines in (C,D,E) mark R; white solid lines mark IR, red transparent lines signify the
optical section used in Imaris software. Green arrowheads in (D-F) mark LRCs.
Fluorescence intensity scale in (B) between 0-255 auxiliary units (a.u.). Scale: (A) 1000µm,
(B) 200µm, (C-F, top) 100µm, (F, bottom) 25µm.
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Figure 3.7 | Label retaining cells infrequently divide and are potentially slowercycling. (A,B) Rugae and interrugae regions are highly proliferative (measured by EdU, a
marker that is incorporated during DNA replication of S-phase) in both anterior (A) and
posterior rugae (B). (C) Cells in active mitosis up to metaphase (marked by phosphorylated
Histone H3, pHH3) frequently occur along the IR/R zones directly adjacent to areas of high
label retention at 14 days in K5-GFP. Green arrowheads depict basal label retaining cells
(GFPhi). Red arrowheads depict cells that are only pHH3+. Yellow arrowheads depict GFPhi
and actively mitotic label-retaining cells, determined by GFP+ and pHH3+ cell colocalization.
(D-F) Assays combining label retaining cells and binning GFP cells by rarely dividing (GFPhi:
255>x>60 a.u.) moderately active (GFPlo: 60>x>10 a.u.), and frequently dividing (GFPneg:
x<10 a.u.). At 14 days, GFPhi cells are not found to colocalize with (D) EdU+ or (E) pHH3+
cells. GFPlo stratifies from GFPneg cells at 14 days in both assays. (F) In a triple labeling
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assay (EdU/pHH3/GFP), cells that are double labeled are assumed to have a short S-phase
to Mitosis (M) transition. I observed that many GFPneg cells (as high as ~20%) displayed
double positive cells at both 7- and 14-day chases (F). This was observed in few GFPhi cells
in either chase period. R: rugae. Directions: AàP (Anterior to Posterior). White dotted lines
mark basement membrane in (A-C). Green solid lines in (A-C) mark R; white solid lines
mark IR. Scale: (A,B) 100µm, (C) 200µm.
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Figure 3.8 | IDCs display planar oriented cell divisions. (A,C) Adult palatal epithelia (K5GFP and K14-GFP) progenitors continue to display a bimodal segregation of oriented cell
divisions (perpendicular 60-90° and planar 0-30°), which I originally observed in developing
palatal epithelia at E16.5 (Byrd et al., 2016). (C) Infrequently dividing cells (GFPhi) and
frequently dividing cells (GFPlo+neg) display unique patterns of oriented cell divisions using a
14-day chase for both strategies. (D) K5- and K14-GFPhi cells more often display planar
oriented cell divisions, a division that is assumed to function in stem/progenitor cell renewal.
Combined K5- and K14-GFPlo and K5- and K14-GFPneg cells more often divide
perpendicularly, which is reported to be functionally asymmetric, and serve to rebuild the
stratified layers as they turnover. At 14-day chase, both strategies demonstrate statistically
higher planar divisions in infrequently dividing cells. Yellow arrows in (A,C) demonstrate
division vector. White dotted lines mark basement membrane. Statistics in (C): Chi-square
test of planar (0-30°), oblique (30-60°), and perpendicular (60-90°) division categories.
Scale: (A,B) 10µm. p values: **p<0.01, ***p<0.0001.
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Figure 3.9 | IDCs express stem cell markers and display downregulated proliferation
markers by qPCR. (A) Strategy to enrich for palatal OESCs from K5-GFP and K14-GFP
mice. Firstly, careful microdissection of the hard palate is required (rugae 1-8), followed by
enzymatic dissociation of the epithelia from lamina propria (1% dispase). Next, basal cells
are isolated with 0.25% Trypsin-EDTA and then filtered (70µm) to enrich for individual cells.
Cells are stained for basement membrane marker α6-integrin (partner of β4-integrin),
preconjugated to a 647nm fluorophore (α6-integrin-647). This strategy could be adopted for
other oral epithelia sites after microdissection, including dorsal/ventral tongue epithelia
(DT/VT) and buccogingival/vestibular epithelia (BG). (B) Representative images of isolated
suprabasal and basal cells from dissociation strategy. Note slightly smaller and rounder
H2B-GFP nuclei and circumferential α6-integrin expression in basal compared to suprabasal
cells. (C) 7-day chase of K5-GFP mice displaying few α6hi;GFPhi cells remaining (C, left
panel). Next, qPCR was performed comparing α6hi; GFPhi (infrequently dividing cells, IDCs)
to α6hi; GFPlo (frequently dividing cells, FDCs) and demonstrated relatively higher transcripts
for putative stem cells like Sox9, Itgb1 (β1-integrin), and Tp63 isoform, Tap63 in IDCs.
Alternatively, IDCs also expressed relatively lower amounts of cell cycle transcripts,
including Mki67 (Ki67) Ccnd1 (Cyclin D1) and Tp63 isoform, ΔNp63. (D) At 21-day chases,
K5-GFP and K14-GFP demonstrate further enrichment of Sox9 and less Mki67 in GFPhi
(IDCs), relative to GFPlo+neg (FDCs) cells. Scale: (B, top) 10µm, (B, bottom) 8µm.
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Figure 3.10 | IDCs are more often coincident with Sox9 and more often distinct from
cell cycle marker Ki67 expression by immunohistochemistry. (A) Sox9 expression in
anterior rugae (R3) is more frequently concentrated near the interrugae/rugae borders and
are ~4x more coincident with GFP+ cells at 28 days post-dox in K5-GFP. Magnified images
(A, lower panels) highlight GFP+ cells (green circles), Sox9+ cells (red circles), and
coincident expression (yellow circles). (B) Ki67 is expressed in any cell actively in
interphase (G1, S, and G2) or Mitosis (M). In a serial section from (A), Ki67+ is more
frequently concentrated near the rugae slopes and is often distinct from GFP+ cells.
Magnified images (B, lower panels) highlight GFP+ cells (green circles), Ki67+ cells (red
circles), and coincident expression (yellow circles). In (B,C,E,F), coexpression (Co) was
determined by GFP cells > 10a.u. Directions: AàP (Anterior to Posterior). White dotted lines
mark basement membrane in (A,B). Green solid line in (A,B) mark R; white solid lines mark
IR. Scale bars: (A, B) 100µm.
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Figure 3.11 | IDCs are enriched in posterior interrugae/rugae transition zones. (A)
Whole 14-day chase K5-GFP palates (R1-R8) were immunostained for GFP, Sox9, and
Ki67. Every cell was analyzed for coexpression between these three populations. Posterior
rugae display a relatively higher ratio of GFP+/Sox9+ coexpression in OESCs (yellow
circles), especially in interrugae/rugae (IR) transition zones. When every cell is counted in
anterior rugae, the substantially larger rugae slopes, which do not demonstrate GFP+/Sox9+
coexpression in either anterior or posterior rugae, negatively affect coexpression
percentages as a whole. However, there is substantial GFP+/Sox9+ coexpression again at
IR/R in both anterior and posterior rugae. (B) GFP+ expression is generally exclusive from
Ki67+ in posterior rugae, though this trend is less evident in anterior rugae (also see Fig.
3.10B). (C) Sox9+ expression also trends toward exclusivity from Ki67+, though the trend is
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shared between anterior and posterior rugae. These data suggest that Sox9+ and GFP+ are
more likely IDCs in posterior rugae, whereas Sox9 expression appears most exclusive from
actively cycling cells. Directions: AàP (Anterior to Posterior). Green solid line in (A,C,E)
mark R; white solid lines mark IR. Scale bars: (A,C,E) 100µm.

178

A

K5-GFP: 2 Week Chase

Rugae
Innervation

K5-GFP: 4 Weeks Chase

Epithelial
NGFR

BIII-Tubulin

ck-GFP

Ant

Post

B

NGFR (p75)

ck-GFP

Ant

Post

Figure 3.12 | IDCs are mutually exclusive from specialized sensory organs of the hard
palate. (A) K5-GFP (14-day chase) anterior and posterior rugae display roughly equivalent
rugae and interrugae innervation (βIII-tubulin) patterns. IDCs appear to localize in areas of
lowest innervation. Grayscale image and outlined innervation on right. (B) K5-GFP (28-day
chase) were stained with an epithelially and mesenchymally expressed nerve growth factor
receptor (p75-Ngfr), which displays enriched epithelial regions near rugae peaks and minor
expression in interrugae regions. IDCs are also strikingly distinct from Ngfr+ cells. Directions:
AàP (Anterior to Posterior). R, rugae. IR, interrugae White dotted lines mark basement
membrane. Green solid line in (A,B) mark R; white solid lines mark IR. Green dotted
brackets in (A) mark GFP region. Scale bars: (A,B) 100µm.
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Figure 3.13 | A subpopulation of OESCs is sensitive to masticatory stress. (A)
Interestingly, mice only masticate with molars near posterior rugae R5-R8 but display
innervation equally in posterior and anterior rugae. The differences in anterior and posterior
regionality in IDCs might then be a result of higher posterior masticatory stress from their
hard chow. To test whether mechanically sensitive cells could “anteriorize” GFP to R5-R8
interrugae regions and rugae peaks, littermates were put on softened and hard (standard)
doxycycline chow for 2 weeks. (A, upper) Image shows normal anterior rugae enrichment of
LRCs relative to posterior rugae. (A, lower) Image demonstrates “anteriorization” of
posterior rugae and interrugae regions when placed on soft dox diet (B) Flow cytometry of
hard and soft chow basal GFP cells (α6hi) reveals more GFPhi cells in soft diet (>105). (C, D)
Quantification of GFP in rugae and interrugae regions was normalized (auxiliary units (a.u.))
to highest GFP expression in each section of each littermate (n=3/diet). Hard chow displays
highest GFP in anterior rugae, which is balanced in the soft chow between anterior and
posterior rugae. In (D), this trend remained, though was less pronounced. These data
suggest there are potentially both masticatory stress-sensitive populations (potentially
FDCs) and masticatory insensitive populations (IDCs) among palatal OESCs. Considering
that 1) palatal innervation—by βIII-tubulin+ and Ngfr+ expression patterns—is primarily
localized to rugae peaks and 2) this is where anteriorization was most dramatically altered, it
is likely there is a stress sensitive population primarily in rugae peaks. Further evidence for
this comes from lineage tracing experiments (Fig. 3.4C). Directions: AàP (Anterior to
Posterior). R, rugae. IR, interrugae White dotted lines mark basement membrane. Green
solid line in (A,B) mark R; white solid lines mark IR. Green brackets in (A) mark GFPhi
areas. Scale bars: (A) 250µm.
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Figure 3.14 | Model of infrequently and frequently dividing cells (IDCs/FDCs) in palatal
epithelia. There are at least two progenitor populations in OE, first subdivided by their
frequency of mitosis. IDCs display some characteristics of reserve stem cells, with 1)
potentially longer cell cycles, 2) higher quantified expression of reserve stem cell transcripts
and protein, and 3) more often displaying planar (and potentially renewing) oriented cell
divisions.
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CHAPTER 4: ONGOING STUDIES TO EXPLORE THE RELATIONSHIP BETWEEN
ORIENTED CELL DIVISIONS, CELL FATE, AND ORAL CARCINOGENESIS1
4.1

Introduction
Head and neck squamous cell carcinomas (HNSCCs) are the 6th most common

cancer, affecting over 600,000 patients worldwide per year (Cancer Genome Atlas, 2015;
Ferlay et al., 2010). A significant portion of HNSCCs are oral squamous cell carcinomas
(OSCCs), which constitute over 90% of oral cavity cancers and present with a relatively poor
prognosis that has not improved in five decades (Feller et al., 2013; Hanahan and
Weinberg, 2011b; Kang et al., 2015; Smith et al., 2013). Current treatment regimens involve
oft-disfiguring surgeries followed by radiation and sometimes chemotherapy, with few
targeted therapies. Factors counteracting progress in treating OSCC include a) inter- and
intra-tumoral heterogeneity (Cancer Genome Atlas, 2015), b) poor understanding of how
driver mutations alter oral epithelial homeostasis in premalignancy and disease, and c) a
limited number of mouse models (Ishida et al., 2017; Spiotto et al., 2013). Like most
epithelial malignancies, unregulated growth is an hallmark of OSCC initiation (Hanahan and
Weinberg, 2011a) and tumors are hypothesized to contain populations of cancer stem cells
(CSCs) that may contribute to accelerated metastasis, locoregional recurrence, and/or
chemotherapeutic resistance (Batlle and Clevers, 2017; Clevers, 2011; Lapouge et al.,
2012).
The most commonly altered gene in most cancers, including OSCC, is in the master
regulator of genomic stability, TP53 (p53) (2015; Agrawal et al., 2011; Cancer Genome
Atlas, 2015; Cerami et al., 2012; Gao et al., 2013; Stransky et al., 2011). p53 is a
transcription factor and has been reported to be activated in response to 1) DNA damage or
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during DNA replication stress, 2) tissue hyperproliferation, 3) oxidative stress/hypoxia, 4)
telomere shortening, and/or 5) cell starvation or nutrient deprivation (Bieging et al., 2014;
Muller and Vousden, 2014). Functionally, these stressors upregulate p53 activity to facilitate
DNA repair mechanisms, cell cycle arrest, changes to cell metabolism, or any combination
of apoptosis, senescence, or autophagy (Bieging et al., 2014). The most thoroughly
described p53 mechanisms include its activation upon DNA damage and hyperproliferation,
either involving 1) a signaling cascade that activates ATM/ATR upstream of CHK1/CHK2 to
stabilize p53 through post-translational phosphorylation on N-terminal serines (p53S15 and
p53s20) or 2) dissociation of MDM2/4 from p53 through ARF signaling, respectively. This
latter mechanism is vital because it frees p53 from MDM2/4, which act as transcription
repressors (Bieging et al., 2014; Kastan and Bartek, 2004; Meek and Anderson, 2009;
Oliner et al., 1993; Parant et al., 2001). The complete mechanisms of p53 regulation in
these classic and emerging contexts are actively being investigated.
In the era of next-generation sequencing—pioneered by projects such as The
Cancer Genome Atlas (TCGA)—pan-cancer analyses have confirmed that p53 is a
commonly mutated driver mutation across many tumor types (Fig. 4.1) (Lawrence et al.,
2014; Miller et al., 2015; Weinstein et al., 2013). What is remarkable about these mutations,
however, is that they frequently appear in the same p53 residues in the DNA binding domain
(DBD), specifically enriched for arginine (R) alterations across cancers (p53R175, p53R248,
p53R273, and p53R282 in humans). This pan-cancer conservation suggests a vital role for
these arginine residues in maintaining the role of p53 as a tumor suppressor (Cerami et al.,
2012; Gao et al., 2013; Miller et al., 2015). Much less is known, however, about p53G245
mutations, but according to two recent papers on Li Fraumeni Syndrome (Xu et al., 2014)
and on p53G245S knockin mice (Hanel et al., 2013), evidence suggests its GOF capabilities
have a smaller impact on overall phenotypes and more likely resemble p53 “loss-of-function”
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(p53LOF) alleles. Unsurprisingly, the function of these hotspot residues in cancer is of
enormous interest (Bieging et al., 2014; Muller and Vousden, 2014).
Historically, the first evidence of p53 missense mutations serving neomorphic or
“gain of function” roles dates back to 1993. In this study, Dittmer et al. compared human cell
lines harbouring p53LOF to p53 hotspot alleles p53R175H, p53R248W, and p53R273H and found
that these mutations bestowed additional growth advantage to tumors when compared to
WT or p53LOF alleles (Dittmer et al., 1993). These gain-of-function properties (collectively
p53GOF) are now subdivided into 1) type I “contact” mutant alleles, which alter the ability of
p53 to bind directly to DNA in its role as a transcription factor (p53R175, p53R248, p53R273, and
p53R282) and 2) type II “structural” mutant alleles, which destabilize p53 through changes to
its 3D protein structure (p53G245) (Cho et al., 1994; Hanel et al., 2013; van Oijen and
Slootweg, 2000). p53GOF alleles have additionally been reported to exert a dominantnegative effect on wild-type p53 (p53WT) and may also negatively impact translation at other
sites by aberrantly interacting with other transcription factors, such as p53 family members
p63 and p73 (Di Agostino et al., 2006; Liu et al., 2011).
The described in vitro roles for p53GOF mutations have been tested in humanized and
traditional mouse models, including p53R175 and p53R273H (p53R172H and p53R270H in mice,
respectively) and have confirmed the in vitro predictions of decreased tumor latency and
increased metastatic potential (Hanel et al., 2013; Lang et al., 2004; Liu et al., 2010; Olive et
al., 2004; Song et al., 2007). Among the few OSCC cancer models—which currently include
both genetically engineered mouse models with and without additional chemical
carcinogenesis—only one uses a p53GOF (p53R172H) allele (Ishida et al., 2017; Li et al.,
2016b). This model is driven from a progesterone inducible and epithelial cre (K5-CrePR1)
crossed to a cre-inducible LSL-p53R172H allele, which preferentially demonstrates cutaneous
as opposed to oral squamous cell carcinomas (Lang et al., 2004; Li et al., 2016b). This
OSCC model works, however, without the classic carcinogen 4-Nitroquinoline 1-oxide
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(4NQO) that, when given in water, enriches for oral and esopheageal tumors (Tang et al.,
2013; Vitale-Cross et al., 2009). Other mouse models dually using chemical and genetic
approaches to enrich for OSCC include 1) Cyclin D1 overexpression mice (L2D1++) (Wilkey
et al., 2009), 2) PIK3CA overexpression (K5.GLp65/tataPIK3CA) (Du et al., 2016), 3) K14GFP-miR-211 (Chen et al., 2016b), and 4) Dusp1null mice (Ishida et al., 2017; Zhang et al.,
2014b). To date and to our knowledge, no studies have explored the inducible p53R270H GOF
allele in a mouse model of OSCC and no current studies have used the p53R172H and
p53R270H with the addition of 4NQO for OSCC enrichment.
In these pilot studies, I show that after analyzing data through publically-available
databases such as cBioPortal—a repository of TCGA data (Cerami et al., 2012; Gao et al.,
2013)—I have confirmed in both HNSCC and OSCC, the frequency of the five reported
hotspot p53GOF mutations (p53R175, p53G245, p53R248, p53R273, and p53R282) to
disproportionately account for an average of ~15% of all recorded HNSCC cases. To test
the role of p53GOF in vivo, I generated two new OSCC mouse models using a constitutively
active and epithelial-specific Cre (K14-cre) (Dassule et al., 2000) crossed to either LSLp53R172H or LSL-p53R270H (K14-p53R-X-H) with the addition of 4NQO. To assess tumorigenesis,
a large pilot study was performed and demonstrated significantly decreased oral tumor
latency in both the K14-p53R172H and K14-p53R270H mice as compared to single p53WT (WT or
K14-Cre) or heterozygous p53GOF mice treated with 4NQO. Finally, while these studies are
ongoing, this model is currently being used in the design of future experiments to test the
role of oral epithelial differentiation and oriented cell divisions in oral tumorigenesis.

4.2

Materials and Methods

4.2.1

Animals and Study Design
All mice were maintained, manipulated, and harvested in an AAALAC certified

animal facility under IACUC approved protocols using standard chow (16-114 and 16-162 to
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S.E.W). K14-cre mice (Tg(KRT14-cre)1Amc/J; Jax: 004782) are the Andy McMahon line
(Dassule et al., 2000). LSL-P53R172H mice (129S4-Trp53tm2.1Tyj/Nci, NCI: 01XAF) and LSLp53R270H mice (129S4-Trp53tm3.1Tyj/Nci, NCI: 01XL9) were acquired from NCI (Olive et al.,
2004). mInscfl/fl mice were acquired as a gift from Juergen Knoblich (Postiglione et al.,
2011b; Williams et al., 2014).
4.2.2

4NQO-Induced Oral Carcinogenesis
The oral carcinogenesis pilot study was conducted with mice of multiple litters that

were born, weaned, ear tagged, and genotyped within 6 weeks of each other. Virgin males
and females were both used in roughly equal proportion to account for sex as a biologic
variable. Littermates of the same gender were housed together for the duration of this study.
All animals available from described crosses were used for this pilot and each animal
received 50µg/mL 4-Nitroquinoline N-oxide (4NQO, Sigma-Aldrich N8141) diluted in 1x
molecular grade PBS with 20ug/mL 1,2 propanediol (propylene glycol, Sigma-Aldrich
398039) for a total of 8 weeks. 4NQO + 1,2 propanediol mixture was made fresh 1x/week
and 200-250mL was given to each cage for the duration of the week. Mice were monitored
closely 3x/week and weighed/inspected weekly for predetermined humane endpoints in
agreement with our approved UNC 16-114 protocol. Mice were euthanized in instances of 1)
large tumors (>2cm) or smaller tumor growth that impeded an animal's ability to ingest
food/water or perform other normal bodily functions, 2) significant loss of body weight
(>10%/ week, or over 20% loss overall), 4) infection or other significant pathology affecting
organ function, or 5) observer-determined moribund state (key signs included severe
depression, lack of movement, and/or wincing/pain) (Foltz and Ullman-Cullere, 1999; Morton
and Griffiths, 1985).
4.2.3

Tissue Harvest and Processing
Mice were injected with EdU (50 µg/g body weight, Life Technologies) 2h before

harvest. Each mouse was euthanized according to IACUC/UNC DLAM protocols, including
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secondary physical euthanasia. Mice were depilated (Veet, Reckitt Benckiser) and tails were
taken to confirm genotypes post hoc as necessary. Whole tongues (anterior and posterior
tongue, including oropharynx), hard and soft palates, upper and lower lips, salivary glands
(submandibular, sublingual, and parotid), depilated skin, esophagus, and forestomach were
harvested from each animal. Tissues were processed for paraffin embedding and also prefixed for OCT embedding (4% PFA for 24-48 hours at 4C, 20:1 ratio of PFA to organ size,
washed in 1x PBS 3x/10min, and kept at 4C in 70% ethanol and 4% PFA for 30 minutes,
washed in 1x PBS 3x/10min, and put in 15% sucrose O/N at 4C, respectively).
4.2.4

cBio Portal Data Synthesis and Survival Analyses
cBioPortal data (Fig. 4.1) was accessed, downloaded, and assembled on October 7,

2017, consisting of 496 sequenced patient samples at this time (Cerami et al., 2012; Gao et
al., 2013); however, data in Fig. 4.4 was accessed in 2015. Pan-cancer, pan-HNSCC, and
carcinoma-specific p53 analyses (Fig. 4.1) were compiled from available, published and
unpublished provisional studies (Agrawal et al., 2011; Brannon et al., 2014; Li et al., 2015;
Network, 2012; Pickering et al., 2013; Song et al., 2014; Stransky et al., 2011). Statistical
analyses for tumor latency were computed by Log-rank test (Fig. 4.3C) and were generated
using GraphPad Prism 5/6 (La Jolla, CA); p values: *p<0.05, **p<0.01, ***p<0.0001. Images
were edited using Adobe Photoshop CS6 and assembled with Adobe Illustrator CS6.

4.3

Results

4.3.1

cBioPortal Analyses Confirm Five Common Missense Mutations in HNSCC
To determine the impact of the p53 mutations in HNSCC based on the most recent

publically available cancer datasets, I accessed and extracted genome wide sequencing
data from cBioPortal.org (Cerami et al., 2012; Gao et al., 2013). There are published pancancer analyses that p53GOF mutational hotspots are consistently observed across many
tumor types (Miller et al., 2015; Muller and Vousden, 2014; Weinstein et al., 2013).
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However, I wanted to compare the five available head and neck squamous cell carcinoma
(HNSCC) datasets against the global dataset of all 166 studies in cBioPortal, which includes
>46,000 tumors (Fig. 4.1A) (Agrawal et al., 2011; Cancer Genome Atlas, 2015; Pickering et
al., 2013; Stransky et al., 2011). Based on my review of the literature, it was unsurprising
that familiar pattern again emerged at hotspot residues at arginines (R) within the DNA
binding domain (5 most common: p53R175, p53G245, p53R248, p53R273, and p53R282). Among
the 5 HNSCC studies (955 samples total), the same hotspots emerged (p53R175, p53G245,
p53R248, p53R273, and p53R282) (Fig. 4.1A), though notably, with different frequency, as
p53R273 is the most frequent missense mutation across all cancers, while p53R248 is most
common in HNSCC.
If these hotspot mutations are important for HNSCC/OSCC progression, I expected
that I would see 1) a relatively high p53 mutation frequency in HNSCC and 2) that this would
be relatively consistent between HNSCC studies. To ask about p53 mutational frequency
among cancers and between the 5 HNSCC studies, I again extracted the most current
cBioPortal data. To look at the ranking of HNSCC among other cancers, I compiled all the
carcinoma studies and from each unique cancer subtype, I isolated the study with the
highest p53 mutation frequency—this included squamous cell carcinomas (SCCs) or
adenocarcinomas (AC). The list included lung SCC (Network, 2012), esopheageal SCC (Lin
et al., 2014), colorectal AC (Brannon et al., 2014), cutaneous SCC (Li et al., 2015), and
HNSCC (Cancer Genome Atlas, 2015) among the top 5 cancers with p53 mutations (Fig.
4.1B). These pan-carcinoma data confirm that HNSCC ranks among the top SCCs/ACs in
terms of p53 mutation frequency, but I next wanted to ask how consistent this was across
HNSCCS studies. Five total HNSCC studies (one solely focused on OSCC (Pickering et al.,
2013)) were analyzed for the percentage of HNSCC cases with any sequenced p53
mutations (missense, truncating, inframe, and/or “other”) (Agrawal et al., 2011; Cancer
Genome Atlas, 2015; Stransky et al., 2011). I found that among the five current studies, p53
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mutational frequency was consistent (between ~60-75% mutated, average ~70% of all
cases, Fig. 4.1C).
Since p53 is frequently and consistently mutated in HNSCC, I was then curious
about the percentage of cancers with the 5 discovered hotspot mutations. When compiling
all cases of the confirmed pan-cancer and HNSCC enriched hotspots (p53R175, p53G245,
p53R248, p53R273, and p53R282), I found that these 5 hotspots accounted for a
disproportionately high (~15% average, range: 8-28%) of all p53 alterations across all
HNSCC cases (Fig. 4.1D). For reference, there are 393 amino acids in p53 that could be
mutated, so if this were random, we would only expect these 5 mutations to account for
1.3% of all cases. In the Johns Hopkins 2011 HNSCC study (Agrawal et al., 2011), this
observed hotspot frequency is a ~20x what is expected. These data strongly provide a
rationale for understanding how p53GOF alleles may be vital to furthering our understanding
OSCC cancer biology.
4.3.2

p53GOF Decrease Tumor Latency in Chemically-induced OSCC Mouse Models
Taking into account the high frequency of these hotspot mutations in HNSCC, I

sought to use two available p53GOF alleles, LSL-p53R172H and LSL-p53R270H (Olive et al.,
2004) crossed with constitutively active, epithelial-specific Cre (K14-cre) (Dassule et al.,
2000). The ultimate goal here is to generate a genetic model of OSCC—occurring in the
native oral cavity, as opposed to skin for many other models of OSCC—by combining p53
mutation with chemical carcinogenesis using 4NQO. To assess the role of p53GOF in
counteracting carcinogen-induced genetic changes (4NQO), these mice were expanded,
weaned, genotyped, and kept with same littermates until P90 when both double transgenic
K14-p53GOF as well as WT (WT or K14-Cre+/-) cohorts were challenged with 50 µg/mL 4NQO
in drinking water for 8 weeks (Fig. 4.2A).
4NQO has been used for over 4 decades in oral carcinogenesis models (Wallenius
and Lekholm, 1973) and is a mutagen that induces purine adducts mimicking those caused
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by cigarette smoke (Ishida et al., 2017). 4NQO doses between 10 µg/mL (Gunji et al., 2006)
and 10 mg/mL (Korpi et al., 2008) have been delivered by painting it directly onto oral
tissues (Schoop et al., 2008) or by adding it to the drinking water (Chen et al., 2017a), with
higher doses used for painting. These delivery methods and doses have been administered
for as little as 4 weeks and for up to a year. In the OSCC field, there appears to be no true
standard for 4NQO administration, though the 50 µg/mL dosage has been reported to enrich
for oral tumors (both dysplastic lesions and OSCC) over esopheageal tumors (Vitale-Cross
et al., 2009).
Since my hypothesis was for decreased oral tumor latency in our K14-p53GOF mice
as compared to WT, I elected to administer 50 µg/mL 4NQO for only 8 weeks, which was
followed by an additional 8 weeks of control drinking without 4NQO (8 weeks on/8 weeks
off). After 16 weeks total, 7-month old mice were evaluated weekly for visual evidence of
oral tumors on the 1) labial epithelia, 2) dorsal tongue, ventral tongue, and oropharynx, 3)
hard and soft palate, and 4) buccal, gingival, and vestibular epithelia (Fig. 4.2A). At this first
timepoint, I already had the first evidence of oral tumors in the K14-p53GOF mice (Fig. 4.2B).
Two hours before harvesting, all mice were injected with EdU to allow us to later assess for
cells entering into S-phase during the labelling period, indicative of active cell cycling. Mice
were depilated and each observed oral tissue (whole tongue, palate, lips) as well as oral
associated glands (submandibular, sublingual, and parotid glands), skin, esophagus, and
forestomach were harvested from each animal. Tissues were processed for paraffin
embedding and pre-fixed also for OCT embedding. The tongue occupies >60% of the oral
cavity in mice, and based on my observations, the dorsal tongue most frequently displayed
oral tumors. The tumors frequently begin as leukoplakias before converting to white tumor
(exophytic) masses which grew between 0.5-3mm in size (Fig. 4.2B). Some of these tumors
resolved, while others converted to ulcerated lesions. Hyperplasia was recorded if
applicable at each check, and each tumor was recorded by date of first appearance (tumors
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>0.5mm). Currently, both K14-p53GOF have significantly decreased tumor latency compared
to WT (50% tumor free survival at ~75 days and ~150 days, respectively) (Fig. 4.2C). These
pilot studies are still ongoing at this time.

4.4

Discussion
Unsurprisingly, the impact of p53 alterations in humans is decreased overall survival

(Fig. 4.3A). It is tempting to speculate that these p53 mutations, whether GOF or LOF
alleles, are largely acting through the described “canonical” roles for p53, such as regulatory
changes to DNA repair or cell cycle arrest. However, p53 has also been implicated in
affecting the balance between symmetric and asymmetric cell divisions in vitro (Cicalese et
al., 2009), and studies in vivo have demonstrated a role for p53 in stem cell renewal (Hanel
et al., 2013; Zheng et al., 2008). However, whether OCDs or cell fate decisions are altered
in the OE of these K14-p53GOF mice has yet to be examined.
One of my prevailing hypotheses is that oriented cell divisions (OCDs) function as a
tumor suppressor by maintaining a physiologic balance of asymmetric and symmetric
divisions in adult OESCs. Importantly, the phenomenon of OCDs has been linked to cell fate
decisions (Knoblich, 2010; Williams and Fuchs, 2013). Perpendicular OCDs are generally
assumed to be asymmetric; whereas planar OCDs can display both symmetric and
asymmetric cell fates in adults (Ichijo et al., 2017; Williams et al., 2011; Williams and Fuchs,
2013; Williams et al., 2014). Tissue-wide, this balance is thought to influence cell fate
determination in both homeostasis and cancer (Ostrakhovitch, 2009; Pece et al., 2011). For
example, altered OCDs have been demonstrated in the intestine, where normally planar
dividing cells in the crypt have been shown to divide in randomized division angles in precancerous (Quyn et al., 2010) and tumor tissues (Bu et al., 2016; Fleming et al., 2009;
Wang et al., 2016a). However, altered OCDs have been found in Sox2+ tumors of the skin,
where the proportion of divisions shifted from roughly balanced towards primarily planar
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(and likely symmetrically expanding) OCDs (Boumahdi et al., 2014; Siegle et al., 2014).
Interestingly, this study also demonstrated that by reducing Sox2 levels in tumors, balanced
OCDs can be restored, leading to abrogated skin tumor growth (Siegle et al., 2014).
My overall question since beginning this work has been whether OCDs play any role
in protecting the oral epithelia from tumorigenesis. I have already shown preliminary
evidence of balanced OCDs during OE development (Chapter 2, (Byrd et al., 2016)) and
adult homeostasis (see Chapter 3). Additionally, from TCGA data, HNSCC tumor with
alterations to key genes of the spindle orientation complex—including LGN (GPSM2), Insc
(mouse: mInsc, human: INSC), Gαi3 (GNAI3), Par3 (PARD3), and Afadin (MLLT4)—also
display reduced overall survival (Fig. 4.3B). If, collectively, this phenomenon acts a tumor
suppressor in vivo, I would hypothesize that loss of normal bimodal OCD distribution in oral
epithelia (from balanced to primarily planar divisions as in skin) could cause enhanced
tumorigenesis. To test the hypothesis of OCDs impact on tumorigenesis, one of my first
experiments will be to look at developing (E16.5, P0) and adult (p45) interfollicular epidermis
(IFE) and oral epithelia (OE) in WT and K14-p53GOF mice to assay these tissues for
alteration to OCDs (for methodology, see: Chapter 2 and 3). My current hypothesis is that
K14-p53GOF will not directly alter oriented cell divisions in vivo since these mice display no
obvious skin, oral, or hair phenotypes throughout life. However, since I want to alter OCD
through other direct regulators, I will not need to test whether these K14-p53GOF mutants first
have any OCD phenotype, before attempting to compromise OCDs on this background in
the context of tumorigenesis.
Another pathway of interest is that of differentiation. Both past (Agrawal et al., 2011;
Stransky et al., 2011) and recent work from The Cancer Genome Atlas (Cancer Genome
Atlas, 2015) has demonstrated that differentiation pathway genes (NOTCH1, NOTCH2,
NOTCH3, TP63, CTNNB1, FAT1, AJUBA, among others) comprise one of the most
commonly altered pathways in HPV- (human papilloma virus-negative) HNSCCs (64%
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display mutations in these genes), which was unexpected and was higher than the
Ras/MAPK pathway (62% activated), cell death genes (44% activated), immunity (7%
inactivated), and oxidative stress (22% activated) (Cancer Genome Atlas Research et al.,
2015). This collection of differentiation genes is also significantly predictive of decreased
overall survival in HNSCC based on my cBioPortal analyses (Fig. 4.3C). Interestingly, loss
of p63 (Trp63 in mice, TP63 in humans) during IFE development is required for OCDs,
although it doesn’t appear to directly affect expression of the critical OCD gene Insc (Lechler
and Fuchs, 2005; Poulson and Lechler, 2010). Also, knockdown of Notch in developing IFE
(through deletion of the obligate Notch transcription factor RBPJ) has no observed impact
on oriented cell divisions (Williams et al., 2011), but this study concluded that Notch acts
downstream of OCDs. My work has shown that knockdown of LGN by in utero lentiviral
delivery of RNAi shifts the balance of divisions from balanced between
asymmetric/symmetric cell divisions (ACD/SCDs) to predominately SCDs in IFE and OE
(Byrd et al., 2016). Notably, this phenotype occurs upstream of a Notch-dependent
differentiation in IFE (Williams et al., 2011), suggesting that there may be an axis of cell fate,
oriented cell divisions, and differentiation that remains to be fully understood, especially in
the context of HNSCCs. However, whether and how p53 plays a role directly within this axis,
remains to be tested.
Beyond my early work with LGN, knockdown of other key members of this spindle
orientation complex (NuMA, Dctn1, Gαi3, mInsc, and Par3) have all affected division
orientation in IFE, favoring more SCDs and also destabilizing LGN at the apical cortex
(Williams et al., 2011; Williams et al., 2014). In adult IFE/OE, this emerging complex is now
being considered to collectively function as a tumor suppressor (Seldin and Macara, 2017).
It has been shown that perpendicular asymmetric cell divisions typically result from a
coupling of cortical polarity cues with the spindle orientation machinery (Lechler and Fuchs,
2005; Williams et al., 2014). One major protein involved in perpendicular OCDs is the
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LGN/Gpsm2 binding partner, Insc, which has been shown in epithelial development to be
closely associated with the apical polarity cues such as Par3 (Lechler and Fuchs, 2005;
Poulson and Lechler, 2010; Williams et al., 2011; Williams et al., 2014). In flies and mice,
LGN (Pins: Partner of Inscuteable) has been shown to directly interact with Inscuteable to
regulate cell fate through oriented cell divisions (Knoblich, 2008; Mapelli and Gonzalez,
2012). Loss of Insc in the epidermis destabilizes the apical positioning of LGN at the cortex
and shifts oriented cell divisions in IFE towards oblique and planar OCDs (Williams et al.,
2014). This has been shown in knockout mice (K14-Cre+/-;Inscfl/fl) in addition to our
LUGGIGE technique (Lentiviral Ultrasound Guided Gene Inactivation and Gene
Expression), which utilized shRNAs against Insc in developing IFE (Williams et al., 2014).
This preliminary work serves as the foundation for testing my hypothesis that division
orientation functions as a tumor suppressor in vivo. Currently, I am crossing our K14-p53GOF
mice to mInscfl/fl mice and plan to conduct a 4NQO-induced oral tumorigenesis pilot study
with 1) WT or K14-Cre, 2) K14-Cre; p53GOF, 3) K14-Cre;mInscfl/fl, and 4) K14Cre;p53GOF;mInscfl/fl (Fig. 4.4D). My current hypothesis is that p53GOF combined with loss of
Insc will increase the proportion of symmetric divisions in tumors, and thus increase tumor
size/area, decrease tumor latency, and promote conversion from benign exophytic white
tumors (papillomas) to ulcerated lesions (Figs. 4.2B, 4.3D).
Depending on the outcome of these preliminary experiments, there are two future
directions that I think are pertinent to pursue in the context of cell fate, regulation of oriented
cell divisions, and carcinogenesis. First, I will conduct a targeted in vivo RNAi screen in our
p53GOF model (Fig. 4.2A, 4.3E). RNAi-based in vivo screens have been successful in
identifying modulators of Ras-depended hyperplasia and SCC/HNSCC progression in IFE
and OE respectively (Beronja et al., 2013; Schramek et al., 2014; Sendoel et al., 2017). To
conduct a growth modulation screen in our 4NQO-induced, p53-driven tumor growth, I have
selected three broad categories on which to focus: spindle orientation, self-renewal, and

194

differentiation, though final targets are still to be determined. For each gene, I will generate
2-3 shRNAs to knockdown the target >90% in keratinocytes, a standard protocol in our lab. I
will clone these shRNAs into our lentiviral creERT2-RFP construct and embryonically
delivery these constructs to p53GOF mice at E9.5 (Fig. 4.3E). Only upon the addition of
tamoxifen will these shRNAs become activated, and only upon addition of 4NQO will the
p53GOF robustly develop OSCC (Fig. 4.3F). The endpoint for this study will be tumor
formation, at which point tumors will be collected and sequenced to identify the causal
shRNA as described in previous studies (Fig, 4.3G) (Beronja and Fuchs, 2013; Schramek et
al., 2014). I am particularly interested in hits that block progression to a malignant state, or
severely diminish or accelerate tumor growth (candidate oncogenes and tumor suppressors,
respectively), as these represent favorable therapeutic targets. Depending on the outcome
of these studies, additional tumors will be subjected to additional analyses such as RNA
sequencing or immunohistochemical analyses (Fig. 4.3G).
Finally, considering my future role as a clinician-scientist, there is another more
translational project that I want to pursue while still asking questions regarding the
relationship between OCDs and tumorigenesis using our OSCC mouse models. Notably,
while none of the current identified spindle orientation genes (such as Insc, Mllt4, Aspm, or
their downstream effector LGN) are obvious candidates for therapy because they are not
conventionally druggable targets, there are several kinases that play important roles in
regulating the subcellular localization and function of LGN during OCDs. The most important
candidate to focus our efforts on is atypical Protein Kinase C λ/ι (PRKCI). Unexpectedly,
PRKCI has been shown to be amplified in ~38% of HNSCCs, while the related aPKC
homolog PRKCZ (aPKC ζ), only about displays alterations in ~2% of cases (Fig. 4.4A).
aPKC λ/ι has been shown to directly phosphorylate 1) LGN at Ser401, 2) its downstream
effector NuMA, and 3) the Notch antagonist and cell fate determinant, Numb (Galli et al.,
2011; Hao et al., 2010b; Smith et al., 2007). Mechanistically, it is believed that
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phosphorylation of LGN by aPKC dissociates LGN from the cell cortex; thus inhibiting aPKC
λ/ι activity would be predicted to stabilize LGN at the cell cortex, allowing it to promote
asymmetric divisions (Hao et al., 2010b; Peyre et al., 2011a; Zhu et al., 2011). In support of
this, in the epidermis of Prkci-/- knockouts, an increase in perpendicular/asymmetric divisions
is observed during IFE development and adult homeostasis (Fig. 4.4B) (Niessen et al.,
2013).
There is also mounting evidence suggesting that aPKC λ/ι is a promising therapeutic
target, as some groups have characterized thieno[2,3-d]pyrimidine-based chemical
inhibitors—including ICA-1 and CRT0066854—that act specifically on aPKC λ/ι and have
even been used in pre-clinical studies for neuroblastoma (Kjær et al., 2013; Linch et al.,
2013; Pillai et al., 2011). As a future direction to test these aPKC λ/ι inhibitors in mouse
models of HNSCC/OSCC, the first step would be to test them for their ability to alter division
orientation in IFE (Fig. 4.4C). If shown to promote ACS as observed upon Prkci loss, I would
then test their effect in in vitro models (cell lines, raft cultures), and finally in our OSCC
models (Fig. 4.5F). These pilot project, ongoing studies, and future directions represent a
comprehensive approach to begin asking questions that expand from my initial work on
discovering the role of OCDs in OE development (Chapter 2) and in adult homeostasis
(Chapter 3).
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Figure 4.1 | Pan-cancer and pan-HNSCC analyses confirm 5 shared p53 missense
mutational hotspots which account for a disproportionate number of HNSCC cases.
(A) cBioPortal.org data reveal 5 enriched DNA binding domain (DBD) hotspots in p53
(TP53) across 166 cancers and over 46,000 samples (p53R175,, p53G245, p53R248, p53R273,
and p53R282). Much like the carcinoma-enriched hotspots, among the 5 HNSCC studies (955
samples total), the same hotspots emerged (p53R175,, p53G245, p53R248, p53R273, p53R282),
which are abundantly represented in the pan-cancer analyses. (B) Extracted cBioPortal.org
data also reveal tight correlation of p53 mutations among the top five unique carcinoma
studies (lung, esopheageal, skin and head and neck squamous cell carcinomas, (SCCs)
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and colorectal adenocarcinomas, AC). (C) Compiled cBioPortal.org data reveal tight
correlation of p53 mutational frequency among five recent head and neck squamous cell
carcinoma (HNSCC) studies (between ~60-75% mutated), including one study that focused
solely on oral squamous cell carcinoma (OSCC). Out of 166 cBioPortal.org cancer studies
ranking p53 mutational frequency, HNSCC studies rank in the top 20% overall (14, 18, 20,
23, and 29/166) suggesting that p53 mutations are likely an important driver in
HNSCC/OSCC. (D) Compiling the combined frequency of these five most common hotspots
in HNSCC (p53R175,, p53G245, p53R248, p53R273, p53R282), together they disproportionally
account for 8-28% (average ~15%) of all HNSCCs, providing strong evidence these DBD
hotspot mutations are likely important drivers of these HNSCC/OSCCs.
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Figure 4.2 | Expression of two p53 hotspot mutations decrease tumor latency in
chemically-induced OSCC mouse models. (A) To create a model of oral tumorigenesis
driven by heterozygous p53 gain of function mutants (LSL-p53GOF), LSL-p53R172H or LSLp53R270H mice were crossed to an epithelial-specific cre driver (K14-cre). This results in
p53GOF expression in skin, labial epithelia, oral epithelia, oropharynx, esophagus, and
forestomach starting ~E14.5. Mice were weaned, genotyped, and kept with littermates. At 12
weeks (P90), mice were given 4-Nitroquinoline 1-oxide (4NQO) at 50 µg/mL in H20 and
allowed to drink ad libitum for 8 weeks. This was followed by an additional 8 weeks of H20
without 4NQO (8 weeks on/8 weeks off). After 16 weeks total, 7-month old mice were
evaluated weekly for visual evidence of oral tumors on the labial epithelia (LIP), dorsal
tongue (DT), ventral tongue (VT), oropharynx (ORO), and hard and soft palate (PAL), and
buccal/gingival/vestibular epithelia (BG). (B) Example of exophytic tumor mass at the lateral
border of the tongue, the most common site of OSCC in K14-p53R172H mice. C) Pilot study of
oral tumorigenesis reveals statistically significant decrease of tumor latency in both K14p53R172H and K14-p53R270H mice compared to WT (WT or K14-cre only). This pilot
demonstrates an important shift in tumor latency that will allow us to ask future questions
about oriented cell divisions in oral tumorigenesis. p values: *p<0.05. Directions: AàP
(Anterior to Posterior). White dotted line (B) transitional border between DT and VT and
white solid line in marks tumor border, including exophytic mass and ulcerated lesion
surrounding the tumor.
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Figure 4.3 | Ongoing studies to assess the role of spindle orientation in p53GOF oral
tumor models. (A) cBioPortal analysis demonstrates significantly decreased survival for
human OSCC patients with p53 alterations compared to those without. (B) Though
infrequently altered, spindle orientation genes, including LGN (GPSM2), Insc (mouse:
mInsc, human: INSC), Gαi3 (GNAI3), Par3 (PARD3), and Afadin (MLLT4), significantly
decrease overall survival in humans. (C) Among many common pathways, differentiation
was found in by The Cancer Genome Atlas to be the most commonly in HNSCC, above
Ras, cell death, immunity, and oxidative stress pathways (Cancer Genome Atlas Research
et al., 2015). Differentiation genes (commonly NOTCH1, NOTCH2, TP63, CTNNB1, AJUBA,
FAT1, and FBXW7) display reduced overall survival rates compared to unaltered cases. (D)
To test the role of spindle orientation is oral tumorigenesis, I am currently crossing our K14p53GOF to mInscfl/fl mice and conducting a 4NQO-induced oral tumorigenesis pilot study with
1) WT or K14-cre, 2) K14-p53GOF, 3) K14-cre;mInscfl/fl, and 4) K14-cre;p53GOF;mInscfl/fl. (E-F)
After these preliminary experiments, the first future study will be to expand this pilot using a
pool of tamoxifen-inducible shRNAs delivered via lentivirus using LUGGIGE (Lentiviral
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Ultrasound Guided Gene Inactivation and Gene Expression). Orally administration of
tamoxifen will induce both the shRNAs and the p53GOF mutants in the oral cavity. 4NQO will
be administered as in the pilot experiments (Fig. 4.3A, 4.4D). Tumors will be sequenced to
identify shRNAs, processed by 1) fluorescently activated cell sorting for omics assays such
as RNA sequencing and 2) embedded in paraffin for H&E histologic analyses.
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Figure 4.4 | Future translational studies to assess the role of spindle orientation
complex member aPKCλ/ι in oral tumor models. (A) Oncoprint from cBioPortal reveals
significant amplification of aPKC λ/ι (PRKCI) (19%, and >38% including mRNA
amplification), not aPKC ζ (PRKCZ) (2.4%), in HNSCC (504 samples). These kinases are
also mutually exclusive. PRKCI has been shown to directly phosphorylate 1) LGN at
Serine401 (Ser401) between the N-terminal tetratricopeptide repeats (TPR) and C-terminal
GoLoco motifs, 2) its downstream effector NuMA, and 3) the Notch antagonist and cell fate
determinant, Numb. (B) Mechanistically, it is believed that phosphorylation of LGN by aPKC
λ/ι dissociates LGN from the cell cortex through; thus inhibiting aPKC λ/ι activity would be
predicted to stabilize LGN at the cell cortex, allowing it to promote asymmetric divisions. It is
theorized that p53GOF and altered cell fate phenotypes may favor symmetric cell expansion
through planar oriented cell divisions (OCDs). (C) There are a recently described class of
thieno[2,3-d]pyrimidine-based chemical inhibitors (ICA-1 and CRT0066854) that act
specifically on aPKC λ/ι. These inhibitors may act to promote ACDs/differentiation in tumors.
These inhibitors may be tested in our established OCD model in development, recently
established 3D raft culture models, and our described OSCC models.
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CHAPTER 5: SUMMARY
The introduction (Chapter 1) and the three studies presented in this dissertation aim
to explore the mechanisms that underlie the morphogenesis (Chapter 2), maintenance
(Chapter 3), and carcinogenesis (Chapter 4) of oral epithelia in mice, with the long-term goal
of translating these findings to humans.
In Chapter 2, expanding from the background provided in the Introduction, I set out
to ask whether OCDs play any role in oral mucosal epithelial (OE) development. This
section details a large project that identified a window of late-stage embryogenesis (E14.5E17.5) in which OE rapidly stratify and differentiate. I hypothesized that this phenomenon
occurred through the action of basal oral epithelial stem/progenitor cells (OESCs).
Specifically, I wanted to test whether this rapid development occurred through perpendicular
oriented cell divisions (OCDs), which have been reported to have asymmetric daughter cell
fates in interfollicular epidermis (IFE). To ask this question, I adapted LUGGIGE (Lentiviral
Ultrasound Guided Gene Inactivation and Gene Expression) for use in the OE and OEassociated organs (a technique which I have now reported also successfully targets salivary
glands, dorsal tongue taste papillae, and the enamel organ/dental lamina of the developing
tooth). This work was the first to demonstrate the use of this technique during OE
development (Byrd et al., 2016), which is now being used to study secondary
palatogenesis—work I significantly contributed to during this project (Lough et al., 2017).
To begin to understand OCDs in developing OE, I analyzed LGN, a core component
of the spindle orientation complex in many systems (see: Chapter 1), by
immunofluorescence to assess if it enriched at any cortical domains during mitosis (apical,
basal, lateral). In stratified OE (palate, buccogingival, and ventral tongue epithelia), LGN
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appeared to consistently localize to the apical cell cortex during mitosis, a pattern that has
been reported to correlate with perpendicular OCDs in IFE (Williams et al., 2011; Williams et
al., 2014). To ask if LGN was responsible for spatiotemporally coordinating OCDs in OE
development, I used LUGGIGE to transduce OE progenitor cells with a vector harboring
both 1) a validated shRNA against LGN (LGN1617) and 2) a nuclear fluorescent reporter
(H2B-RFP) for transduced cell identification. During peak stratification (E16.5), loss of LGN
resulted in a shift from bimodally distributed perpendicular and planar division vectors (6090° and 0-30°, respectively) to primarily planar and oblique divisions (30-60°). This loss of
perpendicular OCDs resulted in dramatic stratification defects and impaired differentiation,
providing the first evidence for OCDs in OE (Byrd et al., 2016).
Interestingly, when I was examining the dorsal tongue papillae after knockdown by
LGN1617, I observed gross changes, not only to filiform papilla (FFP) stratification and
differentiation, but also to FFP patterning and polarization. There are few studies that have
examined FFP development, so I performed confocal immunofluorescent imaging on tongue
wholemounts using a marker of epithelial cell membranes (E-cadherin) at various ages
(E14.5-E17.5) to characterize filiform placode morphogenesis. I observed dramatic
organizational changes to this tissue in that same window of late-stage embryogenesis
(E14.5-E17.5) in which the stratified oral epithelia differentiated. In contrast to these other
tissues, however, in FFP, LGN was found to localize at basal and bilateral domains of the
cell cortex during this developmental window. Using 3D microscopy and 3D image
processing software (Imaris 7), I asked whether LGN patterning in late-stage mitotic cells
(anaphase/telophase) was unique in dorsal tongue and correlated these telophase LGN
patterns with 3D patterns of OCDs in filiform papilla placodes. From these analyses, I
concluded that the observed disorganization of FFP placodes in LGN knockdowns was due
to an increase in perpendicular divisions between the placodes, which suggested that LGN
was required to orient uniquely along the planar axis, either vertically or circumferentially,
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during this critical period of placode morphogenesis. To further illustrate the role of LGN in
specialized epithelia, I elected to study the developing hair follicle—another papilla-like
appendage that develops from placodes—that I theorized would also demonstrate unique
LGN patterning and a role for oriented cell divisions in its morphogenesis. However, I
observed minimal evidence for the role of LGN-mediated OCDs in hair follicle
morphogenesis, revealing that OCDs play unique roles in these two epithelial appendages.
This study was the first identify a role for OCDs in OE development, and suggested a
poorly-characterized spatiotemporal and tissue-specific regulation of LGN in both stratified
and specialized OE development (Byrd et al., 2016).
Further research is still required on late-stage OE development 1) to identify
intrinsic/extrinsic cues that may be used to uniquely localize LGN to the cortex, thus driving
the directionality of OCDs during OE morphogenesis, 2) to ask whether there exists a role
for delamination in OE and how this process might be regulated, and 3) to discover
additional mechanisms regulating OE development such as epithelial/mesenchymal
crosstalk as well as suprabasal signaling mechanisms that act to maintain the commitment
to differentiation as cells migrate toward the cornified envelope. Each of these research
areas are likely to play a significant role in adult OE homeostasis, wound healing, and
carcinogenesis. Finally, it still remains to be understood how OCDs contribute to other OE
developmental phenomenon. This would include the role of OCDs in 1) secondary
palatogenesis—specifically in soft palate morphogenesis—which occurs primarily by
anteroposterior (AàP) elongation and has been shown to require AàP planar OCDs in
interrugae regions of the hard palate (Economou et al., 2013)—and 2) the anteroposterior
polarization (planar cell polarization) of dorsal tongue FFP after placode development (Hua
et al., 2014a; Wang et al., 2016b). My initial studies, however, have provided a
developmental timeline, toolkit, and preliminary data to continue asking these important
questions.
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In Chapter 3, I report on another set of studies that are focused on the question of
adult oral epithelial stem/progenitor cell (OESC) heterogeneity. Specifically, this section
describes a series of experiments looking for evidence of reserve stem cells in the hard
palate. I selected this project because it is well known that adult OE heal relatively quickly
throughout life, often without scarring. This has led to the wide clinical adoption of
autologous grafting procedures, which can use the hard palate as donor site, to increase
keratinization near gingival defects. How this incredible healing is accomplished and how
grafted palatal epithelium retains its morphological characteristics—raising questions about
what determines adult “epithelial identity”—is essentially unknown.
Drawing from my understanding of classical stem cell biology, I observed that the
hard palate exhibited distinct architecture in adulthood, including both rugae and posteriorlyenriched rete ridges, that may function as uncharacterized stem cell niches in both mice and
in humans. To ask the question of whether reserve stem cells might exist in the adult hard
palate, I utilized a combination of lineage tracing, genetic label retention, diet modification,
tissue clearing/whole mount microscopy, FACS/qPCR, and in vivo immunofluorescencebased proliferation assays. Through these techniques, I have demonstrated that, not only do
I observe infrequently dividing cells (IDCs)—which may be representative of reserve stem
cells—but that these IDCs were reliably positioned at interrugae/rugae borders and in
posterior rete ridges, which were the two areas that I hypothesized may function as a stem
cell niche. When IDCs and fast cycling OESCs were assayed for division orientation, IDCs
more often displayed planar OCDs, which are thought to be indicative of symmetric
divisions, and would subsequently renew OESCs.
Additionally, at both the mRNA and protein level, IDCs were found to express high
levels of Sox9/Sox9— a reported reserve stem cell marker—and low levels of
Mki67/Mki67—a marker of cells actively in the cell cycle marker—relative to fast cycling
cells, especially in posterior rugae. Since mice do not have lateral incisors, canines, or
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premolars, this observed posterior bias was thought to be due to the higher masticatory
stress on posterior rugae during the chewing of hard chow by their posteriorly positioned
molars. This was confirmed by changing the mouse diet to a soft paste, which caused an
increase in the number of label retaining cells in the posterior rugae, suggesting a
masticatory stress sensitive population of OESCs that, to my knowledge have not yet been
identified. This study is ongoing and more experiments remain; however, already, a number
of new questions have been raised by the findings of these experiments. To follow up these
findings, I plan to employ 1) classical in vitro clonogenic assays, 2) mechanical wound
healing studies, 3) more lineage tracing with additional promoters, and 4) RNA sequencing
assays to further characterize palatal OESCs. The long-term goal of my work will be to
implement better therapeutic strategies in a variety of applications, ranging from surgeries,
desquamative disease such as lichen planus or pemphigus vulgaris, or in oral squamous
cell carcinoma.
Chapter 4 details my last set of experiments, which are part of an early stage and
ongoing project looking to establish a reliable oral squamous cell carcinoma (OSCC) cancer
model. In this final chapter, I describe preliminary data and future directions of an OSCC
pilot study I initiated in November 2016. This project is just now providing exciting results
that will provide the necessary foundation to test the role of 1) oriented celli divisions
(drawing from my discovery in Chapter 2) and 2) OESC self-renewal (extending from
observations outlined in Chapter 3) during oral carcinogenesis.
Initially, I found that by extracting publically-available data through cBioportal.org
(Cerami et al., 2012; Gao et al., 2013), I could compare p53 mutations, the most commonly
mutated gene in many cancers, across cancer types (pan-cancer analyses). I queried the
sequence of p53 mutations in every cancer (166 studies) and also in frequently mutated p53
carcinomas, of which head and neck squamous cell carcinoma (HNSCC) was included.
These studies demonstrate a significant enrichment of p53 DNA binding domain (DBD)
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missense mutations (p53R175, p53G245, p53R248, p53R273, and p53R282) in most cancers with
p53 mutations. These so-called “hotspot” missense mutations are also conserved among
the five HNSCC studies catalogued in cBioPortal.org (one of which, from MD Anderson
(Pickering et al., 2013), focused exclusively on OSCC). Importantly, these p53 hotspots
disproportionately account for about an average of ~15% (range 8-28%) of all HNSCC
cases and 20% of the MD Anderson OSCC cohort (Pickering et al., 2013).
Missense mutations in the p53 DBD have been demonstrated to be gain-of-function
(GOF) mutations in many cancers. I observed that by using a 1) constitutively active,
epithelial-specific cre driver (K14-cre) combined with 2) “hotspot” p53GOF alleles (LSLp53R172H or LSL-p53R270H) and 3) the addition of an oral carcinogen (4NQO) for 8 weeks, oral
tumor latency was significantly decreased compared to WT (50% tumor free survival at ~75
and ~150 days post carcinogen exposure, respectively). This confirms that these mice will
be an important tool to study what is unique about these p53GOF alleles (relative to the more
commonly studied p53 loss-of-function) and whether this knowledge could be applied to
develop specific therapeutics for clinical application. Future directions of this work include
using this model to additionally alter OCDs and self-renewal in the tumor microenvironment
using 1) mouse models with compromised spindle orientation (mInscfl/fl), 2) RNAi screens
delivered through pooled lentivirus (LUGGIGE), and 3) aPKCλ/ι inhibitors (human gene,
PRKCI)—specifically, thieno[2,3-d]pyrimidine-based chemical inhibitors (ICA-1 and
CRT0066854). Prkci is an important kinase that has been shown to specifically regulate
LGN through phosphorylation, and PRKCI is upregulated in a significant proportion (38%
including RNA amplification) of HNSCCs. These future directions begin to lay the framework
for translational research projects, which draw directly from the basic science discoveries
detailed in Chapter 2 and Chapter 3.
These studies are just the beginning for what will be required to understand how the
oral epithelia are built during development, maintained in adulthood, restored after
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wounding, or disrupted during carcinogenesis. From the 1970s up until the 1990s, there
were a number of great strides taken toward understanding OE structure (Chapter 1)
(Baratz and Farbman, 1975; Bloor et al., 1998; Clausen et al., 1983; Dale et al., 1990; Hume
and Potten, 1976; Mackenzie et al., 1991; Sawaf et al., 1990; Squier, 1991), OE
development (Chapter 2) (Feliciani and Jordan, 1999; Pelissier et al., 1992; Winning and
Townsend, 2000), and OESC kinetics (Chapter 3) (Bertalanffy, 1960; Bickenbach, 1981b;
Bickenbach and Mackenzie, 1984; Bjarnason et al., 1999; Cutright and Bauer, 1967; Hume
and Potten, 1979; Mackenzie and Bickenbach, 1985; Mackenzie and Hill, 1981). Often times
these OE studies were included as part of a broader study of the gastrointestinal tract or
directly compared to IFE. For reasons that are unclear, this focus on OE has become
deemphasized in the last two decades, though many studies on OE pathologies (such as
OSCC, Chapter 4) appear to be an ongoing focus both in medical and dental research
institutions using many cutting edge tools and technologies I have described in this
dissertation (Chen et al., 2017a; Culton et al., 2015; Ellebrecht et al., 2016; Fluegen et al.,
2017). However, as my work here hopefully underscores, the oral cavity—specifically the
diverse OE— provide an ideal place to ask basic, translational, and clinical questions that
can uniquely inform one another. From placode patterning to palatal rugae to p53 hotspots,
these three studies should help to reinvigorate the study of OE for the benefit of human
health. I look forward to seeing how others in related field bring their immense talents and
unique perspectives to these relevant tissues and what clinical applications will become
possible from these continued discoveries.
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